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Abstract 
Permafrost has become the most important feature in civil engineering in all the arctic 
regions. The construction of a new structure, such and road or and airfield, changes the 
thermal regime of the ground leading to a faster degradation of the frost table. The heat 
caused by the new structure speeds the thawing process of permafrost giving place to 
differential settlements on the surface and longitudinal cracks along the edges of roads 
and highways. 

One of the techniques to mitigate those effects is the use of reflective surfaces. It has been 
probed that a lighter color reflects more sunlight avoiding the rise of temperatures that 
makes permafrost to thaw prematurely. 

The purpose of this Thesis has been carrying out Ground Penetrating Radar investigations 
in different test areas of Kangerlussuaq airport in order to evaluate the changes that the 
frost table is experiencing underneath a white painted surface and black asphalt.   

The results obtained have shown that if the paint is maintained in good conditions the 
thickness of the active layer is considerably reduced under zones with reflective surfaces. 
Furthermore, the data obtained from the fieldwork has been compared with a thermal 
model which predicts the depth of the frost table from a deemed period of time. Both 
analyses have led to similar results, fact that should promote the development of light-
colored asphalt materials. Future studies should focus in the improvement of the hitches 
that those kind of paints present, like the low skid resistance and their high maintenance 
cost.  
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Resumen 
Permafrost se ha convertido en uno de los rasgos más importantes en ingeniería civil en 
todas las regiones árticas. La construcción de una nueva estructura produce un cambio en 
el régimen térmico del suelo causando una más rápida deterioración de la capa de hielo.  
El calor debido a la nueva obra supone una aceleración del proceso de derretimiento del 
permafrost que da lugar a asentamientos diferenciales en la superficie y en el caso de 
carreteras, a grietas longitudinales en los bordes.  

Una de las técnicas empleadas para mitigar estos efectos es el uso de superficies 
reflejantes. Durante los últimos años ha sido demostrado que el uso de colores claros 
refleja una mayor cantidad de luz solar evitando así el aumento de temperaturas. 

La finalidad de esta Tesina ha sido realizar investigaciones ‘Ground Penetrating Radar’ en 
diferentes zonas del aeropuerto de Kangerlussuaq, al oeste de Groenlandia, con el 
objetivo de evaluar los cambios sufridos en la interfaz con el suelo helado cuando éste se 
encuentra debajo de asfalto negro o de una superficie pintada de blanco. 

Los resultados obtenidos han mostrado que si la pintura se mantiene en buen estado el 
grosor de la capa activa se reduce considerablemente debajo de las zonas con superficies 
reflejantes. Adicionalmente, los resultados obtenidos gracias al trabajo de campo han sido 
comparados con un modelo térmico capaz de predecir la profundidad del permafrost para 
un periodo de tiempo considerado. Ambos análisis han dado lugar a resultados muy 
similares, hecho que debería impulsar el uso de materiales con colores más claros en 
asfaltos y pavimentos así como promover futuros estudios centrados en la mejora de los 
problemas que estos tipos de pinturas presentan, como su baja resistencia antideslizante 
y su alto coste de mantenimiento. 
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 1. Introduction 

 

  
1 

 

1 Introduction 

 The motivation of the present Thesis came from the necessity of study how the riding conditions 

of the roads and highways are being degraded in areas underlain by permafrost. 

 Permafrost is defined as soil or rock with temperatures below 0°C over at least two consecutive 

winters and the intervening summer (R. J. E. Brown and Kupsch, 1974). Nowadays, it is present in 

around 20–25% of the land surface of the planet (Romanovsky et al., 2010). Consequently for all 

these affected areas, the perennially frozen ground has become the most important feature to 

take in account for construction. When a structure is placed over a permafrost layer, the thermal 

regime of the ground is changed. In the instance of roads and highways, it usually leads to an 

increase of the mean annual surface temperature which speeds the thawing process of 

permafrost. The motion of the melted water underneath the pavement results in settlements that 

give place to undulating surfaces.  To avoid this phenomenon several techniques have been 

studied during the lasts years, although actually none of them has appeared to be the final 

solution.  

The main purpose of this Thesis is to carry out a study of the variation of frost table underneath 

white painted surfaces. The use of white paint has been proved to reduce the ground surface 

temperature due to its greater capacity to reflect sunlight. Thus the thawing process is 

decelerated and the deterioration stopped. 
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The fieldwork has been done in the parking area of 

Kangerlussuaq airport. Kangerlussuaq is situated in the 

western coast of Greenland inside the Arctic Circle and 

it is the main airport of the island. It is characterized by 

an arctic continental climate that reaches -40°C in 

winter and 20°C in summer. The positive temperatures 

in summer have caused a severe asphalt deterioration. 

In 2000 several test areas where painted in white 

inside the airport with the objective of preventing this 

problem. The focus of the Thesis is to realize Ground 

Penetrating Radar profiles over the painted area to 

study how the paint is changing the behavior of the 

frost table and compare the results with previous 

investigations done in the same site between 2005 and 

2007.  

1.1 Goal of Work 

The main goal has been to realize a 3-dimensional modeling of the frost table underneath a white 

painted surface in order to evaluate the changes caused in the interface between frozen and 

unfrozen ground. The determination of the exact depth of the frost table under the reflective 

surface and the normal black asphalt has been done by the execution of Common Midpoint 

profiles and its latter analysis. 

Additionally, a 3D model in the most degraded zone of the pavement of Kangerlussuaq airport was 

done to be able to know which is the state of the geological layers and the progression of the 

settlements.  

Finally, the results obtained have been correlated with a thermal modeling which related the 

variation of the frost table with increasing temperatures. 

 

 

Figure 1: Map of Greenland (Greenland Guide, 2011). 
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1.2 Thesis Structure 

The Thesis is structured in seven parts: 

- Theorical background, where the main characteristics of permafrost are explained as well 

as the basis of Ground Penetrating Radar. 

-  State-of-the-art contains the history of the previous applications of reflective surfaces 

and the summary of the investigations done at Kangerlussuaq airport. 

- Fieldwork, where there is the description of the methodology followed to acquire the data 

and equipment used. 

- Analysis of the data includes the explanation of the processing sequence applied to the 

recorded data. 

- Results, this part includes the final results extracted from the data once processed. The 

main features observed in the 3D models are discussed and the depth of the frost table is 

determined. Additionally, the GPS measurements have been used to show the shape of 

the depressions on the pavements and measure their depth. 

- Thermal modeling contains the explanation of the steps followed for its generations and 

the comparison of its results with the GPR investigation. 

- Conclusions, formed by an executive summary and future perspectives. 
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2 Theoretical Background 

2.1 Permafrost 

The word permafrost comes up from the abbreviation of perennially frozen ground and it is 

defined as soil or rock having temperatures below 0°C over at least two consecutive winters and 

the intervening summer (R. J. E. Brown and Kupsch, 1974). The definition is only based in the 

temperature without taking into account the water and ice content of soil or rock.  

The temperature profile required for the 

permafrost existence is shown in Figure 2. The 

minimum and the maximum soil temperature have 

a curved shape which intersects at depth of zero 

amplitude, where the annual temperature 

variations cease. After this point, the ground 

temperature is no more influenced by the surface 

temperature; whereas before it the temperature 

of the soil varies between the two mentioned 

curves. The slashed line is used to represent the 

mean annual temperature and determines the 

depth of frozen ground. Its starting point on the 

surface corresponds to the mean annual 

 

Figure 2: Temperature Profile in Perennially Frozen Soil 

(Permafrost tunnel web site, 2011). 
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temperature and its slope is given by the local geothermal gradient due to the heat flow from the 

earth’s interior which value varies between 1°C per 22 m to 1°C to 160 m (R. J. E. Brown et al., 

1981). 

The changes on the surface temperature arrive at each succeeding depth at progressively later 

times. For instance, in autumn when the surface temperature is between the highest temperature 

and the mean annual soil temperature, the ground temperature at the first depth below the 

surface is warmer than at the surface due to the time lag involved. This effect continues until the 

point where the high temperature extreme is reached. Then the temperature begins to decrease, 

reflecting the warming from the previous spring that precedes the annual high temperature. 

Over the permafrost table or the top of permafrost there is the active layer. It is defined as the 

ground which freezes and thaws each year in permafrost regions. It is also known as the seasonal 

frost or seasonally frozen ground. Usually, this layer is placed immediately over the permafrost 

although sometimes it can be separated by a layer of ground that remains in the unfrozen state 

throughout the year. The thickness of the active layer depends on many factors: the freezing 

index, soil and rock type, ground moisture content, snow cover, surface vegetation, drainage and 

the degree of orientation of slopes.  

Geographically it is possible to difference two kinds of permafrost: continuous permafrost and 

discontinuous. Discontinuous permafrost is characterized by scattered island of different sizes 

which are between some square meters to several hectares and its thickness can vary from a few 

centimeters to 100 m at the boundary with continuous permafrost. The criteria used to determine 

those regions is the -5:C isotherm of mean annual ground temperature measured just below the 

level of annual variation (Andersland and Ladanyi, 1994). Figure 3 shows the actual permafrost 

distribution in Greenland as well as the location of Kangerlussuaq. 
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Figure 3: Location of Kangerlussuaq and permafrost distribution in Greenland (Christiansen and Humlum, 2000) 

There is also another classification for permafrost; it can be classified as detrimental or non-

detrimental permafrost, more known as thaw-unstable and thaw-stable permafrost respectively. 

This distinction comes out depending on the amount of water present in the frozen ground. The 

soil is saturated if the amount of frozen water exactly fills the spaces between the grains of soil 

which are still in contact. Consequently, on thawing the soil will not change its volume and 

therefore there will be no settlements on the ground. The thaw-stable soils, or non-detrimental, 

are safety for construction and it is not required to apply special measures to protect the 

structure.  

However, when the unfrozen water content equals or exceeds the saturation point on freezing the 

expansion of ice volume separates the individual grains of soil. If it ever thaws again, the soil will 

adapt itself to the new equilibrium void ratio giving place to settlements as consequence of phase 

change and drainage of excess water away from the recently thawed soil. It is then, when the 

excess of water cannot be drained downward to the still-frozen ground, when the pavement is 

most susceptible to break up. The greater the water content above the saturation point the 

greater the subsidence. The constructions over this type of soils are often degraded due to ground 

settlements.  
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2.1.1 Terrain Features in Permafrost Areas 

In areas underlain by frozen ground conditions there are several surface manifestations of 

permafrost in the form of geomorphic features. The most important features are: ice wedges, 

pingos and thermokarst terrain. 

2.1.1.1 Ice Wedges 

An ice wedge is a crack on the ground filled with pure ice. The shape of ice wedge is characterized 

by being wider at the top (1 cm to 3 m) than at the bottom and having a height between 1 and 

10m. The origin of the ice wedges is explained by the Thermal Contraction Theory. It relates the 

falling winter temperatures with the formation of the initial open crack. Low temperatures cause a 

contraction in the superficial layers which may be constrained by more stable lower layers. A rapid 

cooling rate results in an increase of tensile stresses which finally results in a rupture or crack 

formation if the tensile stresses exceeds the frozen soil tensile strength. These cracks are usually a 

few centimeters wide but have a depth of several meters. When the temperatures warm up in 

spring and summer, water from the melting snow on the surface and from the active layer fills the 

crack and refreezes again because the crack extends into permafrost. The freezing water causes a 

volumetric expansion of about 9% increasing the width and the depth of the fracture. 

Simultaneously, due to rise of temperatures permafrost expands causing horizontal compression 

in the soil next to the crack which is pushed upwards creating a small hill. This process is repeated 

along the passing years because in winter the contraction of the soil will reopen the fracture as it 

has become a weak zone, and in summer it will be refilled with melted water that will freeze 

inside. The repetition of this cycle results in an increase of the mound on the surface and in a 

bigger fracture as in each cycle there is one more layer of ice added (foliations). Usually, ice 

wedges are connected at the surface in the form of polygons with similar pattern than in the case 

of dried mud.  

 

Figure 4: Schematic representation of ice-wedge evolution (Physical Geography, 2011) 
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If a structure is placed over an area affected by ice wedges, the heating of the new construction 

could melt the ice content in the cracks giving place to significant settlements that could lead to 

the collapse of the structure. 

2.1.1.2 Pingos 

Pingos are an ice-cored hills or mounds with a circular or oval base. It can appear in zones of 

continuous or discontinuous permafrost and it is characterized by having the core made of 

massive ground ice and being covered by soil and vegetation. Vertically, it is more than 10 m long 

whereas horizontally it can be more than 100 m long (Andersland and Ladayi, 1994). Pingos can 

grow for a long period of time, in some cases the process of formation can take several hundreds 

of years. There are two different procedures for the formation of pingos although both of them 

are related with frost heaving.  

Closed-system pingos (or hydrostatic pingos) are formed by hydrostatic pressure on water from 

permafrost. This fact happens, for instance, in lakes deep enough to avoid the complete freezing 

of water so that the bottom is protected of the low winter temperatures and free of permafrost. If 

the lake is partially or totally drained this warming effect is lost. Therefore the bottom of the lake 

freezes and the volume expansion pushes the water downward into the freezing ground. The 

excess of water pressure on the ground causes the deformation of the surface; permafrost is bent 

upwards and supported by lens of water. This fact happens in the area where permafrost is 

thinner as it is the weakest zone. The pingo will keep growing while there is unfrozen ground in 

the lakebed. The water in the lens will freeze creating a core of ice and the pressure will deform it 

upwards. The formation of a pingo stretches the ground often creating cracks that can make it 

look like a crater. If there is water accumulated in the crater the ice core can melt making the 

pingo collapse.  

 

Figure 5: Formation procedure of a pingo in a closed-system (Andersland and Ladanyi, 1994). 
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Open-system pingos (or hydraulic pingos) are created due to the flow of groundwater from an 

outside source (subpermafrost and intrapermafrost aquifers). The water is pushed up by the 

hydrostatic pressure and when it reaches the surface the water freezes blocking the way out. In 

this way, the continous supply of water will result in the formation of an ice core which will bend 

the ground surface upwards. This kind of pingo can be found 25 km East from Kangerlussuaq 

airport, next to the ‘Leverett Glacier’, a glacier from Inland Ice. It is an active pingo with 15-20 m 

high and 60-70 m of diameter (Herbert Scholz and Manfred Baumann,1997). 

2.1.1.3 Thermokast 

Thermokast is the term used to define the variety of surface features result of differential melting 

of ground ice in permafrost areas. These features include mounds, caverns, disappearing streams, 

funnel-shape pits, elongated troughs and large flat-floored valleys with steep sides. Thermokarst 

features appear when there is a disruption of the thermal regime of permafrost. It can be a local 

environmental change due to cyclic changes in vegetation, fire, construction activities, etc., or by a 

broad-scale climate change like the global warming. The shape of the features depends on the 

amount and type of ground ice. Thermokast can appear in different ways, from a 

geomorphological point of view, there are two types of formation: backwearing and downwearing. 

The first happens when the degradation of permafrost is lateral, for instance due to fluvial and 

marine erosion or the development of thaw lakes; and the second refers to the degradation of 

permafrost from above, fact that happens just in fairly level areas.  

2.1.2 Construction Problems Caused by Permafrost 

Permafrost is the main problem in construction in all the arctic regions. It mostly affects to Alaska, 

Russia, Canada and obviously Greenland although it is also present in Scandinavian countries such 

as Norway, north Sweden and Finland. For all those regions, permafrost should be the controlling 

design parameter in construction. It is essential to know if the area is underlain by detrimental or 

non-detrimental permafrost, given that for the latter situation it wouldn’t be necessary to apply 

any special measure as the soil will not subside if the permafrost thaws. However, when it is 

underlain by detrimental or discontinuous permafrost a conventional foundation could fail. The 

failure due to permafrost degradation is not immediate, the time between the change on the 

surface thermal conditions and the permafrost thawing depends on several factors: type of soil, 
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depth of the ice below the surface, degree of the change of the thermal input, etc. Therefore in 

most cases it takes several years for the structure to collapse.  

The main consequences of permafrost degradation for highways and roads are related with thaw 

settlements and drainage problems. A new embankment often means an increase of the surface 

ground temperature, fact that speeds the thawing process of permafrost. This effect it is amplified 

during winter when the side-slopes of the embankment are covered with snow which acts as an 

isolation layer preventing the ground from cooling. The settlements will appear at the surface in 

the form of longitudinal cracks and shoulder rotation at both edges of the embankment as it can 

be seen in Figure 6.  

 

Figure 6: Shoulder rotation and development of longitudinal cracks along the edges of a road surface caused by accelerated thawing  

of the underlying permafrost. ( Jørgesen, A. S., 2009 based on Goering and Saboundjian, 2004) 

Those cracks will allow the penetration of water into the structure decreasing its bearing capacity. 

Usually, it is common to find unequal undulations of the surface of the pavement due to the thaw 

settlements. All those consequences mean a worst riding quality and a higher maintenance cost. 

2.1.2.1 Freezing and Thawing Process 

In order to have a better understanding of the whole mechanism it is necessary to know which 

changes are experienced by the ground along the freezing and the thawing process.  

As mentioned before, the water contained in the ground freezes if the temperature is below the 

freezing point causing a volume expansion of approximately 9%. However this expansion not 

always happens in the same way in the voids of the ground. For sand and gravels, since they are 

materials with a high permeability, part of the water is expelled during freezing and the other part 

freezes in the voids. For saturated sand and silt, the change on the ground structure when freezing 

depends on the velocity of cooling. If the temperature is lowered suddenly, the water freezes in 
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situ while if the temperature is lowered gradually most of the water tends to accumulates in the 

form of lenses parallel to the surface, so the final appearance of the ground has the form of layers 

of frozen ground separated by layers of pure ice. When those kinds of materials are found in an 

open system (the distance between the water table and the freezing depth is smaller than the 

height of capillary) the growth of the ice lenses is greater because the water that migrates from 

the water table is replenished continually. This phenomenon results in a rise of the surface above 

the ice lenses and it is known as frost heaving.  

 

Figure 7: Frost heaving and  ice lenses formation (Transport Québec, 2011). 

When the soil thaws it has to readapt to the new equilibrium void radio. Usually in fine-grained 

soils with low permeability the amount of melted water is greater than their absorption capacity. 

If the water is not properly drained it causes an excess in pore pressure which decreases 

significantly its bearing capacity. Thaw weakening must be specially considered for highways and 

railroads, since it makes them more vulnerable to heavy loads. 

2.1.2.2 Mitigation Methods 

To prevent the deterioration of the structures due to problems related with permafrost several 

methods have been applied along the lasts years. Those methods can be classified in three 

categories depending on the kind of strategy applied to mitigate the effects of permafrost thawing 

(Beaulac, I. and Doré, G.):  

- Methods based on limiting heat intake underneath the embankment. 

- Methods based on heat extraction from the embankment. 
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- Methods based on the reinforcement of the embankment in order to resist the 

degradation of permafrost.  

 

1. Methods based on limiting heat intake underneath the embankment 

The main source of heat for permafrost is the solar radiation. The following methods are 

based on different ways to prevent the penetration of heat into the ground.  

 

a) Embankment insulation 

Its objective is to reduce the heat flow into the permafrost and prevent frost heave. The 

result of the insulation is a higher temperature of permafrost since it does not allow the 

cooling during winter. In areas with perennially frozen ground the insulation is used to 

reduce the thaw depth.  

 

b) Reflective surface 

The surface temperature of the normal black asphalt can be significantly reduced by the 

use of reflective materials or white paintings. Both techniques help to increase the albedo 

which is defined as the ability of the pavement surface to reflect sunlight. It is usually 

expressed as the ratio between the reflected and the incoming light. Therefore, the lighter 

the colors used the higher reflectance and consequently the greater albedo. The reduction 

of the pavement surface temperature will lead to a reduction of the active layer thickness 

decreasing the irregular asphalt settlements. However, the use of reflective surfaces has 

not been widely used due to the low skid resistance, high costs associated with the 

application of the paint and its maintenance, dazzling surfaces causing hazardous driving 

or landing conditions and slippery surfaces especially after rain.  

Nowadays, new reflective materials and lighter-colored asphalts are appearing giving the 

chance to increase the use of reflective surfaces in arctic regions. 

 

c) Sunshed or snowshed 

Sunsheds or snowsheds allow the circulation of cold air into the embankment during 

winter, avoiding the insulation due to the layer of snow on the slopes. Additionally, during 

summer they can eliminate the solar radiation on the slopes. The disadvantage of the 

method is that it requires a high-maintenance cost and has short durability.  



Annual Variation of the Frost Table at Kangerlussuaq Airport  

  

 
14 

 

Figure 8: Snowshed in Bonanza Creek, Alaska (A) and Sunshets in Qinghai-Tibet Roadway (Beaulac, I. and Doré, G., 2006).  

2. Methods based on heat extraction from the embankment 

The objective of the following methods is to preserve stable the permafrost conditions by 

removing the heat from underneath the embankment.  

 

a) Air ducts 

The system allows the extraction of heat beneath the embankment by natural air 

convection, therefore the cooling effect during winter is greater. In summer it is necessary 

to disable the system in order to prevent the intrusion of warm air. The ducts can be 

placed parallel to the road under the embankment slopes or perpendicular to the road, 

although in both situations it is necessary to adopt some measure to avoid water ponding 

or ice formation. It would impede the circulation of air and consequently the heat 

extraction. 

 

b) Thermosyphons 

The aim of thermosyphons is to help the permafrost to cool during winter so that it can 

resist the summer without melting. A thermosyphon consist in a corrugated pipe which 

contains a refrigeration gas such as ammonia, carbon dioxide or propane in liquid and gas 

phases. When the air temperature is lower than the ground, the heat from the ground 

vaporizes the liquid which moves upwards in form of gas. When it reaches the top of the  

pipe it condenses again due to the cooling of the air. Due to gravity the condense air 

return downwards where it adsorbs again the heat of the ground and re-evaporates. The 

repetition of this process takes place until the air temperature is warmer than the 

saturation temperature of the liquid, moment in which the thermosyphon stops working.  
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 Figure 9 is a sketch of a thermosyphon. The 

red section indicates the condenser where 

the heat is realized while the blue section is 

the evaporator that extracts the heat from 

the ground. In between there is an 

insulation layer to avoid the summer 

warmth. The worst disadvantage of a 

thermosyphon is its high cost. 

 

c) Air convection embankments (ACE) 

For this technique the core or the shoulder or the embankment is constructed using large 

poorly-graded porous rocks with low fine content in the way that if the voids in the rocks 

are large enough it will work as convective cells under a difference of temperature. During 

winter, the cool air is pushed downwards given its greater density and at the same time 

the warm air is pushed upwards. This procedure speeds the cooling effect. In summer 

there is no convection because the air temperature is warmer at the surface.  The lack of 

this method is to find competent coarse rocks big enough to create the convective cells.  

 

3. Methods based on the reinforcement of the embankment 

Those methods are used mainly in situations where avoiding the degradation of 

permafrost is not possible, so especial measures have to be adopted in order to protect 

the embankment: 

a) Geosynthetics 

They help to reduce the lateral spreading, cracking and dips in thaw-weakened 

foundations. 

b) Berms 

Used to protect the lower embankment slopes from excessive thawing. 

Mainly, all the methods exposed are useful just to slow the degradation of permafrost but any of 

them is a definitely solution to avoid thaw settlements and cracking on the pavements.  

 

 Figure 9: Thermosyphon (University of Alaska: Fairbanks, 

2011).  
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To be able to make a good election of the mitigation method it is necessary, in first place, to carry 

out a study of the situation of the permafrost layer in the deemed location. One of the most 

commons techniques to do it is Ground Penetrating Radar.  

2.2 Ground Penetrating Radar 

GPR system is constituted by a transmitter antenna which generates a wavetrain of radiowaves 

that propagates into the ground and a receiving antenna that receives the reflected signal. 

Actually, advanced systems have an onboard computer to facilitate processing while acquiring 

data in the field.  The antennae is used in a monostatic mode if just one antenna device works as a 

transmitter and receiver; or in bistatic mode if two separates antennas are employed one as 

transmitter and the other as receiver.  

The results of Ground Penetrating Radar measurements are profiles showing the shape of the 

interface where the signal is reflected. Those profiles have as vertical axis the time that the signal 

takes to travel from the transmitter to the receiver and as horizontal axis the distance covered by 

the antenna. 

2.2.1 History 

Ground Penetrating Radar (GPR) is a geophysical technique with a very wide range of applications. 

Nowadays, it is particularly famous in the engineering and archeological communities although its 

first use in 1960s was related with geological investigations and the development of radio-echo 

sounding to measure the thickness of the ice body in glaciers and ice sheets.  

Along 1960s the main purpose was the improvement of the radio-echo sounding in ice. A decade 

later a new application appeared related with coal mines explorations. Additionally, during this 

period there was a better understanding of the electric properties of the geological materials that 

helped to the georadar progress.  Between the 70s and the 80s the interest in ground penetrating 

radar grew due to the necessity of implanting pipelines to transport oil and gas out of the Arctic to 

southern markets. Simultaneously, in western Canada the Geological Survey of Canada used GPR 

measurements in potash mines and together with Atomic Energy of Canada used the borehole 

radar to investigate the rock quality in potential hard rock nuclear waste disposal sites. For that 

time, the dominant supplier was the Geophysical Survey Systems Inc.  
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 In 1980s the interest in GPR decreased given that it presented problems in many environments 

due to failures in the equipment or natural material responses. However, new companies such as 

OYO Corporation of Japan and A-Cubed Inc. started to produce new kinds of radars. Along the 

following years new applications appeared. It became a useful tool for road investigations and soil 

classification for agriculture needs. Additionally, it was applied for subsurface mapping by the U.S. 

Environmental Protection Agency in order to investigate and clean up the contaminated land.  

The real expansion of the GPR system took place between 1990 and 1995 when many groups 

worldwide became interested in its technology. Commercially, the most important event was the 

bought of Geophysical Survey Systems Inc. by OYO Corporation whereas technologically the 

primacy was the developments in multi-fold data acquisition, digital data processing, 2D numerical 

simulation and 3D visualization. The number of applications became widespread in fields like 

archeology, environmental studies, geological stratigraphy, etc. 

Actually, GPR is considered the geophysical technique with the most extensive set of applications 

and has a large number of research groups developing new tools to improve and analyze its 

capabilities. 

2.2.2 Applications 

The applications of Ground Penetrating Radar can be classified in two categories depending on the 

type of antenna used. When the frequency of the antenna is equal or smaller than 500 MHz, the 

results have a large penetration depth on the ground although the resolution is not accurate. This 

kind of antenna is normally used for geological applications. Nevertheless, if the objective is to 

apply the results for engineering purposes, the frequency of the antenna should be greater than 

500MHz, typically between 900 MHz and 1GHz. The high frequency antennas are characterized by 

having a short penetration depth but giving results with detailed information of the immediate 

subsurface. 

Furthermore, the range of GPR applications can be divided in five different groups depending on 

their use (Reynolds, John M., 1997): 

- Geological: detection of natural cavities and fissures, soil stratigraphy mapping, glacial and 

geological investigations, location of ice wedges, permafrost investigations, etc. 
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- Environmental: groundwater investigations, location of gas leaks, mapping and monitoring 

pollutants within groundwater, landfill investigations, etc. 

- Glaciological: ice thickness mapping, determination of internal glacier structures, snow 

stratigraphy mapping, determination of thickness and type of sea and lake ice, etc. 

- Engineering and construction: road pavement analysis, void detection, location of 

reinforcement in concrete, concrete testing, etc. 

- Archeology: location of buried structures, pre-excavation mapping, location of graves, etc. 

2.2.3 Principles of Operation 

The success of Ground Penetrating Radar relies on the variability of the ground to allow the 

transmission of radiowaves. When there is a change in the dielectric properties of the ground part 

of the transmitted signal is reflected while the rest of the signal continues its propagation until it is 

totally damped. The propagation of the signal depends on the electromagnetic properties of 

materials which are related to their composition and water content. The speed of radiowaves is 

given by the following expression: 
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 Equation 1: Speed of radiowaves 

Where c is the speed of light in free space (0.3 m/ns),    is relative dielectric constant,    is the 

relative magnetic permeability (equal to 1 for non-magnetic materials) and P is the loss factor 

equal to     
  ⁄   being   the conductivity,       where   is the frequency and        the 

permittivity and     the permittivity of free space. For low-loss material     leading to a 

radiowave speed of      
√  

⁄  .  

The amount of energy reflected in each interface depends on the radiowave velocity and 

consequently in relative dielectric constants of both materials. It is measured by the reflection 

coefficient (R) which can be calculated with Equation 2 and its value can vary between -1 and 1. 

Hence, the amount of transmitted energy is obtained as 1 – R. 

  
       

      
 

√     √  

√     √  
 

 

Equation 2: Amplitude reflection coefficient 
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2.2.3.1 Mathematical Foundation of GPR Signal 

The kind of radiation emitted by georadar is electromagnetic, consequently the propagation 

pattern is described by Maxwell’s equations: 

 ̅  ̅   
  ̅

  
  Equation 3: Maxwell-Faraday equation 

 ̅  ̅   ̅  
  ̅

  
  

 
Equation 4: Ampere's circiut law with Maxwell correction. 

 ̅  ̅     
Equation 5: Gauss's law. 

 ̅   ̅     
Equation 6: Gauss's law for magnetism. 

where  ̅ is the electric field intensity vector (V/m);   ̅ is the magnetic flux density vector (T);  ̅ is  

the magnetic field intensity (A/m);    ̅is the electric current density vector (A/m2);  ̅ is the electric 

displacement vector (C/m2);    is time (s) and   is the electric charge density (C/m3).  

Those four expressions together are called the Maxwell’s equations and they are used to describe 

mathematically electromagnetic systems. However they are not all new expressions, in fact 

Maxwell just summarized the work done previously by other researchers.  

To quantify the response of material properties to EM fields it is necessary to combine the 

Maxwell’s equations with the constitutive relationships. The combination of both expressions is 

the foundation of GPR signals. The constitutive relationships describe in a macroscopic way how 

the electrons, atoms and molecules respond to EM fields. For this instance, the constitutive 

equations are Equation 7, Equation 8 and Equation 9. 

 ̅   ̃ ̅  
Equation 7: Constitutive equation, Ohm's law. 

Equation 7 is a general way to write Ohm’s law, where  ̃ electrical conductivity that characterizes 

free charge movement when and electric field is present.  

 ̅   ̃ ̅  
Equation 8: Constitutive equation for the dielectric permittivity. 

The electric displacement field ( ̅) represents the influence of the electric field ( ̅) in the 

organization of the electrical charges in the medium by a linear relationship with the dielectric 

permittivity  ̃.  
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 ̅   ̃ ̅  
Equation 9: Constituve equation for permeability (electromagnetism). 

The magnetic permeability  ̃ explains how intrinsic magnetic moments respond to magnetic fields. 

The three material properties mentioned ( ̃,  ̃ and  ̃) are tensor quantities, although for GPR are 

usually deemed as field-independent scalar quantities.  

2.2.3.2 Generation of Electromagnetic Waves  

The production of an electromagnetic wave is the result of the variation of and electromagnetic 

field that generates an electric field and vice versa. In an antenna, when the current flows through 

the cable it changes with time in a sinusoidal way generating electromagnetic radiation. 

In Figure 10 it is possible to see what happens when two conductor steaks are connected to a 

battery: 

 

Figure 10: Generation of electromagnetic waves with a battery (Boualem B., N. Y, 2008). 

When the switch is closed the electric current starts to flow inside the circuit. The result is the 

accumulation of positive charge in one of the steaks and negative in the other. This fact produces 

an electric field which at the same time generates and magnetic field around the steaks (Figure 10 

(b)). Finally, this effect lasts until the steaks are totally charged, then the current stops and the 

magnetic field disappears.   

2.2.3.3 Reflection, Refraction and Transmission of Radiowaves 

The result of ground penetrating radar relies on the detection of the reflected and scattered 

signals. When an electromagnetic wave impacts on a medium forming an angle   with the normal 

vector to the separation surface between both mediums, part of the incident energy is absorbed 

by the second medium and part is reflected returning to the initial medium. The properties of the 

incident and the reflected field depend on the electromagnetic properties of both mediums but 
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also on the angle of incidence, reflectance and transmission. The change in the wave direction is 

given by Snell’s law: 

     

  
 

     

  
 

Equation 10: Snell's law 

An electromagnetic (EM) wave vector is separated in two independent components: TE 

(transverse electric field) and TM (transverse magnetic field). Nevertheless, when the incidence of 

EM waves is vertical on the interface (        ) there is no distinction between TE and TM 

waves.  

 

Figure 11: Transverse electric (TE) and magnetic (TM) field when a electromagnetic wave impacts an interface between two 

mediums (Annan,  A. P., 2009). 

2.2.3.4 Energy Loss 

The strength of the signal decreases with depth due to different factors related with the radar 

system and the geological characteristics. Before arriving to the ground, there are losses caused by 

the antenna itself. Once in the ground, the signal losses strength each time the radiowaves pass 

through a boundary between two different materials (reflection and transmission losses). In the 

case of presence of objects in the ground with dimensions of the same order as the wavelength of 

the radar signal, the energy is scattered randomly increasing the noise on the radar section. 

Additionally, part of the energy is lost by absorption as part of the electromagnetic energy turns 

into heat while the signal travels through the ground. Other cause of loss is due to the geometrical 

spreading of the radar beam. Usually the radar signal is transmitted with a cone angle of 90º and 

the energy per unit area is reduced at a rate of 1/r2 where r is distance travelled. However, the 
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fundamental cause of energy loss is attenuation. It is a function of dieletric and electrical 

properties of the media and it is measured by the attenuation coefficient (α): 

   {(
  

 
) [(  

  

    )

   

  ]}

   

 
Equation 11: Attenuation coefficient 

Where        and    is the frequency, µ is the magnetic permeability (4π·10-7 H/m), σ is the 

bulk conductivity at the given frequency (S/m) and ε is the dielectric permittivity. Notice that the 

ratio 
  

     is equal to the square of the loss factor (P). 

From Equation 11 it is easy to appreciate that the attenuation is mainly dependent on the ground 

properties and directly proportional to the frequency. It is also relevant to realize that the greater 

the loss factor, the greater will be the attenuation whereas for low-loss material with      

attenuation will be smaller.  

Finally, due to the electromagnetic character of the waves it is possible to define the depth at 

which the signal has decreased in amplitude to 1/e (approximately 37%) of its initial value as skin 

depth (δ). It is inversely proportional to the attenuation factor: δ=1/α. It is important not to 

equate skin depth to the penetration of the radar system because it depends in more factors as it 

has been mentioned above.  

2.2.3.5 Wave Properties 

The controlling parameters for wave field are velocity (v), attenuation (α) and EM impedance (Z).If 

it is assumed a sinusoidal time variation, all the wave properties have a similar behavior shown in 

Figure 12.  

 

Figure 12: Variation in velocity and attenuation depending on frequency for a simple medium. c and Z0 are the velocity and 

impedance of free space.( Annan, A. P., 2009) 



 2. Theoretical Background 

 

  
23 

It can be observed that for low frequencies velocity and attenuation are proportional to √ , which 

means diffusive field behavior. Nevertheless, for high frequencies both parameters become 

frequency independent (only if µ, ε and σ are frequency-independent too). This last behavior is the 

most important for GPR. However, in this stage it is also possible to appreciate a gradual increase 

in velocity and attenuation. The main responsible factors are water and scattering losses. The 

reason is that for high frequencies, water is able to absorb more energy and at the same time 

scattering losses become more important due to their extreme dependence on frequency.  

The transition from diffusion to propagation takes place when the electric current changes from 

conduction (free charge)-dominant to displacement (constrained charge) current-dominant 

(Annan, A. P., 2009). The frequency value at which this phenomenon occurs is called transition 

frequency and its value is:  

   
 

   
 Equation 12: Transition frequency 

2.2.3.6 Resolution  

Resolution means the ability of differentiate between two signals adjacent to each other in time. 

When two pulses are two closed two each other and overlap the result is an event with larger 

amplitude. For Ground Penetrating Radar systems it is possible to distinguish two kinds of 

resolutions: longitudinal (range or depth) resolution length and lateral (angular or sideways) 

resolution.  

 

Figure 13: Longitudinal and lateral components of Ground Penetrating Radar resolution (Annan, A. P.,  2009). 

A pulse is characterized by its width at half amplitude (W). It is assumed that a pulse can be 

differentiated from the next if the separation between them is half their half width (W). If the 

separation is smaller, both pulses are interpreted as a single event. 
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Figure 14: Temporal pulses of a radar signal with half width (W). (Annan, A. P.,  2009) 

The described concept is interpreted as radial resolution length and mathematically can be 

expressed as:  

   
  

 
 Equation 13: Radial resolution length 

where   is the radiowave velocity. On the other hand, the lateral resolution a part of being related 

with the velocity and the pulse width it is proportional to the distance from the system. The larger 

the distance, the greater the lateral resolution length.  

   √
   

 
 

Equation 14: Lateral resolution lenght 

where   is the distance to the system. Both components of resolution are related with the 

frequency of the antenna given that in GPR the pulse width (W) is inversely proportional to center 

frequency (    
  

⁄ ). 

2.2.4 Dielectric Properties of Materials 

The dielectric constant is an essential parameter for GPR surveys. In the previous equations it has 

been seen that it controls the propagation velocity of electromagnetic waves, the reflection 

coefficient and the vertical and horizontal resolution. Indeed, the GPR response is dependent on 

electromagnetic properties of the ground: dielectric permittivity (ε), electrical conductivity (σ) and 

magnetic permeability (µ), although the variation in the two firsts properties are the most 

important.  

The magnetic permeability is the result of the rate between the magnetic field and the magnetic 

field strength, although it can be also obtained as the product of the permeability of free space 

(m0) and relative magnetic permeability (mr). The effect of this parameter is practically negligible 
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in the GPR response when the relative magnetic permeability is equal to 1, fact that happens for 

most of the sedimentary materials.  

The dielectric permittivity has a complex character with a real and an imaginary component. The 

real part is known as dielectric constant (εr) and represents the ratio of the electric-field storage 

capacity of a material to that of free space. The imaginary component is usually called dielectric 

loss because it represents attenuation and dispersion. However, it is used to be negligible for 

geological materials due their low conductivity (smaller than 10 miliSiemens/m). Therefore, the 

dielectric constant is typically just the real component of the dielectric permittivity and it is mainly 

a function of mineralogy, porosity, pore fluids, frequency, geometries and electrochemical 

interactions between rock components (Knight and Endres, 1990; Knoll, 1996).  It can vary from 1 

in the air to 81 in water, but for most geological materials εr is between 3 and 30, hence the range 

of radiowaves velocities is from 0.06 to 0.175m/ns.  

 In Table 1 there are the values of the relative dielectric constants and the radiowave velocities for 

several geological materials.  

Material  εr V (mm/ns) 

Air 1 300 

Water 81 33 

Polar Snow 1,4 - 3 194 - 252 

Polar ice 3 - 3,15 168 

Pure ice 3,2 167 

Permafrost 1 - 8 106 - 300 

Sand (dry) 3 - 6 120 - 170 

Sand (wet) 25 - 30 55 - 60 

Clay (wet) 8 - 15 86 - 110 

Clay soil (dry) 3 173 

Limestone 7 - 9 100 - 113 

Sandstone (wet) 6 112 

Concrete 6-30 55-112 

Asphalt 3-5 134-173 

PVC,Epoxy, Polyesters  3 173 

Table 1: Table of dielectric constant and radiowave velocities for a range of geological materials (Reynolds, J. M., 1997) 

It is easy to appreciate how the value of the εr depends on the water content of the material, 

having higher values for wetter materials than for dry. It can be noticed even though for small 

amounts of water due to its high dielectric constant. The radiowave velocity is also affected by the 
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water content given that its value reduces  with increasing moisture.  This effect has repercussion 

on the vertical resolution, wetter materials with lower velocities will have better resolution than 

dry materials but also more attenuation and less penetration depth. 

On the other hand, it is also possible to appreciate the change of the value of the dielectric 

constant when visualizing the amplitude spectrum of the recorded data. Its appearance is shown 

in Figure 15, where the amplitude is either positive or negative and it is indicated with black and 

white color respectively. 

 

Figure 15: Signal from a single radar pulse. Left: the wave travelling from a material with ε1 < ε2. Right: the wave travelling from a 

material with ε1 > ε2 (Federal Highway Administration, 2011). 

 In the figure it is shown the change that the amplitude suffers when it travels from a medium with 

a lower ε to a medium with a higher value (the boundary between the air and the ground) by a 

black-white-black signal. In the same way, when the signal travels from a medium of lower ε to a 

higher value it is represented by a white-black-white signal. This last phenomenon represents a 

change in the phase polarity of the signal.  

In fact, the amplitude spectrum is one of the most useful tools to know exactly the time for which 

the wave has started to travel in a different medium as it can be observed in Figure 16 

 

Figure 16: Amplitude spectrum with the phase polarity sequences highlighted (Steven A. Arcone, et al, 1998). 
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When the wave goes through one medium to other with different dielectric constant, the signal 

experiences a sudden change in the amplification value. 

2.2.5 Methods for Data Acquisition 

There are three types of deployment: the reflection profiling, wide-angle reflection and refraction 

(WARR) or common-midpoint (CMP) sounding and transillumination or radar tomography.  

The radar reflection profiling can be applied in monostatic or bistatic mode. The procedure to 

obtain a radar reflection profile is to move the antennas over the ground surface simultaneously 

measuring the travel time.  

The WARR antenna configuration consists on keeping fixed the transmitter while the receiver is 

towed away at increasing offsets, thus it can be only applied in a bistatic mode. The lack of this 

method is that it assumes that the material properties are uniform and the reflector 

characteristics are the same over the subsurface area over which the WARR sounding is 

undertaken. To avoid this assumption, the method used is common midpoint (CMP). Then, the 

transmitter and the receiver are both moved away from each other in the way that the midpoint 

between them doesn’t change its location. For both configurations, WARR and CMP, three types 

of waves may be identified: the airwave, that travels from the transmitter to the receiver through 

the air at the velocity of the radiowaves in air (0.3 m/ns); the direct waves, which travels from the 

transmitter to the receiver through the near-surface ground at the speed of radiowaves in the 

near-surface medium (V1); and the reflected wave, which travels from the transmitter to the 

interface from where it is reflected to the receiver also with the velocity of radiowaves in the first 

layer (V1). These types of waves can be observed in Figure 17. 
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Figure 17: (A) Scheme of WARR sounding. (B) Scheme of CMP sounding. (Reynolds, John M., 1997) 

As it can be deduced from Figure 17, it is essential to have a flat interface to realize Common 

Midpoint profiles otherwise the signal wouldn’t be reflected at the same point in all the 

measurements and the final result would be altered.  

Finally, the last method of data acquisition is called transillumination or radar tomography. It is the 

deployment method in which the transmitter and the receiver are on opposite sides of the 

medium under investigation. This technique is commonly used in mines, where the transmitter is 

located in one gallery and the receiver is located in the gallery above or below it.  

2.2.6 Velocity Analysis 

When the value of the permittivity of the ground is unknown, the most critical parameter in 

Ground Penetrating Radar is velocity. It allows switching from time domain to depth domain and 

in this way finding the depth of the different layers in the ground.  

Considering a horizontally layered sequence like in Figure 18 with n number of layers, a total depth 

of Z meters and a total travel time T0, when there is vertical incidence it is possible to distinguish 

three kinds of velocities. Firstly, the interval velocity (Vi) which is the velocity associated with a 

concrete layer (i) and it can be obtained by the ratio of the layer thickness (zi) to one-way travel 

time through the considered layer (ti). In second place, the average velocity (V’) is defined as the 

total raypath distance (Z) divided by total travel time (T0). Finally the last kind of velocity is called 
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root-mean-square velocity (VRMS) and its expression for horizontal layers with normal incidence is 

given by Equation 17.   

 

 

Figure 18: Horizontally layered sequence.  
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Equation 15: Interval velocity 
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Equation 16: Average velocity 
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Equation 17: Root-mean-square 

velocity 

The usual procedure is to determine the root-mean-square velocity with data of the Common 

Midpoint profiles and afterwards apply the Dix formula (Equation 18) to obtain the interval 

velocity for each layer. 
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Equation 18: Dix formula 

Where       ,    and         ,      are the root-mean-square velocity and the two way travel 

time for the nth and (n-1)th interfaces respectively. 

2.2.6.1 CMP Velocity Analysis 

The fundamental objective of CMP is carrying out a velocity analysis to obtain the value of the 

root-mean-square velocity. The steps followed to obtain this value are explained in the next 

paragraphs. 

The data recorded using the Common Midpoint method is displayed in a graph ‘distance’ versus 

‘two way time’ (Figure 19). The time considered corresponds to the time the signal takes from the 

transmitter to the interface and from the interface to the receiver, thereby it is called ‘two way 

time’. Those times are deemed to be equal and the velocity of the radiowaves inside the same 

medium constant. In the graph shown in Figure 19 (A) it is possible to appreciate three curves that 

correspond to air waves, the direct waves and the reflected waves: 

T0 Z Vi Zi 
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(A) 

 
 

 

(B) 

 

Figure 19: (A) Data display for the common midpoint mode (Reynolds, J. M., 1997). (B) Hyperbola of the reflected wave in the 

common midpoint mode (Robinson, E. A. and Durrani, T. S.,1986). 

To explain the reason why the reflected waves are represented by a hyperbola it is useful take a 

look to Figure 19 (B). In the sketch the time the radiowaves takes to travel from the source (S) to 

the midpoint in the interface (D) to the receiver (R) is represented by the letter ‘t’ and ‘t0’ is the 

zero-offset travel time associated with the midpoint M. Focusing in the triangle DMR and applying 

the Pythagorean Theorem it is obtained the following expression: (vt/2)2 = (vt0/2)2 +h2 , that can be 

rewritten in the next way: 

(
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 (
 

 
)
 

 (
  
 
)
 

 

Equation 19: Hyperbola equation for the reflected radiowaves in the common midpoint mode. 

It is the equation of a hyperbola with coordinates (h, t/2) and asymptotes of t/2 = ± h/v. However, 

it is commonly written as function of the two way time instead of one way and the full offset (x = 

2h) giving place to Equation 20. 

     
  

  

  
 

Equation 20: Hyperbola equation for the reflected radiowaves in the common midpoint mode as function of the two way time and 

full-offset. 
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Plotting a graph of ‘t2’ against ‘x2’ Equation 20 is 

represented by a line with a gradient equal to 

1/VRMS
2 and the intercept t0

2, hence the value of 

the VRMS and t0 can be determined. Once the value 

of the root-mean-square velocity is known, it is 

possible to determine the interval velocity by 

applying the Dix formula.  

 

 

2.2.6.2 Static and Dynamic Corrections (Stacking) 

The static and dynamic corrections are applied with the objective of modifying the data to obtain a 

correct value for the velocity and in this way know the depth of the layers. 

Static corrections are made to deal the effect of the change in the surface elevation between the 

source and the receiver, variation of the water depth and subbottom velocity on marine data, and 

variations in velocity and thickness of the weathered zone on land (Robinson, E. A. and Durrani, T. 

S.,1986). The procedure to carry out static corrections is to apply a constant time-shift to the 

whole trace.  

The dynamic corrections are used to correct the effect of the offset distance between the source 

and the receiver and also the effect of dipping interfaces. This kind of correction needs to be 

applied in CMP data to avoid the influence of the separation between antennas. Each trace on a 

common midpoint should be corrected so that the travel time for the slant path is reduced to the 

time of the vertical path. The procedure to do it is to subtract the normal moveout, NMO (see 

Figure 19 (A)), from the time t so that the corrected event appears at t0. Mathematically, it is 

defined as:  

         *  
  

  

  
+

 
 

    
Equation 21: Normal moveout correction. 

 

 

Figure 20:  T2 – X2 graph of a common midpoint profile 

(Reynolds, J. M., 1997). 
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although it can be rewritten as      {  (
 

   
)
 
}
   

, expression that considering small offsets 

(    ⁄   ) and the binomial expansion is transformed to as      {  
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)
 
}. 

The moveout is the difference between two travel times with different offsets and it is calculated 

with Equation 22: 

      
(  

    
 )

     
⁄  Equation 22: Moveout. 

Nevertheless, for the instance of normal moveout correction it is referred to the initial zero offset 

(    and     ), hence the corresponding expression is:  

          
     

⁄  

 
Equation 23: Normal moveout correction. 

From Equation 23 is easy to see that the NMO decreases with increasing t0 and increases with the 

offset between the antennas. Thus it is considered as a dynamic correction because it changes 

with the record time. The correction is applied in the entire trace in all the recorded traces. 

Consequently, the event due to the horizontal reflector lines up to the same time t0.  The 

described process is called stacking and the resulting traces receive the name of stacked traces. 

For all the stacked traces, the transmitter and receiver location coincides with the common 

midpoint.   

2.2.7 Processing Data 

The flow of GPR data processing consists in the group of steps highlighted in Figure 21. Before 

processing the steps are instrumentation, or in other words data acquisition. It is normally 

accompanied by real-time display to help in on-site interpretation. Afterwards, the data is 

recorded and saved for post-acquisition processing.  
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Figure 21: Overview of ground penetrating data processing flow (Annan, A. P., 2009) . 

The processing flow has been divided in four steps which are data editing, basic processing, 

advanced processing and image processing or visualization (Annan, A. P., 1999). Usually, it is an 

iterative flow and the data flows through loop several times.  

2.2.7.1 Data Editing 

Editing the data is the first step after recording it. It encompasses tasks such as data 

reorganization, data file merging, data header or background information updates, repositioning 

and inclusion of the elevation information with the data. Correcting the topographic position can 

be a fact of special importance in areas with relief otherwise the data from the subsurface could 

lose credibility.  

Editing the data can be in most cases essential for further processing and also one of the most 

time-consuming parts. 

2.2.7.2 Basic Processing 

 The objective of basic processing is to improve the quality of the data by doing fundamental 

manipulation that will help in the initial interpretation and evaluation.  

The initial step consists basically in removing the very low frequency components of the data. 

There are two actions to do it: subtract the DC offset and de-wowing. 



Annual Variation of the Frost Table at Kangerlussuaq Airport  

  

 
34 

DC signal saturation is constant along the entire trace and 

it can be corrected by a constant shift in amplitude 

towards zero. This kind of filter is applied independently to 

each trace and the shifted time is decided by the 

processor. He or she must decide the interval of time in 

which the mean is calculated and afterwards subtracted 

from all samples of each trace.  

The second step of this phase is known as ´de-wowing’. It 

subtracts the very low frequencies of the data that are due to the saturation of the receiver. It 

becomes signal saturated because it receives a large energy input from the airwave, groundwave, 

and near surface reflectors. Thereby, it is unable to adjust fast enough to the large variations 

between vertical stacks (Fisher, Stewart and Jol, 1992). This fact induces a low frequency energy 

which results in a slow time-varying component to the acquired data. Therefore, the base level of 

the received signal is bowed up or down (see Figure 22). This effect is known as baseline ‘wow’ 

and it is suppressed by temporal filtering. The suppression process is called ‘dewow’ and consists 

in applying a high-loss temporal filter. 

The following step in basic processing is selecting the time gain. When the radar signal propagates 

into the ground it is quickly attenuated, thus the received signal for greater depths is significantly 

smaller than for shadow depths. In order to display them simultaneously it is required to equalize 

the amplitudes by using a time-dependent gain function to amplify the amplitude of the radar 

signal for deeper depths. There are different ways of applying gain to radar data depending on the 

level of fidelity that one wants to maintain or whether if it is preferable to display all the signals. 

To select gain the most common is to examine the amplitude versus time fall-off of the data. It can 

be done trace by trace but is more typical to work in a section. There is a wide variety of gains to 

apply, although the more popular gain functions are the automatic gain control (AGC) and the 

spherical and exponential gain compensation (SEC). 

AGC has for objective to equalize the amplitudes along the whole trace.  To do it, it estimates the 

average signal level at every point on the trace and computes gain. The gain obtained is inversely 

proportional to the signal strength, so the areas with weak signal have a greater gain while the 

areas with strong signal receive a small gain. It is a good system for monitoring continuity of 

reflections but distorts all amplitude information, thereby after applying it there wouldn’t be any 

 

Figure 22: Amplitude spectrum after applying DC 

offset and signal saturation corrections (Fisher, S. 

C., et al, 1992). 
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more conclusion made about the strength of the reflections in relation with other reflections 

because the information has stopped being realistic.  

SEC is a linear increasing function combined with an exponential increase. The shape of the 

function can be appreciated in Figure 23. It estimates the velocity and the attenuation of the EM 

signals to compensate the spherical spreading losses and the exponential dissipation of energy. 

 

Figure 23: (a) A radar trace with a decreasing signal with time. (b) Gain function to be applied on (a). (c) Result of multiplying the 

radar data by the gain function. (Annan, A. P., 2009). 

Gain is always an increasing function, although it is common to establish a maximum in the last 

part as it can be observed in Figure 23 (b). It must be enhanced that due to the non-linearity of the 

gain function, the filtering data will have different effect depending when the filters are applied, 

before or after gain. 

The next stage in basic processing is filtering. It is a term that covers a very wide range of options 

in data processing related with frequency, time and space. Frequency filters are used to remove 

specific frequency elements in order to operate just with a desired range. There are different 

types of frequency filters: the bandpass filter allows frequencies between a specific range 

(bandwidth) pass without attenuation while the low-cut and high-cut filters set to zero the 

frequency value below and above specified numbers. 

A temporal or spatial filter refers to filter along the time or distance axis respectively. If a high pass 

spatial filter is used the dipping events are maintained and the flat lying events are suppressed. 

The contrary effect takes place for the low pass filter.  

After the basic processing the main characteristics of the data should remain intact, although the 

degree of distortion accepted is always subjective.  

 



Annual Variation of the Frost Table at Kangerlussuaq Airport  

  

 
36 

2.2.7.3 Advanced Data Processing 

After advanced data processing the result will be rather different from the initial raw data. It 

includes trace attribute analysis, normal move out correction, dip filtering, deconvolution, 

background removal, velocity semblance analysis, etc. The purpose of advanced filtering is to 

make weaker signals visible so that specific components of the data are enhanced, although 

sometimes it can result in specious interpretations. The main features concerning advance 

processing are background removal and deconvolution.  

Background noise is a repetitive signal due to slight ringing noise. It produces a banding effect 

parallel to surface that can be eliminated by the use of background removal filter. It eliminates the 

non-desire horizontal reflections without degrading useful information. To apply this filter the 

operator defines a window to specify the traces used for the calculation. The average signal of this 

window is considered as noise and it is subtracted from the current trace. 

 
 

Before background removal 

 
 

After background removal 

Figure 24: Example of the effect of background removal on a profile done over a white-painted surface at Kangerlussuaq airport. 

The convolution process is the phenomenon that takes place when the initial waveform (W) is 

filtered into the ground by layers with different impedances forming a reflectivity time series (R) 

that modifies the final waveform (S). Along this process, the only unknown parameter is R and the 

process to obtain those times series of ground properties is called deconvolution. The fact that 

makes it a difficult event is that the time series R aren’t just primary reflections; they are mixed 

with reverberations, ghosting, diffractions and noise (Reynolds, J. M., 1997). 

2.2.7.4 Interpretation Processing 

In this last stage, the final data is often totally changed from the original data set. It includes 

between other topics migration, event picking, subjective gain enhancement and amplitude 

analysis.  
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Migration is considered as spatial deconvolution. The objective is to remove source and receiver 

directionality from the reflection data and in this way reconstruct the radar reflectivity distribution 

of the subsurface. The effect of migration can be appreciated in Figure 25.  To use migration 

correctly it is necessary a good knowledge of the velocity structure in the ground and a processor 

who knows the effects that migration causes on the section. 

 

Figure 25: GPR cross section over a two road tunnel before and after applying migration. (Annan, A. P., 2009) 

Another manner of manipulating the data during the interpretation process is to pick events and 

display them in a reduced way. It is useful when the objective is to focus in a concrete part of the 

data.  

Nevertheless, the most important feature of image processing is the 3D visualization of data 

versus space and time. Lastly it has become usual due to more advanced computer technology. It 

also makes the product easier to understand for non-technical users.  
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3 State-of-the-Art 

3.1 Reflective Surfaces 

The construction of a highway always supposes an increment of the ground temperature, fact that 

accelerates the permafrost thawing process giving place to differential settlements on the 

pavement. The changes in the nature and the environment are responsible of ground warming. 

Remove the vegetation means the disappearance of the organic mat that acts as a thermal 

insulation layer for permafrost. Furthermore, the waterproof surface of paved roads avoids 

evaporation. Hence, the cooling effect due to evaporation of moisture from natural ground is lost. 

Additionally, the surface is exposed to more sunlight than before the construction because of the 

loss of shading after clearing the area. Finally, due to the dark color of pavements they absorb 

more solar energy which means a lower albedo and higher temperatures. The use of reflective 

surface comes up from the idea of increasing the albedo. If more solar energy is reflected, the 

ground temperature decreases leading to a reduction of the active layer thickness.  

The ground temperature is controlled by the surface indices and the n-factors whose meaning is 

explained in the next section.  

3.1.1 N-Factor and Ground Surface Indices 

The ground surface experiences daily seasonal temperature fluctuations due to different factors 

such as variations in air temperatures, wind velocity, precipitation, solar radiations, etc. In order to 

describe the intensity of the air-temperature variations the concept used is known as degree-day. 
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It is a measure of the departure of the daily mean temperature from a given standard (Boyd, 

1976). For instance, if during 4 days the mean annual temperature is -3°C it is equal to –12 °C·days. 

These departures can be accumulated and used as an index of the effect of the temperature over 

a period of time. The sign of the negative departures is used to reduce the accumulated total of 

degree-days above freezing. Therefore, if the accumulations are plotted against time, the resulting 

graph will have a minimum each spring and a maximum each autumn. 

Over one season, the freezing index is defined as the 

number of degree-days between the maximum in the 

autumn and the minimum the next spring (Boyd, 1976). In 

the same way, the thawing index is the number of degree-

days between the minimum in the spring and the 

maximum the next autumn. The month when a seasonal 

maximum or minimum happens is known as the ‘change-

over’ month. During the rest of months, the accumulations 

of degree-days above freezing is calculated as NX, where N 

is number of days in a month and X is the average 

temperature. Along the summer months, when X has 

positive values the freezing degree days are zero and the 

thawing degree-days (T) are given by NX whereas during 

the winter the freezing degree-days (F) are given by F = -NX and the thawing degree-days are 

equal to zero. For the change-over months the equation used is Y2-NTY=N2k2 proposed by Boyd 

(1976) where k is constant (≈1.4°C) and T the average temperature for the change-over month. 

The equation has two solutions, one positive representing the number of thawing degree-days and 

another negative for the freezing degree-days. 

Thanks to these expressions it is possible to know the air freezing index (Iaf) and air thawing index 

(Iat). However, they are not useful to obtain the surface indices given that the mean annual ground 

surface temperatures differ from mean annual air temperatures with no constant difference 

between them due to net radiation, vegetation, snow cover, ground thermal properties, surface 

relief and subsurface drainage (Andersland and Ladanyi, 1994). Therefore, to estimate the surface 

indices it is necessary to apply an empiric surface n-factor defined as: 

 

Figure 26: Definition of freezing and thawing 

indices. (Andersland and Ladanyi, 1994). 
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 Equation 24: N-factor for the freezing season 

   
   
   

 Equation 25: N-factor for the thawing season 

Where nf is the n-factor for the freezing season and nt the n-factor for the thawing season; with 

them it is possible to obtain the surface freezing (Isf) and thawing (Ist) index.  

The n-factor is reduced by the use of reflective surface which results in a reduction of the thaw 

depth in permafrost regions. 

3.1.2 Firsts Applications of Reflective Surfaces 

The first significant field trial with white paint pavements took place in Thule, a Greenland Air 

Force Base. Actually it is the northernmost base of the United States Air Force and it is located in 

the northwest site of the island at 885 km East from the North Magnetic Pole. In order to avoid 

thaw settlements, thirteen hundred feet (≈396 m) of the airport runway were painted in white in 

1959 and a second runway of forty hundred feet (≈1433 m) was also painted the following year. 

The results showed that the new paint was able to absorb about 16% of the incoming solar 

radiation and about 42% after one year due to weathering and traffic (Matthew K. Reckard, P. E., 

1985). The paint reduced the thaw depth in approximately 0,6 meters that meant a final thaw 

depth of 1,2 – 1,3 meters instead of 1,8 – 2,1 meters. 

 

Figure 27: White-painted runways at Thule airport (Wikipedia, 2011) 

 In 1984, the runway of Barrow, Alaska airport, was also painted in white with the same purpose. 

The fact that the firsts chosen sites to probe the new technique were airports is because they are 
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exposed to heavy dynamic loads when landing and departing aircrafts that cause greater 

settlements making the runways useless.  

In 1985, a study evaluating the effects of the surface color and texture took place in an asphalt 

concrete roadway pavement in Fairbanks, Alaska. The relevant fact of this study is that it was one 

of the firsts on a road with considerable volume of heavy traffic each day.  The results showed that 

when white or yellow paint had been applied to the pavement, the surface temperature and n-

factors were reduced. The n-factors changed from 1,53 on untreated pavement to 1,22 in white 

painted pavement (Berg, R. L., 1985). However, it was proved that the effectiveness of the paint 

decreased after a year because of paint weathering. Therefore, when this technique is applied on 

highways with a big amount of traffic repainting is necessary practically once a year while for 

airfields repainting is just necessary every 5 years. The main cause of degradation on roads is 

removal of paint by studded tires.  

Those kinds of studies continued until nowadays in different locations but mainly in Alaska, 

Canada and Greenland. Their objective has been always to study the variation of frost table under 

reflective surfaces and the riding characteristics of painted pavements.  

3.1.3 Problems of Painted Pavements 

When the pavement of a road or highway is painted its superficial characteristics change affecting 

the riding conditions. The main problems are related with:  

- Low skid resistance 

White paint on the pavement reduces the skid resistance increasing the hazards especially 

in areas where more traction is required such as curves, steep grades and areas with 

heavy traffic. The stopping distance is also greater since it is inversely proportional to the 

friction coefficient.  

- Frost formation 

The cooler surface temperatures due to the light color of the pavement cause a sooner 

formation of frost on the surface making it more slippery. Furthermore, snowfall also 

sticks faster on painted surfaces.  

 

 

- Costs 
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It increases the initial cost of the construction and the maintenance expenses since it 

needs to be repainted after a certain number of years. However, the first inversion can be 

significantly reduced if the paint is applied on large scale. So, the use of reflective surface 

it is only economically justified in areas where the reparation of thaw settlements is more 

expensive than the two costs previously mentioned. 

- Edge effects 

Most of the heat entering to the ground in roadways doesn’t pass through the pavement 

surface, it passes through the unpaved side slopes of the embankment. This heat diffuses 

on the ground increasing its temperature from the edges to some certain distance to the 

center. Hence, the thawing settlements will occur near the shoulder of the road even 

though the pavement is painted on white. It will just protect it of thaw settlements on the 

centerline. 

3.2 Previous Investigations at Kangerlussuaq Airport 

3.2.1  Site Description 

Kangerlussuaq airport is located in the municipality of Qeqqata, western Greenland, inside the 

Polar Circle with coordinates 67° 00’ 51’’ N and 50° 41’ 21’’ W. It is situated at the end of a fjord of 

190 km long called ‘Søndre Strømfjord’ in Danish. The special location of the airport, far away of 

the coast, provides it with better meteorological conditions.  Nowadays, it is the largest 

commercial airport of the island and the international hub of Air Greenland. The population of 

Greenland is 56.615 inhabitants (Statistics Greenland, 2010) and most of them live in the West 

coast given that the capital (Nuuk) and the second largest city (Sisimiut) are located on  this side. 

The air traffic that arrives to Kangerlussuaq is later distributed by airplane or helicopter to the final 

destination due to the lack of roads and railway infrastructures. 

Nevertheless, the airport was not built with this aim. In fact, it was used as a United States Air 

Force Base from 1941 until 1992, period during which the airport was known as Bluie West Eight. 

After the fall of Denmark to Germany in the Second World War, the US forces assumed the 

security of Greenland and built several bases, one of the biggest was Bluie West Eight in 

Kangerlussuaq. The airport came under Danish control in 1950, although it was still used by the 

United States during the Cold War.  
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Actually, Kangerlussuaq is a settlement with 556 habitants (Statistics Greenland, 2010) whose 

economy relies on the airport and the tourism industry. It has recently become a tourist attraction 

given its proximity to the icecap and the diversity of wildlife (muskoxen, caribou and gyrfalcons). 

3.2.2 Geology and Climatologic Conditions 

Kangerlussuaq Airport is built over a river terrace with an altitude of approximately 50 m. The 

western part of the terrace is made up of fine-grained glaciomarine sediments partly covered with 

fluvial deposits of sand and gravel, whereas in the eastern part fine-marine deposits are absent. 

Kangerlussuaq is over a layer of continuous permafrost with an average thickness of 127±31m 

(Van Tatenhove and Olesen, 1994). From the results of ground temperature measurements, it is 

known that the temperature at the depth of zero annual amplitude is -1,6 ± 0,2°C and the average 

thickness of the active layer is 1,7m, although between Kangerlussuaq and the ice sheet margin 

the thickness of the active layer varies between 0,15 and 5,0m. The variation of the active layer 

thickness is due to the interactions between geomorphology, wind pattern, snowcover 

characteristics and paths of snow meltwater.  

 The climatic conditions in Kangerlussuaq are arctic continental given its location far away from the 

coast. During the winter the minimum temperature reached is around -40°C whereas in the 

summer the maximum is approximately 20°C (Danish Metereologic Institut and Statistics 

Greenland, 2010). The mean annual temperature from 1961 until 1990 has been -5,7°C while for 

the lasts ten years (from 2000 to 2010) it has increased to -3,8°C.  

3.2.3 Previous Research 

The southern part of the parking area of Kangerlussuaq airport is affected by depressions on the 

asphalt that disable the zone completely for airplanes and helicopters. Those depressions are 

easily identified after rainfall because of water ponding as it can be observed in Figure 28: 
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Figure 28: Asphalt depressions at the southern part of the parking area at Kangerlussuaq airport. 

In autumn 2000, three test areas were painted in white in order to study the variation of the frost 

table underneath them. The first investigations were carried out by NIRAS Greenland A/S, a 

consulting engineering company, who probed that the use of white surface painting at 

Kangerlussuaq airport reduced the temperature of the asphalt by about 20% (Jørgensen, A. S.  and 

Andreasen, F., 2006). Latter, the investigations were continued by Anders Stuhr Jørgensen as part 

of his Ph.D Thesis. 

In July of 2005, GPR profiles were done to find out what caused the depressions and compare the 

disposition of permafrost beneath a white-painted surface and normal black asphalt.  The antenna 

used had a center frequency of 350 MHz and it was used as both transmitter and receiver. The 

profiles were done with the radar control unit placed inside a car and the antenna towed 3m 

behind it. To record the profiles a survey wheel was employed and the traces were collected every 

0,02m (50 traces per meter) with a density of 512 samples per trace and 16 units per sample. The 

range applied was 150 ns and filtering during the fieldwork was 175 MHz as high pass frequency 

and 700 MHz as low pass frequency. A total of 11 profiles were done at the locations shown in 

Figure 29 with red lines.  
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(A) 

 

(B) 

 

Figure 29: (A) Location of the GPR profiles done in 2006 at Kangerlussuaq airport. (B) Location of the white painted surface, the 

trench and the borehole (Jørgensen A. S. and Andreasen F., 2006). 

In the profiles carried out on the white paint, the interface between frozen and unfrozen ground 

was clearly distinguished as it can be observed in Figure 30. The profiles revealed that the frost 

table was approximately 0,75 m higher under the white painted surface.  

 

Figure 30: Georadar profile done over the white paint at Kangerlussuaq Airport (Jørgensen A. S. and Andreasen F., 2006). 
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The second location for the profiles (next to the borehole, see Figure 29) was not a white painted 

area. It was chosen because it presented the greatest depressions on the pavement with 20-25 cm 

of depth (measurements done in 2005). At that place the profiles showed that the shape of the 

surface depressions is directly related with the structure of the deposits on the ground (due to the 

shape of the deposits, similar to a trench, along the report it will always be used the word trench 

to refer to that location).  

 

Figure 31: Radargram at the trench showing the shape of the deposits (Jørgensen A. S. and Andreasen F., 2006). 

In order to obtain information about the composition of the material investigated and calibrate 

the GPR survey a borehole of 15m depth was dug. The main information obtained was the depth 

of the different layers, water content and grain size. The sediment was found to be unsaturated at 

the subsurface and saturated for depths greater than 3,5m. The samples were analyzed for depths 

between 4,0 and 5,5m and showed frozen fine-grained silty sand containing organic sediment 

holding water content from 20 to 80%. The conclusion from this data was that the surface is highly 

susceptible of suffering more depressions due to the soil composition (Jørgensen, A. S. and 

Andreasen, F., 2006). The information extracted from the borehole and the trench is shown in 

‘Annex 1: Data from the Borehole at Kangerlussuaq Airport’. 

Additionally, a trench (see location in Figure 29) was dug to know the exact depth of the frost 

table and in this way estimate the velocity of the radar waves. The depth of permafrost found was 

around 4 m and the estimated velocity was 0,13 m/ns. The location of the trench was chosen 

outside of the asphalt area to avoid damaging the embankment bellow it. 
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Between July 2005 and August 2006 a total of four GPR investigations were done over the 

reflective surface. The exact location of the profiles is shown in Figure 29 and the results of the 

study are summarized in Table 2:  

Date Normal Asphalt  Surface White Painted  Surface Difference 

May 6, 2006 - - - 

June 16, 2006 ≈ 2.3 m ≈ 1.6 m ≈ 0.7 m 

July 29, 2005 ≈ 3.4 m ≈ 2.6 m ≈ 0.8 m 

August 15, 2006 ≈ 3.7 m ≈  2.7 m ≈  0.9 m 

Table 2: Depth of frost table under the normal black asphalt surface and the white painted surface (Jørgensen , A. S., et al, 2006). 

It can be seen that there is no information for the month of May because in this month the entire 

ground was still frozen hence there was no reflection between the frozen and the unfrozen 

ground. 

The last investigation published was done from May until October 2007. Then, eight GPR 

investigations were carried out again over the white paint at the southern part of the parking area 

of Kangerlussuaq Airport. The results concluded one more time that the change of the surface 

reflectivity promotes a decrease of the active layer thickness of about 0,9 m in late summer.  
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4 Fieldwork 

The fieldwork was carried out in Kangerlussuaq from the 1st of August to the 19th of August 2011 in 

order to continue with the previous studies. 

4.1 Fieldwork Location 

The fieldwork was realized in two different sites of Kangerlussuaq, both shown in Figure 32. 

Location A corresponds to the parking area of Kangerlussuaq airport and location B corresponds to 

a test road north of the airport.  

Practically all the fieldwork was done in location A, over the white-painted surface and the trench. 

At location B, just a few number of GPR profiles were done to study the variation of the frost table 

under different types of paints.  

 

Figure 32: Location of the fieldwork (A) Parking area of Kangerlussuaq airport. (B) Test road. 
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4.2 Objectives 

All the fieldwork realized consisted in making Ground Penetrating Radar profiles for:   

1. Obtaining a 3D model of the permafrost table underneath the white-painted pavement. 

(Location A) 

2. Obtaining a 3D model of the permafrost table underneath the trench. (Location A) 

3. Determining the depth of the frost table by the realization of Common-Midpoint profiles. 

(Location A) 

4. Studying the variation of the frost table underneath different types of paint. (Location B) 

Additionally, several GPS measurements were done inside the airport to measure the subsidence 

of the asphalt.  

4.3 Equipment  

The equipment used has been designed and manufactured by Geophysical Survey System, Inc. 

(GSSI), model SIR 2000. Three different antennas with center frequencies of 82.5 MHz, 400 MHz 

and 900 MHz were employed. The higher frequency antennas were used to obtain the profiles for 

the 3D modeling on the white-painted area and the trench and the profiles done at location B, 

while the antenna with the lowest frequency was just used for the CMP profiles. The reason of it is 

that for higher frequencies the resolution of the results is better although the penetration depth 

decreases, hence the low frequency antenna has been used for the Common-Midpoint profile in 

order to obtain a larger penetration. For the rest of cases the profiles were done with the medium 

and the high frequency antenna  given that from previous investigations there was the suspicion 

that the frost table was around 3 or 4 meters depth, therefore it was no required a lower 

frequency. 

The antennas were connected to a SIR20 radar unit and a computer. The radar unit generated the 

sent radar pulse and digitized the signal measured by the receiving antenna. For the fieldwork the 

devices were connected to a car battery with a 12V DC to 220V AC inverter and the profiles were 

recorded using a survey wheel so that the instrument could detect automatically the distance 

covered.  



 4.  Fieldwork 
 

  
51 

All the equipment was heavy and bulky in consequence for the profiles done with the medium and 

the high frequency was necessary to use a transportation system. First of all, the cart shown in 

Figure 33 was used. 

(A) 
 

 

 

(B) 

 

 

 

 (C) 

Figure 33: (A) Cart to transport the georadar equipment.  (B) Cart with the radar unit, the computer, car battery, inverter and cables 

over it. (C) White box with the medium and high frequency antennas and the survey wheel attached. 

Over the cart there was mounted the radar unit with the computer, the car battery, the inverter 

and the cables for the connection with the antennas. The antennas were situated inside the white 

box attached to the cart by ropes and towed away from the radar unit several meters to avoid 

interferences.  The survey wheel was attached behind the white box. The profiles were made by 

pulling the cart with ropes, but it resulted to be a very slow system given it was too heavy to be 

pulled just for one person. Consequently, most of the profiles were done using a car instead of a 

cart. The mechanism was the same, the only thing which changed was that the radar unit, car 

battery, etc. were placed inside the car. 

(A) 
 

 

(B) 
 

                

Figure 34: (A) Georadar transportation system using the car. (B) Radar unit and computer located inside the car. 
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4.4 Georadar Measurements  

The studied zones inside Kangerlussuaq airport were the trench and the white-painted asphalt. 

Over them, a grid was established in order to do georadar profiles in two directions perpendicular 

to each other. The profiles were done using a medium and a high frequency antenna 

simultaneously. Both antennas worked in monostatic mode: as a receiver and transmitter at the 

same time.  

 The settings established for both of them were always the same for the profiles done at the white 

painted surface and the trench.  They were done with a survey wheel which collected traces every 

0.02 m (50 traces per meter) with a density of 512 samples per trace, 16 bits per sample and 78 

scans per second. The range for the medium frequency antenna was always set to 200 ns with a 

high pass filter of 80 MHz and a low pass of 1200MHz. The high frequency antenna was set with a 

range of 100ns, a high pass filter of 200 MHz and a low pass filter of 2500 MHz.  

 The painted area is a square with approximately 26m of edge. The borders 

of the established grid had an edge of 52 m so that the square was centered 

in the middle. To obtain the 3D model, 53 profiles spaced 1 meter between 

them were done in the horizontal and vertical direction so that the whole 

area was covered.  

For the trench, the initial objective was to cover all the area affected by the 

settlements making a grid with the shape of the letter ‘L’. The initial area considered was 1510 m2 

but unfortunately just a small part, around 320 m2, could be covered. The reason of it was the 

physical limitations present in the fieldwork site: to one side of the trench there was reinforced 

concrete that impeded the reflections of geological layers underneath it and to the other side the 

pavement depression was so big that the area was covered with rainfall water along the whole 

fieldwork period avoiding any kind of GPR measure. Those features can be seen in Figure 36: 

 

Figure 35: Sketch of the 

white-painted area. 
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(A) 

 

(B) 
 
 
 
 
 
 
 
(C) 
 

 
 

 

Figure 36: (A) Location of the 3D model done over the trench. (B) Part of the trench flooded by rainfall water. (C) Longitudinal crack 

surrounding the depression in the pavement. 

The profiles were done longitudinal and transversally in the place indicated with the name ‘3D 

model location’ in Figure 36(A). The area covered was 15x24m2, so that there were 16 profiles in 

the longitudinal direction and 25 in the transversal. 

Additionally, since there are no previous data of the depth of the frost table underneath the 

trench a pair of profiles with the medium and high frequency antenna were also done from the 

white paint, where the depth of the frost table is known, to the trench to see how the active layer 

thickness varies from one side to the other.  

Finally, the last task done inside the airport was Common 

Midpont profiles. A total of 3 CMP profiles were done, one inside 

the white painted surface and two outside.  The profiles were 

done with the low frequency antennas shown in Figure 37, one 

of them was working as a transmitter and the other as a receiver. 

The settings used were 512 samples/m, 16 bit integer, 25 scans/s 

and 10 scans/m, range of 400 ns, high pass filer of 20 MHz and low pass filter of 600 MHz and the 

transmit rate was set to 25 MHz. The data collection mode employed was point mode which 

means that one measurement was done per second·time the button was pressed. Initially, the 

antennas were separated 20 cm, each one 10 cm apart from the midpoint and every time a 

measurement was done, the antennas were moved away 10 cm more until it was not possible to 

increase the distance between them due to the longitude of the cable used for the connection 

between the antennas and the radar unit.  

 

Figure 37: Low frequency antennas. 
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To conclude, several profiles with the high and medium 

frequency antenna were done at location B (see Figure 32). 

On this site, the pavement was painted with different 

products in order to evaluate the effects of different kind of 

paintings. The firsts two squares shown in Figure 38 were 

painted with Mercalin, the next was Plastiroute and the last 

with grey color was Mapelastic. 

The settings used for those profiles were the same than at the airport, the only parameter 

changed was the time range. It was done because when visualizing the recorded data in situ it was 

not possible to appreciate the difference between the frozen and unfrozen ground. In Table 3 are 

shown the ranges applied for each antenna in each profiles. 

Antenna Profile 1 Profile 2 Profile 3 

900 MHz 100 ns 200 ns 50 ns 

400 MHz 200 ns 400 ns 100 ns 

Table 3: Range values applied for the georadar measurements at ‘Location B’. 

4.5 GPS Measurements 

The objective of the GPS measurements was to measure the depth of the settlements present on 

the parking area of Kangerlussuaq Airport. For both locations, the white painted pavement and 

the trench, the measurements were done over the edges of the established grid, so that their 

position was known for future investigations and also longitudinal and transversally in the way 

that the difference of elevation could be appreciated. 

The equipment used was a GPS Triumph-1 (JavaD 

GNSS). The measurements done were latter 

integrated in ortophotos using the program 

ArcGis. Those photos will be shown along the 

report. The grey squares presents in the Figure 39 

(C) are the zones with reinforced concrete, not 

white painted zones. 

 

Figure 38: Squares painted at Location B. 

(A) 
 
 

 

(B) 
 
 

 

  (C) 

 

Figure 39: (A) GPS Antenna. (B) JavaD Victor Data Colletor. 

(C) GPS points integrated in the ortophoto. 
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5 Analysis of the Data 

5.1 Software Used 

The data has been processed with ReflexW 6.0 which is a program made to process and interpret 

reflection and transmission data. Its main applications are the analysis of ground penetrating data, 

reflection and refraction seismics and ultrasound. 

It is basically formed by two parts: 2D and 3D analysis. The first is made to interpret 2D radargrams 

providing a wide range of filters and different kinds of visualization modes. The second allows the 

construction of 3-dimensional models by displaying x-, y-, z-slices with the possibility of rotating 

the figures around any of the axis. 

5.2 Processing Sequence 

The data has been independently processed for each antenna and location. Nevertheless, the kind 

of filters and processing steps employed has been nearly always. The difference relies in the 

setting parameters which have been adapted to each situation. In the next paragraphs, there is 

the general explanation of the method followed to process the data and the concrete values of the 

parameters for each location are summarized in the next point.  

Before processing, the first step was to convert the data to Reflex format (import the data). The 

settings used to do it have been the same in all the cases: 
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- Input format: in the case of GSSI systems the input format is RADAN by default.  

- Output format: there is the option to choose between 16 and 32 bit integer. The 

advantage of using 32 bit is that the color resolution is higher but needs more memory 

and slows the plotting. For this instance, since there was no visual difference in the data 

when using either the 32 bit integer or 16, the used output format has been 16 bit.  

Before starting with processing in some cases it has been necessary editing the data. The main 

task of this phase was assigning X-Y coordinated to each profile, so that when the profiles were 

used for the 3D modeling they were placed in the correct location. Additionally, also with the 

intention of carrying out a 3D model afterwards, the profiles were cut or merged in the way that 

all of them measure the same in each direction. The cause of the different longitude was that the 

data was recorded using a car and a cart, systems that didn’t allow doing an precise measure, 

therefore the first processing step was trace editing by removing back when the profiles were too 

long or merging files where they were too short.   

Once the data was properly prepared, it was possible to start with the processing phase. 

Processing has consisted in the application of static corrections and 1D and 2D filters. The static 

corrections used have been ‘move start time’ and ‘time cut’. The first has been applied to change 

the start time at which the data is displayed.  

Before 
 

After 

  

Figure 40: Profile before and after applying the move start time static correction. 

After applying the correction the start time coincides with a black reflection followed by another 

white and black, fact that means that the wave has impacted on the ground. The region over the 

first black reflection before applying the correction corresponds to the airwave. It is necessary to 

subtract this part of the profile to avoid errors determining the depth of the frost table.  

The second static correction, ‘time cut’, has been employed to reduce the time range of the data. 

When recording a very wide range was established to avoid losing information, however once 
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processing the data this range has been decreased in order to focus just in the necessary 

information. 

For filtering, three different kinds of filters have been applied: running average, band-pass 

frequency filter and background removal. Running average is a filter whose function is to reduce 

random signals (noise) and emphasize persistent signals (reflections). It replaces the data of given 

point by the average over a window centred about that point. The input parameters are the 

number of average traces (number of traces that the processor wants to use to obtain the average 

value) and the start and end time where to use the filter. The danger of choosing a large value for 

the number of average traces is losing important information or making the reflection too smooth. 

In Figure 41, it is possible to appreciate how a too big value just makes worst the result while a 

smaller value enhances the reflection of the frost table.  

3 average traces 
 

20 average traces 

  

Figure 41: Profile with different value of average traces for the running average correction. 

The band-pass frequency filter is used to suppress the noise when it differs from the signal in its 

frequency. The filter band is specified by setting four values: the low and high-cut frequencies and 

the lower and upper plateau. Below the low-cut and above the high-cut the frequency is set to 

zero and between the two plateau points it is represented by a cosine-window (RelfexW Manual). 

To choose those values the frequency spectrum of the original data was used.  

While applying this filter a curious fact came up: the antennas employed along the fieldwork were 

supposed to be of 900 MHz and 400 MHz, however when the data was processed the frequency 

spectrums showed different values for the center frequencies as it can be observed in Figure 42: 

 

 

 



Annual Variation of the Frost Table at Kangerlussuaq Airport  

  

 
58 

(A) (B) 

  

Figure 42: Frequency spectrums: (A) High frequency antenna, (B) Medium frequency antenna. 

The profile shown in Figure 42 (A) should have a center frequency of 900 MHz but instead of that 

the peak frequency has a value around 450 and 500 MHz. The same happens for the medium 

frequency antenna: the center frequency shown in Figure 42 (B) is around 200-250 MHz (the peak 

next to 350 MHz is an anomaly due to some interference) when it should be 400 MHz. The 

explanation for that fact is that the company which provided the equipment for the fieldwork 

might deliver antennas with different frequencies than that it was asked. The results aren’t 

affected by this fact because the band-pass frequency filter has been applied assuming the new 

peak frequencies. The only possible difference would be in the profiles done with the high 

frequency antenna given that in the case of having a 900 MHz antenna maybe the resolution could 

have been better than the obtained with a lower value.  

Finally, the last filter used has been background removal. When using it, it is necessary to set the 

time range where it is applied. It is important not to use this filter to the whole range otherwise 

relevant information could be lost.  

The gain function hasn’t been changed during the processing because the established values 

acquiring the data gave enough good results. They were set by the automatic function that the 

equipment had. 

5.3 Processing Parameters Established for Each Location 

5.3.1 White Painted Surface 

A total of 106 profiles were done in this location, 53 parallel to one of the edges of the white-

painted square and 53 parallel to the other. The methodology followed to process them has been 

selecting 2 representative profiles, one in each direction, and applying different filters in order to 

see which settings were the most suitable to improve their visual quality. Once the processing 

sequence was chosen for those two profiles it was applied to the rest of the data. The process has 
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been realized for each antenna separately. In Table 4 there is a summary of the established 

parameters: 

 
Set parameters 

Processing step High frequency antenna Medium frequency antenna 

1. Move start time -1,8 ns -2,2 ns 

2. Time cut 70 ns 120 ns 

3. Running average 3 average traces 3 average traces 

  range: 0-70 ns range: 0-120 ns 

 
Lower cutoff:  100 MHz Lower cutoff:  30 MHz 

4. Band pass frequency  Lower plateau:  350 MHz Lower plateau:  70 MHz 

  Upper plateau:  550 MHz Upper plateau:  350 MHz 

  Upper cutoff:  1300 MHz Upper cutoff:  600 MHz 

5.  Background removal None Range: 10-120 ns 

Table 4: Processing steps for the profiles done over the white painted surface. 

The time cut is obviously smaller for the high frequency antenna given that it has smaller 

penetration depth, so the profile was just noise after 70ns and it wasn’t worth to visualize a 

greater range.  

Figure 43 shows the frequency spectrums for both antennas before and after applying the band-

pass frequency filter. It can be observed how the amount of noise in the signal has been 

significantly reduced.  

Before 

 
 
High frequency antenna 

After 

 
 
   High frequency antenna 

 
 
Low frequency antenna 

 
 
Low frequency antenna 

Figure 43: Comparison of the frequency spectrums before and after applying the band-pass frequency. 
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The background removal filter hasn’t been applied for the case of the high frequency antenna 

because it made any difference in the visualization of the profile. The changes made in each step 

along the processing sequence are shown in Figure 44 and Figure 45: 

 
     0. Original data   1. Move start time    2. Cut time    3. Running average  4. Band-pass frequency  

Figure 44: Processing sequence for the profiles done over the white painted surface with the high frequency antenna. 

 

     0. Original data    1. Move start time       2. Cut time             3. Running average   4. Band-pass frequency   5. Background removal 

Figure 45: Processing sequence for the profiles done over the white painted surface with the medium frequency antenna. 

5.3.2 Trench 

To choose the processing parameters the same procedure that in the previous case was followed. 

Table 5 shows the final values adopted: 

 
Set parameters 

Processing step High frequency antenna Medium frequency antenna 

1. Move start time -2,3 ns -2,2 ns 

2. Time cut 80 ns 170 ns 

3. Running average 3 average traces 3 average traces 

  range: 0-80 ns range: 0-170 ns 

 
Lower cutoff:  100 MHz Lower cutoff:  30 MHz 

4. Band-pass frequency  Lower plateau:  350 MHz Lower plateau:  70 MHz 

  Upper plateau:  550 MHz Upper plateau:  350 MHz 

  Upper cutoff:  1300 MHz Upper cutoff:  600 MHz 

5.  Background removal None Range: 10-170 ns 

Table 5: Proccesing steps for the profiles done over the trench. 
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A possible explanation for applying now a greater range to move the start time could that the 

surface over the trench was very irregular so when the profiles were done as the antenna were 

placed inside a box it couldn’t adapt perfectly to the relief of the surface and in many times it 

might be not directly placed over the ground, hence the signal travelled for a larger time through 

the air. 

The range for time domain has been established wider because those profiles show geological 

information for greater depths. The set parameters for the frequency filters has been the same 

that for the profiles done over the white-painted surface given that the appearance of the 

frequency spectrums was practically the same for both cases. The result of the processing 

sequence is shown in Figure 46 and Figure 47. 

 
      
   0. Original data           1. Move start time             2. Cut time                  3. Running average     4. Band-pass frequency  

Figure 46: Processing sequence for a profile done over the trench with the high frequency antenna. 

 
      
    0. Original data        1. Move start time       2. Cut time            3. Running average    4. Band-pass frequency   5. Background removal 

Figure 47: Processing sequence for a profile done over the trench with the medium frequency antenna. 

5.3.3 Profiles Done from the White Painted Surface to the Trench 

The established parameters for the profiles are summarized in Table 6:  
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Set parameters 

Processing step High frequency antenna Medium frequency antenna 

1. Move start time -2 ns -2 ns 

2. Time cut 70 ns 120 ns 

3. Running average 3 average traces 3 average traces 

  range: 0-70 ns range: 0-120 ns 

 
Lower cutoff:  100 MHz Lower cutoff:  30 MHz 

4. Band-pass frequency  Lower plateau:  350 MHz Lower plateau:  70 MHz 

  Upper plateau:  550 MHz Upper plateau:  350 MHz 

  Upper cutoff:  1300 MHz Upper cutoff:  600 MHz 

5.  Background removal Range: 35-70 ns Range: 65-120 ns 

Table 6: Processing steps for the profiles done from the white-painted area to the trench. 

For this instance just the initial and the final profile are shown because with the previous 

situations it has been clearly observed which were the changes introduced in each step. 

Before 

 

High frequency antenna 

After 

 

High frequency antenna 

 

Medium frequency antenna 

 

Medium frequency antenna 

Table 7: Profile before and after processing using the high and medium frequency antenna. 

5.3.4 Common Midpoint Profiles 

The processing steps used for the CMP profiles are: 
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Set parameters 

Processing step Low frequency antenna 

1. Time cut 130 ns 

2. Running average 3 average traces 

  range: 0-130 ns 

 
Lower cutoff:  

3. Band-pass frequency  Lower plateau:  30 MHz 

  Lower plateau:  40 MHz 

 Upper plateau 100 MHz 

  Upper cutoff:  180 MHz 

4.  Background removal Range: 0-170 ns 

Table 8: Processing sequence for the CMP profiles done with the low frequency antenna. 

For this instance, again having a look to the spectrums, the center frequency of the antenna seems 

to be 60MHz instead of 82,5 MHz as it was supposed. The appearance of the frequency spectrums 

and the change before and after applying the band-pass frequency filter is shown in Figure 48: 

Before 
 

 

After 
 

 

Figure 48: Frequency spectrums for the CMP profiles done with the low frequency antenna. 

5.3.5 Profiles at Location B 

For those profiles the processing sequence applied was exactly the same that for the white-

painted surface. All of them had practically an identical appearance: 

(A) Profile with the high frequency antenna         (B)    Profile with the medium frequency antenna 
 

  

Figure 49: Profiles done over different types of painting at Location B. 
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In this instance, the profiles have been shown in this other range of colors because this option 

makes the reflections more visible. 

From the profiles it is not possible to differentiate the interface with the frost layer. A possible 

reason for that could be that the material has a great drain capacity, so the water is expelled 

before freezing making more difficult to appreciate the boundary between the frozen and the 

unfrozen ground. Other possible cause could be that for that location the frost table is much 

deeper than in the previous situations. Consequently, to visualize it a lower frequency antenna 

might be used as its penetration depth is larger. Unfortunately, during the fieldwork just the high 

and medium frequency antenna were employed and given that in the recorded profiles the top of 

permafrost is not visible,  any kind conclusion about the effects of the different painting can be 

extracted. 
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6 Results 

In this section there are the results extracted of the processed data. The first part corresponds to 

the velocity analysis done with the CMP profiles, followed by the 3D models of the white painted 

surface and the trench. 

6.1 Determination of the Frost Table Depth 

The determination of the depth of frost table has been realized with three CMP profiles. To choose 

the locations of the common midpoints a profile crossing the white-painted area was done with 

the medium and the high frequency antenna. The finality of this profile was to visualize were the 

boundary between the frozen and the unfrozen ground was flattest so that the waves emitted by 

the radar could impact always at the same point. 

 

Figure 50: Profile done to choose the location of the Common Midpoints. 
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Looking to the previous profile the points chosen were at 12 m, 52 m and 75 m, so that one of 

them was inside the white painted surface and two outside. The exact place inside the airport of 

those points is shown in Figure 51: 

 

Figure 51: Ortophoto with the GPS locations pointing out the edge of the grid, the white painted surface and the CMP points. 

The black dots correspond to the edge of the grid established to carry out the GPR measurements, 

the white dots are the edge of the reflective surface (when the photo was taken the test area was 

not painted yet). The start and end points correspond to the origin and end of the profile shown in 

Figure 50 and three yellow points in the middle are the Common Midpoints locations. 

 The velocity analysis has been carrying out with ReflexW. It allows an interactive velocity adaption 

which consists in inputting a velocity value so that its corresponding hyperbola fits with the 

reflection shown in the profile. It also allows the possibility of adapting linear features. The 

appearance of the three profiles is shown in Figure 52. 

 
 

CMP at 12 m 

 
 

  CMP at 52 m  

 
 

  CMP at 75 m 

Figure 52: CMP profiles (Horizontal axis: distance from the antenna to the CMP point (m); Vertical axis: two way travel time(ns)). 
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In all of them is possible to differentiate a straight line at the beginning that corresponds to the 

airwave, a second line with a greater slope which is the subsurface wave and a clear hyperbola 

that represents the interface with permafrost. The considered distance on the profiles is just half 

of the total offset between both antennas, therefore only half of the hyperbola is shown.  

The reason why in the profile done at 52m the hyperbola is only clear for the firsts meters of offset 

is because it was done next to the edge of the white-painted surface. So when the antennas were 

separated approximately 3 meters from the common midpoint one of them was outside of the 

white-paint and as it can be observed in Figure 50 the shape of the interface changes when 

entering to the normal black asphalt, in consequence the radiowaves stopped impacting at the 

same point for the rest of measurements. Nevertheless, given that during the first meters this 

problem didn’t happen, it was possible to use the profile for the determination of the frost table 

depth. 

With the finality of doing a more precise adaption of the velocity, ReflexW provides a different 

option for displaying the data which is called ‘Wiggle Mode’. When it is activated, the amplitude 

variation of each trace is displayed as a curve (see Figure 53 (A)). This mode of data visualization 

makes easier to observe the time for which there is a sudden change in the amplitude value. Those 

changes indicate when the emitted signal is crossing the interface between two mediums with 

different dielectric constant (more information about this phenomenon has been previously 

explained in ‘Dielectric Properties of Materials’). 

The velocity adaption done for the CMP at 12 m is: 

(A) (B) 

  

Figure 53: CMP profiles at 12m. (A) Wiggle mode activated. (B) Wiggle mode deactivated. 
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The black lines on the profiles are the velocity adaptions realized. The values given by the program 

are half the value of the velocity because it just considers half of the distance between the 

transmitter and the receiver.  

For the two resting cases the velocity adaption made has been: 

(A) (B) 

                 

Figure 54: CMP profile at 52m. (A) Wiggle mode activated. (B) Wiggle mode in a trace every meter. 

 
(A) 

 
(B) 

  

Figure 55: CMP at 75m. (A) Wiggle mode activated. (B) Wiggle mode in a trace every meter. 

For those cases, it is also shown the velocity adaption when the wiggle is just plot in a trace every 

meter. In those profiles it is possible to see how the line corresponding to the air wave exact 

coincides with the first increase of the amplitude, the second line fits the phase change of the 

subsurface wave and finally the hyperbola shows the change produced in the boundary with 

permafrost.  
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In the three cases the value of the velocity shown for the first line is 0,3m/ns which is the speed of 

radiowaves in the air. The values of the velocity for the subsurface wave are 0,16m/ns and 

0,19m/ns while the velocity adaption made for the hyperbola has a value of 0,1m/s. Those 

velocities are the speed of the radiowaves through the media directly above the reflection. 

Normally, the speed found for the hyperbola and the subsurface wave is the same, but in this 

instance their value differs due to the first layer of asphalt.  

The depth of a given layer is calculated by the product of the adapted velocity and the zero-offset 

time divided by two (the time shown in the profile is the two way time). Table 9 shows the 

parameters used for the calculation of the depth of the permafrost layer in the three locations: 

 
Velocity for the frost 
reflection (m/ns) 

Two way time (ns) Frost table depth (m) 

CMP at 12m 0,1 78   3,9 

CMP at 52 m 0,1 55   2,75 

CMP at 75 m 0,1 72   3,75 

Table 9: Frost table depth and the parameters used for its calculation. 

The depth of the frost table is approximately 2,75 m underneath the white painted surface 

whereas in the normal black asphalt its value is around 3,75-3,9 m which gives a difference of 1-

1,15 m. Those results are practically the same that the obtained in August 2006 (Table 2) when the 

difference in the frost table depth was around 0,9 m. Then, the calibration of GPR results was 

done with a borehole and digging a trench instead of carrying out CMP profiles. 

The profiles shown in Figure 53, Figure 54 and Figure 55 are in ‘Annex 2: CMP Profiles Used to 

Determine the Frost Table Depth’ with bigger dimensions. 

6.2 3D Modeling 

The objective of creating three dimensional models is to visualize in an easier way the variation of 

the geological layers underneath the pavement in order to have a better understanding of the 

processes that are causing the depressions on the asphalt. Its main advantage in front of 

visualizing the 2D profiles separately is the possibility of doing cuts in the three dimensional cube 

so that the operator is able to visualize any desired section even though if there is any real profile 

done over it. 
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The models have been created with the module 3D data-interpretation that ReflexW offers. They 

have been generated from 2D-lines which have been previously processed. The program provides 

two options for the generation of a 3D-file from 2D-lines: 

- Equidistant parallel 2D-lines without interpolation: the program generates a 3D file from 

equidistant parallel 2D-lines. 

- Use interpolation scheme for freely oriented 2D lines: in this instance the lines are not 

parallel and can have different lengths, start coordinates, orientations, etc.  

The first idea was to create 3D models using simultaneously the profiles done in the two 

perpendicular directions. To do it, the option used was ‘interpolation scheme for freely oriented 2D 

lines’ sorting the profiles by header coordinates that had been correctly assigned when editing the 

data. The problem was that the amount of data that the program had to manage was too big and 

as consequence the data scaling had to be decreased to 0,7 instead of 1, fact that reduced the 

quality of the result. To avoid this situation, the solution adopted was to create 2 three 

dimensional models using the option ‘Equidistant parallel 2D-lines without interpolation’ for each 

perpendicular direction.  

Table 10 shows the comparison of the same cut done in the 3D model for both options: 

Freely orientated 2D-lines Equidistant parallel 2D-lines 

 

Medium frequency antenna 

 

Medium frequency antenna 
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High frequency antenna 

 

High frequency antenna 

Table 10: Comparison of the 3D models generated. 

It is easy to appreciate how the quality when using the freely distributed 2D-lines option is rather 

worse than for equidistant 2D-lines.Therefore, the results will be discussed applying this last 

option.  

6.2.1  3D Modeling for the White Painted Surface 

The profiles made for the for the generation of the 3-dimensional models were done in the 

directions shown in Figure 56, but given that ReflexW disposes the axis ‘X’ and ‘Y’ in the clockwise 

way, the models created are the symmetric to the real situation with respect to the ‘Y’ axis. 

 

Figure 56: White painted zone. The black dots delimited the studied area, the white dots the painted surface and the axis show the 

direction of the profiles done. 
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For that location 4 three dimensional models have been created, one in each direction (X and Y) 

and for each antenna (high and medium frequency). The general appearance of those models is 

shown in Table 11:  

Constant profile direction: X Constant profile direction: Y 

 

High frequency antenna 

 

High frequency antenna 

 

Medium frequency antenna 

 

Medium frequency antenna 

Table 11: 3D models over the reflective surface. 

The obtained result is similar but obviously the resolution in the ‘X’ direction is better for the 

models done with ‘Y’ as constant profile direction and in the other way around. Therefore, the 

recommendation to do cuts in the models is to choose the cutting plane perpendicular to the 

constant profile direction used when acquiring the data.  

Having a deeper look into the profiles it is possible to see that the frost table for the profiles done 

further from the reflective surface is almost flat while for the those crossing the painted area the 

depth of the permafrost layer suffers a reduction that exactly fits with the white-painted zone (it 

occurs over approximately 26 m of longitude which is the length of the painted surface, see Figure 

57 (B)). 
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    (A) 
 

 

      (B) 
 

 

Figure 57: Ground Penetrating Radar profile (A) outside the white-painted surface, (B) crossing the paint. 

The reflections between 20 and 30 ns are due to the end of the embankment and the beginning of 

the geological materials.  

Nevertheless, the appearance of the frost table resulted not being the same under the whole 

painted area. When entering into the area highlighted with yellow color in Figure 58, the frost 

table experiences a punctual depression whose maximum value is reached in the point where the 

two red lines cross each other.  

 

Figure 58: Sketch of the white painted surface highlighting the location affected by the frost layer depression. The created model is 

symmetric to the real situation with respect to the ‘Y’ axis. 

The appearance of the profiles corresponding to the red lines show a clear depression on the frost 

table as it can be observed in Figure 59: 
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Profile in the ‘X’ direction 

 

Profile in the ‘Y’ direction 

Figure 59: Profiles showing the depression on the frost table under the white painted surface. 

This fact would be a reasonable explanation for the depression that pavement surface has 

experienced exactly in the same zone. Given that the behavior of the frost table is uniform in the 

rest of area, except for that location, it can be said that the present depression is not a 

consequence of the reflective surface. A possible explanation could be that for this point there 

was already a small settlement in the frost table and, as a consequence also in the surface, where 

the rainfall water has been accumulated for long periods of time. Probably the filtration of this 

water into the ground is the responsible of the actual shape of the frost table. 

More images of the 3D models and the most relevant 2D profiles are shown in ‘Annex 3: 3D Model 

for the Reflective Surface’. 

6.2.2 3D Modeling for the Trench 

In that locations also 4 three dimensional models were generated following the same procedure 

that in the previous case. However, in this instance neither in the 3D models or in the 2D-files is 

possible to distinguish the frost table. The image of the 3D models is shown in in Table 12: 

High frequency antenna Medium frequency antenna 

 

Generated by profiles with 
constant ‘X’ direction 

 

 
Generated by profiles with 
constant ‘Y’ direction 

 

Generated by profiles with 
constant ‘X’ direction 

 

Generated by profiles with 
constant ‘Y’ direction 

Table 12: 3D models done in the trench. 
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The models just show a small part of the damaged asphalt due to the reasons commented in 

‘Georadar Measurements’. To be able to situate which part of the trench is represented in the 3D 

modeling is necessary to observe a profile covering a larger length. Only 3 with 59 meters of 

longitude were possible to realize. 

 

Figure 60: GPR profile done with the medium frequency antenna crossing the trench. 

It can be seen that the place where the deeper depressions are found on the pavement is also the 

place where the geological materials are disposed with a greater slope. Comparing this image with 

the profile done in the same location in July 2005 (Figure 31) it is possible to affirm that the 

depression is progressing with the years given that the time range that it covers is greater and the 

slope of the materials is more pronounced. Figure 60 also shows that a second depression is being 

formed on the right side where the materials start to suffer a small inclination. This profile as well 

as some images of the 3D models can be observed in ‘Annex 4: 3D Model for the Trench’. 

The width of the 3D models correspond to the first 14 meters of the previous profile, therefore 

they just show the first slope on the left side and its progress in the perpendicular direction. They 

show how the inclination of the materials grows with the proximity to the wet area:   

(A) 

 

(B) 

 

Figure 61: GPR profile over the trench: (A) far away from the wet area, (B) at the edge of the wet area. (Horizontal axis: distance (m); 

Vertical axis: two way travel time (ns)). 
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As it has been mentioned before, the purpose of doing GPR measurements in the trench was, 

besides of finding out if the depression was progressing or not, to evalute the behaviour of the 

frost table. For it,  two profiles were done from the white-painted surface, where the depth of the 

permafrost layer is already known, to the trench (Figure 62): 

 (A) 

 

(B) 

 

Figure 62: GPR profiles from the white-painted area to the trench. 

The white-painted surface can be easily differentiated on the left side of Figure 62 where the frost 

table acquires the shape of a little mound. In both profiles it can be observed that the reflection of 

the frost table disappears around 160 m of longitude and from this point any other clear reflection 

can be distinguish except of the inclination of the different layers in the trench at the end of the 

profile (the weird reflection next to 200 m is because a reinforced concrete area was crossed).  

Therefore, the hypothesis that this part of the airport is underlain by a different material makes 

sense otherwise the frost layer would follow a similar behavior in both places. The possible cause 

of the disappearance of the interface between frozen and unfrozen ground could be that this area 

is a well-drained zone and it makes more difficult to appreciate the difference between the frozen 

and unfrozen ground. Another explanation could be that for this region the frost table is much 

deeper and the antennas used had not enough penetration depth to detect it.  
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6.3 Pavement Settlements at Kangerlussuaq Airport 

The settlements have been measured by the difference on the elevation of the points recorded 

with GPS.  For both locations, the white painted surface and the trench, a graph showing the 

elevation of the different points and some elevation profiles are shown along this part. 

6.3.1 Settlements at the White Painted Surface 

The image obtained with ArcGis shows that effectively there is a small depression over the painted 

surface which deepest point differs in elevation with the highest border points in 0,38 meters.  

 

Figure 63: Difference of the elevation over the grid of the white painted area. 

In the previous part ‘3D Modeling for the White Painted Surface’ it has been shown two profiles 

were the depression in the permafrost layer was greater (Figure 58 and Figure 59). Now with the 

data of the surface elevation it has been checked that the settlement in the frost table exactly 

coincides with the settlement in the surface. 
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Figure 64: Surface elevation in the profile done in the 'X' direction with the coordinates on the deepest point. 

 

Figure 65: Surface elevation in the profile done in the 'Y' direction with the coordinates of the deepest point. 

It is interesting to observe that the distance to the deepest point shown in these graphs practically 

coincides with the distance that the georadar profiles show to the center of the depression of the 

frost layer. 

6.3.2 Settlements at the Trench 

The measurements done at the trench reveal that the actual depression is 0,5 meters. So the 

settlements have increased in a significant way since 2005 when the depression was just 20-25 

cm.  
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Figure 66: Difference of elevation over the grid of the trench. 

The transversal profile shown in Figure 67 shows clearly the huge depression on the asphalt. 

Figure 68 is a profile along the deepest part of the trench that shows that the depth of the 

settlements remains almost constant along the whole affected area. 

 

Figure 67: Surface elevation of a profile crossing transversally the trench with the coordinates of the deepest point. 
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Figure 68: Surface elevation along the deepest part of the trench. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

35

35.05

35.1

35.15

35.2

35.25

35.3

35.35

0 5 10 15 20 25

El
e

va
ti

o
n

 (
m

) 

Distance (m) 

Irregularity of the Elevation 



 7.  Thermal Modeling  

  
81 

 

7 Thermal Modeling 

The global climate is changing in the whole world but it is in the Arctic regions where the 

consequences are greater. Actually, the annual average arctic temperature has increased at 

almost twice the rate as that of the rest of the world over the past few decades. In fact, a research 

done by the Arctic Climate Impact Assesment (ACIA) in 2004 reported that the greenhouse effect 

would contribute to an additional arctic warming of about 4-7°C in the next 100 years.  

The thermal modeling has been done to evaluate how are the variations of the frost table 

underneath normal black asphalt and a white painted surface under increasing temperatures. The 

program used was TEMP/W from GEO-SLOPE International Inc. It is a finite element software that 

models the thermal changes in the ground due to environmental changes, or due to the 

construction of facilities such as buildings or pipelines (Krahn, John 2004).  

7.1 Thermal Properties of Soil 

Before entering in more details about the thermal modeling it is necessary to have a better 

understanding of the thermal properties of the soil. The response of materials to thermal changes 

is controlled by the thermal conductivity, heat capacity, thermal diffusivity, latent heat and 

thermal expansion. All these parameters depend on the temperature, soil type, water and/or ice 

content, degree of saturation and soil density (Andersland and Ladanyi, 1994). 
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7.1.1 Thermal Conductivity 

The thermal conductivity is defined as the heat conduction that takes place in all kind of soils and 

consist in the transmission of kinetic energy from molecules of a warm part of the mass to those in 

a cooler part. Considering a prismatic element of soil with a cross-sectional area A the heat 

conduction is given by: 

                      
  

  
         

Equation 26: Heat conduction. 

and       
 

 
    

  

  
 =     

Equation 27: Heat flow per unit area. 

where      is the unfrozen thermal conductivity (J/s·m·K or W/m·K) and 
  

  
   the thermal 

gradient (°C/m) and   is the area (m2). The minus sign indicates that the heat flow from high 

temperatures to low (Andersland and Ladanyi, 1994).   The best method to calculate the thermal 

conductivity was found by Johansen’s (1975). It is a method applicable for frozen and unfrozen 

soil, coarse or fine and with a saturation degree above 0,1.  

   (         )        Equation 28: Thermal conductivity. 

where      and      are the saturated and dry thermal conductivities respectively and    is the 

Kersten number and its values changes depending if the soil is in the frozen or unfrozen state, the 

size of the material (fine or coarse) and the degree of saturation.  

As indicative values, the thermal conductivity of ice at -40°C is 2,66 W/m·K while for water at 0°C is 

0,58 (Andersland and Ladanyi, 1994); hence the thermal conductivity of the soil increases when it 

freezes and decreases when it thaws.  

7.1.2 Latent Heat 

It is defined as the amount of heat energy absorbed when a unit mass of ice is converted into 

liquid at the melting point. For soils, the energy involved in the phase change process depends on 

the water content and the fraction of it that changes its phase (Andersland and Ladanyi, 1994).  

      
    

   
 

Equation 29: Latent heat. 
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where   (kJ/m3) is the soil volumetric latent heat of the fusion,               is the mass latent 

heat for water,    (kJ/m3) the dry soil density,   the total water content and    the unfrozen 

water content of the frozen soil. 

7.1.3 Heat Capacity 

The heat capacity is the amount of heat required to raise the soil temperature 1 degree. The ratio 

of the heat capacity of the soil to that of water is known as specific heat of the material. Due to 

the different components present in a soil sample (solid, water, air and if it is frozen ice) the 

apparent heat capacity can be expressed as a sum of the different heat capacities of the soil 

constituents and the latent heat caused by cooling or absorbing warming (Andersland and Ladanyi, 

1994). 

  (
  

    
)       (    )       

 

  
∫  

   

  
  

  

  

 
Equation 30: Apparent heat 

capacity. 

where   ,    and    are the heat capacities of the soil, ice and unfrozen water respectively and   

the temperature. 

7.1.4 Thermal Diffusivity 

The rate at which heat is transferred in a soil mass is dependent on the thermal conductivity ( ). 

The rise in temperature that this heat produces vary with the heat capacity ( ) and the bulk 

density ( ) of the soil mass (Andersland and Ladanyi, 1994). The thermal diffusivity is defined as 

the ratio of these quantities:  

 (
  

 
)  

 

  
 

Equation 31: Thermal diffusivity. 

The diffusivity of ice is much higher than that for water. Consequently it will be also greater for 

frozen soils than for unfrozen meaning that the average temperature of mass of saturated frozen 

soil increases quicker than for a thawed soil under the same conditions. 
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7.2 Characteristics of the Thermal Modeling 

The model evaluates the changes experienced by the frost table from January 1992 to September 

2011. This kind of modeling has been previously created by Anders Stuhr Jørgensen as part of his 

Ph.D. Thesis considering the period of 1992-2007. The objective now is to carry out the same kind 

of modeling including the data from the lasts years and compare the results of the frost table 

depth with the values obtained with the georadar investigations.  

7.2.1 Climate Data 

The climate data used is mean monthly temperatures extracted from the Danish Meteorological 

Institute. During the winter months the difference in the mean monthly temperatures vary 

between 10-17°C  while for the summer months its value remains practically constant.  

The surface temperature for the black asphalt and the white painted surface was calculated by the 

use of the n-factors shown in Table 13. 

Surface nf nt 

Normal black asphalt surface 0,90 1,65 

Reflective surface (white paint) 1,00 1,20 

Table 13: Estimated n-factors for the normal black asphalt and a reflective surface at Kangerlussuaq (Jørgensen, A. S., 2007). 

 The temperature data used to estimate them was recorded in the road section in ‘Location B’ 

from June until October 2007. The surface temperature was calculated by the product of the mean 

monthly air temperature and the n-freezing factor, if temperature was negative, or the n-thawing 

factor if it was positive.  

7.2.2 Soil Properties 

The thermal soil properties applied in the model have been estimated partly from the data 

extracted from the borehole and the trench dug at Kangerlussuaq Airport in summer 2005 and 

partly from table values. It is a five layered model formed by asphalt, gravel, sand and silt. Figure 

69 shows the disposition of the mentioned layers: 



 7.  Thermal Modeling  

  
85 

 

Figure 69: Sketch of the thermal modeling. The first layer in grey color is asphalt and its thickness is 0,20 m (Jørgensen, A. S., 2009). 

The generation of the model has required data of the thermal conductivity, volumetric heat 

capacity and the volumetric water content which values are summarized in Table 14: 

 

Thickness 
(m) 

Thermal Conductivity 
(J/sec·m·°C) 

Vol. Heat Capacity 
(kJ/m

3
·°C) 

Vol. Water 
Content 

Layer  Frozen  Unfrozen Frozen Unfrozen % 

Asphalt 0,20 0,7 0,7 2200 2340 5,3 

Gravel fill (MSG) 1,00 1,2 1,7 1470 1580 5,7 

Sand 3,00 1,2 1,7 1510 1660 3,8 

Silt 1,60 2,0 1,8 2490 3620 46,0 

Sand - 1,2 1,7 1510 1660 6,5 

Table 14: Thermal properties and water content for each of the layers used in the model (Jørgensen, A. S., 2007). 

Once the characteristics of each layer were established, the five finite elements of the model 

shown above were subdivided into 22 elements along the ‘X’ axis while the thickness and the 

number of elements used in the ‘Y’ axis was different in each case. 

7.2.3 Boundary Conditions 

The temperature boundary condition established at the bottom of the model is -2,5°C along the 

whole interface, given that it is the approximately the temperature value of permafrost in 

Kangerlussuaq (Ingeman-Nielsen et al., 2007). At the top, the two thermal functions created with 

the surface temperature of the normal black asphalt and white painted pavement were used. 

Finally, the flux per unit length (q) along the sides of the model was set to zero. 
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7.3 Solution of the Thermal Modeling 

7.3.1 CMP vs Thermal Model 

The comparison of the frost table depth between the results obtained with the CMP profiles and 

the thermal model has been done with the month of July because the fieldwork was realized at 

the beginning of August and given that the model has been built with mean monthly 

temperatures, it has been found that the results are more closed to July than August. Figure 70 

shows the result of the thermal model for July 2011: 

 

Figure 70: Thermal model for the month of July 2011(with isotherms every 2°C). 

The figure shows the temperature is significantly colder under the white painted surface than 

under the black asphalt. The blue line is the isotherm of 0°C, so it represents the boundary 

between the frozen and unfrozen ground. It can be observed that the depth of the frost table 

predicted under the reflective surface is around 3,0 meters while for the black pavement has been 

3,9meters. Those results can be considered as correct given its proximity with the values obtained 

after processing the common midpoint profiles (2,75 and 3,83 meters respectively). It has to be 

reminded that both methods aren’t totally exact.  
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7.3.2 Maximum Thaw Depth 

The thermal model allows the possibility of knowing the thaw depth for all months in the 

considered period of time. It has been observed that its maximum value always happens in the 

months of September and October and its evolution from 1992 to 2011 is shown in Figure 71: 

 

Figure 71: Evolution of the maximum value of the modeled thaw depth from 1992 to 2011. 

The difference between both surfaces i is between 0,5 and 0,9 meters. It can be observed that the 

general trend leads to an increase of the maximum thaw depth, fact directly related with the 

increase of the mean annual temperature suffered in the lasts years in Kangerlussuaq: 

 

Figure 72: Mean annual air temperature in Kangerlussuaq from 1992 to 2011 (Danish Meteorological Insititut, 2011) 

The values used for the generation of the previous figure can be seen in ‘Annex 5: Thermal 

Modeling Data’. 
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8 Conclusions 

8.1 Executive Summary 

The Thesis has consisted in the application of the geophysical technic Ground Penetrating Radar 

for the study of the variations of the frost table at different locations of Kangerlussuaq airport, 

western Greenland.  

The fieldwork was realized in the month of August 2011 and its finality was obtaining information 

of the permafrost layer by the use of the different methods of data acquisition that the georadar 

system offers. The determination of the frost table depth was done by the analysis of Common 

Midpoint profiles, while the necessary data for the generation of the 3D models was obtained by 

the deployment of the Radar Reflection Profiling technique. 

After processing the information, the Common Midpoint profiles point out that the depth of 

permafrost is between 3,75 and 3,9 meters under normal black asphalt and   2,75 meters under 

white painted pavement. Those values have been compared with previous investigations done in 

August 2006. Then, the georadar measurements were calibrated with the information extracted 

from a borehole and the results were   3,7m of depth under black pavement and  2,7m for the 

reflective surface. For both cases, it has been found that the depth of the frost table is around 1,0 

meters smaller under the painted pavement. This fact clearly shows the cooling effect produced 

by a greater sunlight reflection when using lighter colors. In this instance, it was expected to 
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obtain a smaller difference due to paint weathering along the years, but given the small amount of 

traffic in this part of the airport, the paint is still in perfect conditions. 

The 3D models generated have helped to have a better visualization of the permafrost variation at 

the studied areas. For the white painted zone, it has been checked that the behavior of the frost 

layer is practically uniform in the whole area, being characterized by a decrease of the frost table 

depth under the painted surface. Furthermore, it has been found that the depression present on 

the painted pavement is caused by a punctual depression on the permafrost layer, probably 

caused by the filtration of water pounding at the surface.  

The study done at the most degraded part of the parking area of the airport, where originally 

there was a trench which was filled with aeolian materials and asphalted, shows a clear 

progression of the settlements in the pavement. Comparing the recorded profiles with others 

made at same location in 2005, a more pronounced slope of the materials can be appreciated and 

actually affecting to deeper layers than years ago. Indeed, the GPS measurements have shown 

that actually the depression on the pavement is up to 50 cm when according to the measurements 

done in 2005 it was just 20-25cm. 

Finally, the thermal modeling has been a useful tool to compare the result obtained from the 

fieldwork data. The predicted depth has been practically the same in both cases. It has been 

known that the maximum modeled thaw depth always happens at the months of September and 

October and that the general trend observed is an increase of the thaw depth due to the warmer 

temperatures. 

8.2 Future Perspectives 

For future studies, it is recommended the use of the Common Midpoint technique to determine 

the depth of the frost table. The similarity of the results with the values obtained when the 

georadar measurements were calibrated with the data of the borehole proves the efficiency of the 

method. Furthermore, it presents a huge advantage which is being a non-destructive technique, 

besides of having an easier and faster use than digging a borehole. 

On the other hand, it has been made evident that use of white paint on the pavement surface is 

decreasing the depth of the frost table at Kangerlussuaq airport and that its effect remains 
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constant through the years if the state of paint is well conserved. Therefore, the future studies 

should focus in increasing the skid resistance of the paint which is actually the main problem that 

this mitigation method presents. 

To conclude, the last comment to be done about the area named ‘trench’ is that if there is desire 

of using this zone again it would be necessary to replace the aeloean sand for a more stable 

material and re-asphalt the surface. Otherwise, the settlements will just keep on.  
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Annex 1: Data from the Borehole at 
Kangerlussuaq Airport 

This information has been extracted from the paper ‘Mapping of permafrost surface using ground-

penetrating radar at Kangerlussuaq Airport, western Greenland’ written by Anders Stuhr 

Jørgensen and Frank Andreasen in 2006. 

 

 

 

 

 

 

 

 

 

 

                  Table 15: Borehole log 

 

 

 

 

 

Figure 73: Bore profile  

Depth (m) Material 

0,00 Asphalt-concrete 

0,20 Sand/Gravel(gravelly, coarse,stony, well graded) 

1,25 Sand (fine, sorted) 

2,10 Sand (fine, sorted, with a humusrich layer) 

2,15 Silt (finesandy, light grey) 

2,40 Sand (fine, sorted) 

3,70 Sand (fine, silty, with humus in a sloping layer) 

3,75 Sand (fine, organic, brown) 

4,00 Silt (layered, with organic content) 

4,30 Silt ( finesandy, with organic content) 

5,60 Sand (fine-medium, silty, brownish grey) 

6,40 Sand (fine-medium, silty, brownish grey) 

6,80 Sand (fine, clayey, waterbearing) 

8,00 Sand (medium-coarse, gravelly) 

9,35 Sand (silty, clayey, with single gravels) 

10,00 Sand (fine-medium,silty, clayey) 

11,80 Sand (medium-coarse,sorted) 

13,50 Silt (finesandy) 

13,80 Sand (medium sorted) 

 

Figure 74: Water content in soil samples from borehole 
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Annex 2: CMP Profiles Used to 
Determine the Frost Table Depth 

 

Figure 75: CMP at 12m in wiggle mode. 

 

Figure 76: Profile at 52m in wiggle mode. 
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Figure 77: Profile at 75m in wiggle mode. 
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Annex 3: 3D Model for the 
Reflective Surface 

 

Figure 78: Cuts done on 3-D model of the white painted surface showing the depression on the frost layer. 

 

Figure 79: Cuts done on the 3-D model of the white painted surface showing the increase of the permafrost layer under the reflective 

surface 
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Figure 80: Profile showing the decrease of the frost table depth under the reflective surface. 

 

Figure 81: Profile parallel to 'X' axis showing the depression on the permafrost layer. 

 

Figure 82: Profiles parallel to the 'Y' axis showing the depression on the permafrost layer. 
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Annex 4: 3D Model for the Trench 

 

                     

Figure 83: Cuts done on the 3-D model in order to apreciate the deposition of the geological layers. 

 

Figure 84: GPR profile crossing the trench. 
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Annex 5: Thermal Modeling Data 

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

1992 -14.5 -30.5 -20.8 -13.0 -2.5 5.7 10.4 7.5 1.4 -0.7 -15.0 -21.0 -7.8 

1993 -28.8 -23.6 -29.4 -10.1 0.6 9.2 10.1 8.1 5.5 -0.8 -14.6 -23.0 -8.1 

1994 -23.7 -20.2 -23.2 -5.2 6.2 7.4 10.4 8.4 0.7 -6.8 -13.7 -22.4 -6.8 

1995 -30.0 -25.6 -25.6 -5.2 6.0 10.7 11.6 7.6 6.0 -8.6 -3.5 -16.6 -6.1 

1996 -14.6 -14.8 -10.5 -3.3 6.0 8.5 9.9 7.3 2.3 -7.1 -11.6 -9.6 -3.1 

1997 -11.3 -24.3 -18.7 -8.6 4.8 11.7 9.6 7.2 2.9 -2.7 -9.9 -11.3 -4.2 

1998 -13.5 -22.5 -17.3 -3.1 3.7 11.1 10.9 8.2 4.4 -5.3 -10.7 -9.9 -3.7 

1999 -19.4 -23.0 -15.7 -2.3 -0.6 7.1 12.2 9.4 1.5 -5.5 -12.8 -13.0 -5.2 

2000 -14.0 -20.1 -16.2 0.6 1.7 11.6 10.7 9.5 5.4 -6.0 -7.8 -15.6 -3.4 

2001 -19.3 -18.9 -17.6 -5.3 2.6 9.6 11.7 10.2 4.6 -3.0 -10.5 -15.6 -4.3 

2002 -16.7 -26.4 -20.5 -11.9 4.4 10.2 9.8 7.4 5.4 -6.0 -10.1 -12.8 -5.6 

2003 -12.4 -22.2 -11.4 -6.2 4.4 11.5 11.5 9.6 6.1 -0.7 -13.0 -9.9 -2.7 

2004 -20.8 -17.2 -20.7 -8.3 6.0 10.9 9.9 8.5 2.8 -1.1 -9.1 -20.5 -5.0 

2005 -19.5 -9.8 -4.4 -5.1 2.7 10.4 11.1 8.8 1.8 -6.9 -6.6 -13.6 -2.6 

2006 -23.3 -17.2 -9.5 -5.9 5.1 8.5 11.0 9.3 5.1 -4.3 -14.5 -16.9 -4.4 

2007 -16.9 -9.7 -14.0 -9.4 2.6 10.7 11.5 9.3 1.8 -7.5 -10.9 -18.0 -4.2 

2008 -21.6 -23.5 -15.1 -3.3 5.6 11.0 11.8 8.0 3.1 -4.7 -9.6 -14.9 -4.4 

2009 -15.7 -14.3 -20.2 -7.3 3.2 9.9 11.3 9.3 2.2 -6.1 -16.9 -11.9 -4.7 

2010 -12.0 -10.0 -12.9 -2.9 8.2 11.0 11.6 10.7 6.0 -2.5 -4.4 -5.0 -0.2 

2011 -14.2 -17.7 -17.8 -15.9 1.4 10.8 12.5 9.4 2.5     

Table 16: Air temperature used for the thermal modeling (Danish Metereological Institut, 2011). 

 


