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Abstract

Snow has been a subject of research since the mid-20th century. Research on mechanical prop-
erties of snow started as an off-shoot of soil mechanics, where methods, tools and instruments
used often are the same. However, during the last decades the winter business industry has
been growing requiring a number of new fields of research. The aim with this PhD thesis is to
investigate and contribute to solutions of some of the new research problems appearing in this
area.

Machine-made snow is commonly used for buildings and artwork of snow. Only minor
scientific studies of machine-made snow and its properties have been published. Therefore,
mechanical properties of machine-made snow were investigated. Strength and deformation
properties were evaluated through uniaxial compressive tests where cylindrical test specimens
were subjected to different constant deformation rates. Creep deformation, bending strength
and ultimate load were also evaluated through beam tests. The results showed that the de-
formation rate is crucial if the snow will deform plastically or if brittle failure will occur. The
grain size and structure of the snow had a strong influence on the strength properties.

Snow is a constantly changing material with a large variety of grain sizes and shapes.
Therefore it is of importance to classify snow. Classification of snow can be done using different
methods depending on the property that is to be investigated. Several non-contact detection
methods to evaluate snow properties exist. In this thesis, spectral reflectance measurements
were performed to investigate liquid water content in snow using two different systems, a spec-
trometer and an optical sensor called Road Eye. The Road Eye sensor was also used to classify
snow in cross-country ski tracks. This method enables a fast classification of a complete track
where different types of snow can be distinguished.

The properties of a ski track and the characteristics of the snow determine the type of
skis that should be selected for optimum sliding properties. Cross-country skis have different
mechanical properties, which to a large extent can be evaluated from the span curve of the
ski. Depending on the skiing style, the skier’s skills, terrain and track conditions different ski
properties are required, which is particularly important for competitive skiing. Span curves of
cross-country skis were measured using a digital instrument called Skiselector. Results from the
investigations showed that skis within the same pair may have significantly different properties.
Moreover, temperature influences the span curve and thus the mechanical properties of the skis.
Therefore, skis should be measured at a temperature close to where they are aimed to be used.
Field tests of skis with similar span curves but different ski base topography were tested during
wet and cold snow conditions. The results indicate that different topographies are preferable
during different snow conditions.

Due to the climate change, winters have become shorter and warmer with less natural snow.
To compensate for the lack of natural snow, ski resorts and other stakeholders produce machine-
made snow in order to run their business. Storing snow in insulated piles is an alternative and
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a sealed container which was shaken thoroughly for one minute so that the liquid was

uniformly distributed throughout the snow. A stainless steel plate with dimensions 24

x 16 cm2 was used to compress the snow manually into a plastic box of volume 24 x 16

x 13 cm3. The same method to prepare snow samples was used by Wåhlin et al [25].

Table 1. Details about the prepared salt solution samples.

Sample number NaCl solution [wt %] Absolute amount [g/m3]
I 0 0
II 5 0.024
III 10 0.051
IV 15 0.081
V 20 0.115

2.3. The NDWI

A remote sensing index based on the measured reflectance at wavelengths 980 nm

and 1310 nm was used. This procedure derives the normalised difference water index

(NDWI) from the mean reflectance values (M) at two wavelength bands to investigate

the relative amount of LWC in a given snow sample. The NDWI is calculated as

NDWI =
Mk (980) −Mk (1310)
Mk (980) +Mk (1310)

. (6)

The value of NDWI ranges from -1 to 1 and is applied in various applications to

detect changes in water content. Gao [26], McFeeters et al [27] and Xu [28] among

many others have given broad details on the NDWI and applicability of the index.

3. Results

Results from the experimental observations for both the sensors are presented in

this section. The Road Eye measurements in the ski track were also analysed and a

correlation to the observations in the climate chamber was investigated.

3.1. Optimum wavelength bands

The mean reflectance values (Mk (λ)) at wavelengths from 920 nm to 1650 nm at

viewing zenith angle 60◦ are presented in Figure 3. Part of the reflectance spectrums

from 1535 nm to 1565 nm for all the snow samples were zoomed for better perception.
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Fig. 3. Measured spectral reflectance data at wavelengths from 920 nm to 1650 nm at viewing zenith angle
60◦ while keeping the illumination source fixed at 45◦. Zoomed window shows the spectral reflectance data
at wavelengths from 1535 nm to 1565 nm.

Three regions of several wavelengths can clearly be observed in Figure 3 where

reflective properties of snow with different LWC were distinct and significant. These

regions of wavelengths were defined as WR1: 960 nm -1100 nm, WR2: 1200 nm -

1400 nm and WR3: 1480 -1600 nm.

All snow samples exhibit similar spectral features but the degree of absorption varied

due to the amount of LWC. Moreover the snow samples were well distinguishable as

seen in Figure 3 at wavelengths 980 nm from WR1, 1310 nm from WR2 and 1550 nm

WR3. It was clearly observed that the snowwith different LWC is better distinguishable

at 1310 nm than that of at the other two wavelengths. However, 980 nm and 1550 nm

can be considered as a reference due to the fact that the snow with different LWC have

higher reflective properties and lower reflective properties at these wavelength bands,

respectively. The measurements at these three wavelengths are marked with black

vertical lines in Figure 3.

Moreover the Road Eye sensor was also equipped with laser diodes of these three

wavelengths and measured reflectance in the backward direction. Therefore the re-

flectance measurements at wavelength bands 980 nm, 1310 nm and 1550 nm are

considered further.
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3.2. Comparison between the NIR spectrometer and the Road Eye

The mean reflectance values (Mk (λ)) at wavelengths 980 nm, 1310 nm and 1550

nm at viewing zenith angle 60◦ using the spectrometer are presented in Figure 4(a).

The mean reflectance values (Mk (λ)) from the Road Eye sensor at 980 nm, 1310 nm

and 1550 nm in the backward direction at 60◦ is presented are Figure 4(b).
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Fig. 4. Comparing the measured reflectance data at wavelengths 980 nm, 1310 nm and 1550 nm using both
the spectrometer and the Road Eye. Error bars represent the minimum and the maximum value at the specific
data point.

An approximately linear relation between the amount of liquid water and reflective

properties of snow at all the three wavelengths can be observed. As the amount of

liquid water increases the snow sample tends to have higher absorption, see Figure 4(a).

Liquid water in snow causes the grains to form clusters and the grain size increases.

Moreover, the solution might also form liquid clusters [21].

Furthermore the observations in Figure 4b also show that the Road Eye sensor

captured the linearity between the LWC and the reflective properties of snow. A

decrease in the reflectance as the LWC in the snow increased can be seen.

Error bars in Figure 4 represent aminimum and amaximumvalue at the specific data

point. Spectrometer measurements observed to have relatively large variance compare

to the measurements from the Road Eye sensor.
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3.3. A linear regression equation for the NDWI values

The mean reflectance values at wavelengths 980 nm and 1310 nm were used to

calculate the NDWI values for all the snow samples. These two wavelengths are

considered in this section as the snow with different LWC was better distinguishable

especially at these two wavelengths. Calculated NDWI values with respect to the added

LWC are presented in Figure 5. Figure 5(a) shows the data measured using the NIR

spectrometer while Figure 5(b) shows the data measured using the Road Eye sensor.
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Fig. 5. A linear regression plot for the measured reflectance from both the sensors. Figure 5a shows the
calculated NDWI values from the measurements recorded using the spectrometer. Figure 5(b) shows the
calculated NDWI values from the measurements recorded using the Road Eye sensor.

It was observed that the NDWI is sensitive to the LWC in snow and the index values

increased with increasing water content. There is a strong positive linear correlation

between the NDWI values and LWC as shown in Figure 5. A linear regression line

was plotted for the NDWI values for the snow samples. The obtained linear regression

equations are given in Figure 5 and x in the equation represents the LWC while y

represents the estimated NDWI value.

The NDWI values were also calculated for the snowmeasured in a cross-country ski

track on the dates 13th and 16th of April, 2016. Amount of water content was estimated

from these NDWI values using the linear regression equation. These data points are

also presented in Figure 5(b).
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As described in section 2.1.3.1.3 about the measurements in the ski track, the snow

on the 13th was refrozen and composed of individual large coarse grains, see Figure

2(b). As shown in Figure 5(b) the estimated water content in snow on the 13th was close

to 20%. The snow measured on 16th was a fine grained fresh snow with an estimated

water content of just below 5%.

4. Discussions

The crystal growth rate in snow increases rapidly when small amount of liquid

water is introduced in snow [29]. Snow aging through melting and refreezing processes

further increase the crystal growth rate [16]. In the current study, this behaviour

was observed and correlated to the reflectance measurements recorded for snow with

different LWC. It is a common practice to find optimalwavelength bandswhere a specific

physical property of a matter is investigated, for example water level in vegetation [30],

chlorophyl concentration in a lake snow [31] and size of snow grains [32, 33]. Section

3.1.1 showed that wavelength bands 980 nm, 1310 nm and 1550 nm were selected as

an optimal bands. However the wavelength bands 980 nm and 1310 nm were selected

where the snow with different LWC was well separated due to the distinct absorption

characteristics.

The results in section 3.2.2 showed a correlation between the measured reflectance

of a snow sample and the amount of liquid water at the selected wavelength bands.

As the amount of water in a snow sample increased, the grain size increased and the

snow tend to form clusters, while the liquid itself also is assumed to have formed liquid

clusters. These changes in snow structure resulted in more light being absorbed while

less was scattered. Fresh dry snow exhibit higher reflectance because of a high degree

of scattering.

The measurements from the Road Eye sensor were observed to be sensitive to the

LWC in snow. It properly captured the differences between the measured samples of

different water content. The reflectance values from the Road Eye sensor appeared to be

larger than that of spectrometer especially at 980 nm, even though the reflectance data

from both the sensors were normalised by a reflectance measurement from a compacted

BaSo4 sample.
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The NDWI has been widely used in many applications, including vegetation liquid

water [26], live fuel moisture [34] and snow-vegetation interactions [35] from the

spectral reflectance measurements. In spite of its easy implementation, the NDWI is

sensitive to even smaller water contents which is why the index was used as a scaling

factor in this study to investigate the effect of LWC in snow. A linear correlation was

observed between the NDWI values and the LWC in snow for the both sensors, see

section 3.3.3. The NDWI of a snow sample increased as the amount of liquid water

increased. As observed in Figure 5, the NDWI values were slightly higher for the Road

Eye measurements compared to the spectrometer measurements, however the Road Eye

measurements properly captured the effect of LWC similar to the spectrometer.

The results from the Road Eye measurements in the ski track showed that the NDWI

values agree well with the measurements in the climate chamber on snow with different

LWC. However, using this measurement procedure only, does not tell whether the water

is in solid phase, i.e. ice or in liquid phase, i.e. water. The snow in the ski track on

12th of April was very wet, considered as slush (>15%) according to the International

Classification for Seasonal Snow on the Ground [36]. Cold temperatures during the

night resulted in refreezing of the snow, creating a hard and icy ski track. The track was

groomed in the morning creating a softer track with coarse grains as shown in Figure

2(b). The measurements from the 13th of April performed in the afternoon showed a

slight increase in water content. Warm temperatures during the day and sunny weather

melted the snow which resulted in a slightly higher water content. The measurements

on the 16th of April were performed on a freshly fallen snow on a track which was

not groomed. The air temperature was +2◦ and the snow temperature was close to

0◦. The snow was classified as wet according to the International Classification for

Seasonal Snow on the Ground [36], which according to these estimations corresponds

to a water content between 3% - 8%. According to the performed measurements using

Road Eye, the water content in the snow was about 4%, i.e. in well agreement with the

observations.

Classification of snow with different LWC in ski tracks and pistes are of outermost

importance especially in competitive skiing. Both cross-country skiers and alpine skiers

base their choice of skis, ski base topographies and ski wax on the conditions in the ski
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track. Parameters such as LWC and grain size influence the sliding friction to a large

extent and are crucial parameters to determine.

This new method for classifying snow in ski tracks and pistes should be further

investigated. By correlating the reflectance measurements to defined snow types and

snow classes, the method is believed to enable new opportunities for skiers, ski techni-

cians and other people with an interest in snow classification. The fact that the method is

fast and non-destructive further promote it. Common practice today is to classify basic

snow properties in ski tracks and pistes at one or a few spots. Additional advantages

using Road Eye is that a complete ski track can be classified rather fast. This is a benefit

for skiers who are then able to choose skis based on the most critical parts of the track, if

the snow conditions around the track varies. The results from this investigation further

show that the presented approach provides a reliable estimate on snow classification.

5. Conclusions

The spectral reflective properties of snow with different liquid water content (LWC)

within the spectral range 920 nm - 1650 nm were analysed. The spectral reflectance

of snow was measured in backward scattering direction using a near-infrared (NIR)

spectrometer and a Road Eye sensor in a walk-in climate chamber. The Road Eye

sensor was used in previous research for monitoring winter roads to detect different

phases of water. Along with the measurements in the climate chamber, the Road Eye

was used to measure the reflectance from snow in a cross-country ski track. It was

observed from the experimental measurements that the reflectance for snow decreases

with increasing LWC and a linear relationship between the spectral reflectance and the

LWC was observed. Wavelengths 980 nm, 1310 nm and 1550 nm were selected as an

optimum bands where the snow with different LWC was distinguishable.

The observations from the Road Eye sensor showed that the Road Eye properly

captured the relation between the reflectance and the LWC in snow. A widely known

remote sensing index (normalised difference water index) was used as a scale factor

to investigate the effect of LWC in snow based on the reflectance at wavelengths 980

nm and 1310 nm. The observations based on the NDWI suggest that the presented

preliminary measurements and method can be used to estimate the LWC in snow by
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measuring reflectance at three wavelengths. The results suggest that the proposed

method can be used to relatively estimate the water content for example in ski tracks

and for winter roads maintenance.
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Span curve temperature dependence of classic style cross 
country skis 
 

Abstract 
Ski properties such as the span curve, the stiffness curve, the grip zones and the load carrying glide zones 
are important factors for the overall performance in cross country skiing. The performance of the ski can 
to some extent be predicted by analyzing the span curve, which is unique for every ski. This means that 
skis within the same pair also are different from each other. 

In this study, cross country skis for classic skiing have been analyzed in a digital span curve measuring 
device. Usually, span curve measurements are done at room temperature whereas skis are used at 
temperatures below zero. The stiffness curve and span curve for racing skis of eight different major ski-
brands were analyzed both at room temperature and at -15°C. Differences in properties between skis 
within the same pair could be measured, as well as a difference due to temperature, which was the aim of 
the study. 

The results of our investigation show temperature related changes in mechanical properties for classic 
style cross- country skis during static load conditions. Glide zone length, grip wax zones, span curves and 
stiffness curves, which are properties related to the overall performance and characteristics of the ski, 
changed with temperature. Minor differences were found for some of the brands studied, whereas 
significant differences were observed for other brands. 

 

 

Keywords: cross country skis, glide zone, span curve, temperature dependence, ski characteristics 
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Introduction 
Skis have been used for hundreds of years for transportation on snow. Today, the majority of skis is 
designed for recreation and sport activities and the design criteria is related to optimization of grip and 
glide performance. The pressure distribution between the ski and the snow and to adjust the friction and 
gliding surfaces has been devoted special attention (Ekström, 1987). The design of skiing equipment and 
the materials used have developed a lot during the last decades. The first skis were made of wood but in 
the 1950s the manufacturing process changed and various new materials were used in order to improve the 
mechanical properties of the skis and the skiing performance (Sakata, 1987). Steel, glass, carbon, boron 
and kevlar fibers are examples of materials used in the ski manufacturing process. The change from wood 
to fiberglass resulted in skis with a higher stiffness and tensile strength and lower weight which improved 
the glide properties (Ekström, 1987). Today manufacturers use different production methods and different 
core materials for their skis. Many studies show that the construction method and design influence the 
final ski characteristics, see e.g. Bäckström et al (2008). 

The manufacturing processes as well as the method the manufacturers use for classifying skis are 
generally considered as business secrets. This complicates the comparison between different ski brands 
(Sakata, 1987). For skiers it is difficult to get enough information to select suitable skis and also to 
compare skis made by different manufacturers (Sakata, 1987). In addition, it is difficult to know what kind 
of ski that is most suitable for a certain type of track- and snow conditions. In order to match different 
snow conditions and different skier’s weight, technique and range of use, a successful ski design must take 
numerous design variables into account, i.e., geometry, elastic properties, dynamic behavior etc. (Glenne, 
1981). Since there exist a large variety of ski models on the market it is important that the factors affecting 
the ski-skier compatibility should be well understood. 

In cross-country skiing, the overall performance of the skis depends mainly on the track conditions and the 
snow properties (Glenne, 1981). The glide performance is further believed to be related to the construction 
of the ski and its stiffness- and span curve, as well as to the ski base material, the ski base texture and the 
wax used on the skis. According to Bäckström et al (2008), the pressure distribution between the ski and 
the snow is to a great extent responsible for the overall performance. The texture of the ski base surface 
and ski wax also influence the performance, but to a smaller extent. The stiffness- and span curve, the ski 
base surface and the base texture are properties that vary for different skis. Different properties are also 
desirable in different snow conditions in order to achieve the best glide properties. In addition to this, due 
to different techniques, different skiers also require skis with different properties. 

To achieve sufficient grip when this is required while maintaining as good glide properties as possible, is 
contradictory, but clearly important while selecting skis for skiers with different technical skills and 
requests. Hence, the process of selecting skis for elite athletes is generally very time-consuming 
(Breitschädel, 2012). In addition to the classic technique in country skiing, there is also the skating 
technique. Skating skis have different geometry and different properties than classic style cross country 
skis. They are in general shorter in length and stiffer than the classic skis. 

The span curve demonstrates both the glide zones and the wax pocket of the ski, i.e. the upward arching in 
the middle of the ski, see Fig. 2. In warm conditions klister grip wax is used. Klister waxes builds a 
thicker layer and require a higher camber height than harder grip wax used during colder conditions, to not 
come into contact with the snow surface while gliding, and lead to increased ski-drag. The span curve can 
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be used to determine the weight the ski is capable of carrying. This carrying capacity is of importance 
since the skis need to withstand the load from the skier, preferably without having the grip wax in contact 
with the snow, since this impairs the glide properties. The load required to press the ski down to a certain 
camber height defines the stiffness of the ski. As the name suggests, the stiffness curve maps the camber 
height as function of the load required to press the ski down to this height. This is useful information 
connected to the grip, when using grip wax. Normally, skiers prefer different stiffness of their skis 
depending on their individual technique and the type of track and terrain. Consequently, the stiffness, the 
length of the grip wax zones and the length of the glide zones are believed to be of outermost importance 
for the glide properties. By mechanical analysis of the skis, important properties can be determined. In this 
way skis can be characterized and classified for different snow conditions. 

Ski properties are generally measured at room temperature whereas skis are used at temperatures near or 
below zero. In a previous study, static- and dynamic ski characteristics for skating skis were performed at 
temperatures between +20 and -15 °C and was found to change (Breitschädel et al., 2010). Breitschädel et 
al (2010) pointed out that thermo-dependent changes could be of higher importance for classic-style cross-
country skis. The fact that ski producers use different core and cap materials, production methods and 
shapes for their skis were stated as reasons to the difference in thermal behavior. If thermo related changes 
in properties exist, it is important to take temperature into account when analyzing results from span curve 
measurements. 

Experimental 
The span curves for eight pairs of different brands of cross-country skis were measured. The skis were 
elite racing skis of major brands. The modes of construction are different for different ski brands as well 
as the core material. The core materials in the tested skis were wood, foam, hollow tubes and honeycomb. 
It is very difficult to obtain information about the construction methods since this is treated at business 
secrets as pointed out by Bäckström et al (2008). The measurements were conducted both at room 
temperature, i.e., skis were about 23 °C, and when the skis had a temperature of -15 °C. The data from the 
measurements where analyzed in order to determine e.g. stiffness, length of the grip wax zone, length of 
glide zones, opening angles and the temperature dependence of these. The difference between skis within 
the same pair was also studied. 

The Skiselector™ measurement device 
The digital instrument Skiselector™ was used for the measurements. The instrument consists of a rigid 
aluminum frame with a completely flat surface of stone, on which the ski was placed during the 
measurements as shown in Fig. 1. The load was applied through a load unit and controlled by a computer. 
During the span curve measurements, a sensor traveled underneath the ski from the rear end to the front 
and back. When the sensor traveled towards the ski tip, the half weight of the given load was applied, and 
then the full weight of the given load was applied when the sensor traveled back again. Noteworthy is that 
only longitudinal measurements can be performed with this instrument, i.e. no transverse measurements 
across the ski can be done. The longitudinal resolution of the measurements was about 0.6 – 0.7 mm. 
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Fig.1 The Skiselector measuring device (Photo: SkiSelector™). 

During the span curve measurements the ski was placed so that the load was applied 130 mm behind the 
balance point, or 130 mm behind the center of mass, which is the position where the skier is assumed to 
have the mass during double poling. The full weight load applied on the skis was 75 kg, i.e. 735.75 N, for 
all measurements. The data from the span curve measurements was saved as a text file, which was 
analyzed using a Matlab script. During the stiffness measurements a load was applied 70 mm behind the 
balance point, which approximately corresponds to the position where the force is applied during diagonal 
stride. 

Skis tested 
The skis were cleaned carefully from ski wax and dirt before the measurements. The lengths of the skis 
were between 196 cm and 210 cm according to Table 1. The skis within the same pair were called a and b 
respectively. The camber height at the balance-point of the ski when unloaded is shown in Table 1. 

In order to control the accuracy of measurements, two measurements were done on each ski at both 
temperatures. The skis were removed from the machine between the measurements. The deviation in glide 
zone length between the measurements was 0 – 5 mm, which is considered negligible. 

 

 

 

 

 

Table 1 Length and camber height at midpoint for the skis tested 
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Ski Brand Length [cm] Camber height at balance 
point 
when unloaded [mm] 

  Ski a Ski b 
A 207 20.5 25.6 
B 202 24.2 24.9 
C 202 26.9 26.2 
D 210 20.9 19.8 
E 203 31.1 29.7 
F 196 25.5 24.3 
G 201 25.5 25.3 
H 198 29.0 28.5 

 

Numerical analysis of data 
A MATLAB script was written to analyze properties of the ski from each measurement. For instance, the 
script was developed to calculate the lengths of the grip and the glide zones and to visualize the half and 
full weight span curves. Figure 2 depicts the full weight span curve as a continuous line and the half 
weight span curve as a dashed line. It gives a graphical description of peak camber height and the grip 
wax zones. For the half weight curve it is assumed that the full load, which in this case is 735.75 N, is 
equally distributed between the two skis. Moreover, to calculate the length of the glide zones at the front 
and rear part of the ski, a point with span curve heights lower than 0.05 mm was defined as being in 
contact with the track. 

 
Fig. 2 Half-weight load span curve (dashed), full-weight load span curve (solid), front- and rear 
glide zones, grip wax zone, peak camber height and angles determined. 

 

Stiffness of skis 
The peak camber height as a function of load was determined for all skis in the test, using the Skiselector. 
Stiffness curves showing the load required to press the ski down to a certain camber height was achieved 
and the stiffness was calculated as the derivative of the load versus peak camber height. The aim was to 
identify any differences in stiffness between measurements at room temperature and at -15 °C. 

Temperature control and analysis of cold skis 
The instrument used for the span curve measurements had to operate at room temperature in order to give 
reliable test results. In order to perform measurements on cold skis, the skis were put in a freezer, prior to 

175



the analysis. The freezer was equipped with a fan to distribute the temperature evenly and maintain an 
average temperature of -18 °C. Frost or ice formations on the ski base surface were removed with a nylon 
brush, a common tool used to brush ski base surfaces. The measurements were performed immediately 
thereafter. The time from when the ski was taken out of the freezer until the measurement was finalized 
was 120-150 seconds. During this time the temperature of the ski did not markedly change. The 
temperature of all skis was close to -15 °C during the span curve measurements. 

 

Results 
The difference in peak camber height , Δ PCH, at half weight load and the difference in position in 
relation to the balance point, Δx of PCH at room temperature, RT, compared to -15°C is shown in Table 2. 
Both skis within each of the eight brands were measured. Negative numbers indicate smaller values at -
15°C. 

Table 2 Difference in peak camber height (PCH) at half weight load (367.88 N) between the 
measurements at RT compared to -15°C, and the change in position, Δx, in relation to the BP. 
 Ski a Ski b 
Ski brand Δ PCH 

[mm] 
Δx of PCH 
[mm] 

Δ PCH 
[mm] 

Δx of PCH 
[mm] 

A 0.09 -1.3 -0.03 -4.1 
B 0.2 -23.1 0.28 -6.8 
C 0.34 -107.3 0.37 -74.7 
D 0.01 -39.5 -0.08 -43.6 
E 0.23 -90 0.14 -79.1 
F 0.02 -9.3 0.02 -2.3 
G 0.1 -5.1 0.09 -3.8 
H -0.08 -78.4 -0.06 -7.8 
 

The difference in front and rear glide zone lengths (GZL) between measurements carried out at RT and at 
-15°C for the skis with the full load of 735.75 N are shown in Table 3. Negative numbers indicate a 
smaller GZL at -15°C compared to RT. 

Table 3 Difference in front- and rear glide zone length (GZL) between measurements at RT compared to  
-15°C. 
 Ski a Ski b 
Ski brand Δ Front GZL 

[mm] 
Δ Rear GZL 
[mm] 

Δ Front GZL 
[mm] 

Δ Rear GZL 
[mm] 

A 3 0 4 9 
B 11 -10 4 -49 
C 49 -11 48 73 
D 18 21 7 16 
E 3 -22 81 -9 
F 11 -3 87 -15 
G 2 2 -3 -10 
H 6 -11 85 6 
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The total glide zone lengths for the skis at room temperature with the applied load of 735.75 N are shown 
in Table 4. 

 
Table 4 Glide zone lengths with an applied load of 735.75 N for measurements at room temperature. The 
differences between Ski a and Ski b are highlighted. 
Ski Brand Difference in front 

glide zone length 
between 
Ski a and Ski b 

Difference in rear glide 
zone length between 
Ski a and Ski b 

Total glide zone length 
[mm] 

 [mm] [mm] Ski a Ski b 
A 259 68 420 747 
B 30 11 366 347 
C 16 107 407 530 
D 65 27 475 567 
E 37 20 465 448 
F 93 12 438 543 
G 34 41 396 403 
H 12 52 457 497 
 

The peak camber height at half weight load versus ski length for Ski a, i.e. one of the skis in the pair, for 
all the tested ski brands is shown in Fig. 3. There is no clear indication of increasing peak camber height 
with increasing ski length for the skis tested. 

 

Fig. 3 Peak camber height at half weight load versus ski length at room temperature, RT, and at  
-15°C. 
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Span curves for Ski a, i.e. one of the skis for all the tested ski pairs are shown in Fig. 4. The continuous 
blue line corresponds to full weight load, i.e. 735.75 N at -15 °C and the dashed blue line corresponds to 
half weight load, 367.88 N. The corresponding red lines are for measurements at room temperature. 
Notice that it for some of the tested skis is a small difference between the curves at room temperature and 
at -15 °C, whereas a major difference can be observed for other pairs. 

 

Fig. 4 Overview of the span curves of one of the ski from each tested ski pair. The span height [mm] 
is plotted against the distance from the balance point [mm]. Red curves correspond to room 
temperature and blue for -15°C. Dashed lines correspond to half weight load and solid lines to full 
weight load. 
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Stiffness curves for the skis tested are shown in Fig. 5. The red curves correspond to room temperature 
measurements and the blue curves to measurements at -15°C. The continuous curves are measurements for 
ski a and the dashed curves represent ski b, with in each pair. 

 

Fig. 5 Stiffness curves corresponding to the span curves in Fig. 4. The camber height [mm] is plotted 
against the mass [kg]. Red lines correspond to room temperature and blue lines to -15 °C. Solid lines 
represent Ski a and dashed lines represent Ski b within each pair. 

 

The stiffness of the skis was computed as the derivative of the curves shown in Fig. 5. The values of the 
stiffness at 50% and 75% of the maximum load are shown in Table 5. 

Table 5 Stiffness at 50% and 75% of maximum load for all skis at room temperature, RT, and at -15°C. 
 Ski a Ski b 
 RT -15°C RT -15°C 
Ski 
brand 

Stiffness 
at 50% 
load 
[kN/m] 

Stiffness 
at 75% 
load 
[kN/m] 

Stiffness 
at 50% 
load 
[kN/m] 

Stiffness 
at 75% 
load 
[kN/m] 

Stiffness 
at 50% 
load 
[kN/m] 

Stiffness 
at 75% 
load 
[kN/m] 

Stiffness 
at 50% 
load 
[kN/m] 

Stiffness 
at 75% 
load 
[kN/m] 

A 273,7 531,7 317,8 556,2 317,8 568,0 337,5 585,7 
B 123,6 438,5 226,6 554,3 120,7 435,6 295,3 680,8 
C 113,8 389,5 209,0 513,1 110,9 362,0 217,8 460,1 
D 124,6 423,8 143,2 442,4 173,6 552,3 187,4 541,5 
E 114,8 351,2 139,3 445,4 120,7 347,3 156,0 371,8 
F 292,3 622,0 328,6 660,2 322,7 672,0 401,2 716,1 
G 166,8 550,3 206,0 531,7 150,1 490,5 196,2 525,8 
H 212,9 603,3 190,3 574,9 246,2 621,0 224,6 588,6 
 

The stiffness for ski a and ski b of each pair at RT, with 50% and 75% load are also shown in Fig. 6. 
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Fig. 6 Stiffness for ski a and ski b of each pair at RT, with 50% and 75 % of the maximum load. 

The difference in stiffness between measurements at RT and at -15°C for ski a and ski b within each 
brand, at 50% load and 75% load, respectively is shown in Fig. 7. 

 

Fig. 7 Difference in stiffness between measurements at RT and at -15°C for ski a and ski b within 
each pair, at 50% load and 75%load. 
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Figure 8 shows the stiffness at 50% load for all skis at RT measurements versus the total glide zone 
length. 

 

Fig. 8 Stiffness at 50% load for all skis at RT measurements versus the total glide zone length. 

 

Discussion 
Comparing results from measurements of skis within the same pair showed that there for some ski pairs is 
a significant difference between the two skis, both at room temperature and at -15 °C. This means that the 
behavior for skis within the same pair is likely to be quite different. The grip zone length and grip zone 
area tells how much grip wax that should be used for optimum grip- and glide properties. It is therefore 
important that each ski is characterized separately, with respect to the weight and skills of the skier. 
Moreover, the difference in ski properties with respect to temperature shows the importance of testing skis 
at a temperature close to that they are going to be used. For some skis the difference in glide zone length 
was as much as about 30% or 7-8 cm. For the recreational type of skiers, this is likely of minor importance 
whereas it might be quite significant for an elite skier, where every fraction of a second can be essential. 

The peak camber height is sometimes used to estimate the stiffness of skis, where a higher camber height 
will allow either more load to be applied, i.e. heavier skiers will need a higher peak camber height, or it 
may indicate that more grip wax can be used. This is for example wanted in snow conditions when klister 
wax is required to get a sufficient grip. The measurements of peak camber height at room temperature 
compared to the measurements at -15°C shows in general a decrease in peak camber height at lower 
temperature. Perhaps even more important is that the position changes, in general towards the front tip of 
the ski, which changes the grip wax zones and the guidelines for application of grip wax. Different 
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thermal properties for the materials used in the production process for the investigated ski brands could 
explain the thermally related changes. 

The glide zone length is important for the overall ski performance, since it corresponds to the pressure 
distribution. It was observed that the glide zone length differed both for skis within the same pair and also 
at the two different temperatures. The longest total glide zone length were observed for ski pair A 
followed by ski pair D and F. Ski pairs A and D were also the longest skis in the test (207 cm and 210 cm, 
respectively), but ski pair F was the shortest skis (196 cm). This shows that the total glide zone length not 
necessarily must be connected to longer skis, which is a common assumption. The total glide zone length 
is neither connected to the stiffness of the skis as shown in Fig. 8. Ski pair F had the highest stiffness 
values but did not have the shortest glide zones. Instead the shortest total glide zones were observed for 
ski pairs B and G. 

The curves of load versus peak camber height in this test should not be compared to each other, since all 
tested skis were of different stiffness and not initially aimed for the same specific weight. The biggest 
difference between these curves at the two different temperatures was observed for ski pair B and C (see 
Fig. 5). As shown in Table 5 and in Fig. 6, the stiffness was significantly lower at room temperature than 
at -15°C, for ski pair B and C. Ski brand H was the only brand with a higher stiffness at room temperature 
than at -15°C. The stiffness did in general not considerably change for the other brands, although ski a at 
75% load for ski brand E and ski b at 50% load for ski brand F have apparent thermo related changes in 
stiffness. The different core materials used in the skis is likely a reason to the different behavior for the 
different brands, but needs to be further investigated. 

Ski pair E had the highest peak camber height when unloaded, but not the highest stiffness. Thus, peak 
camber height alone, neither with nor without load, can be used to determine the stiffness of a ski. 

Analysis of the measurements of glide zones and camber height can be done in different ways, depending 
on whether the measured parameter can be expected to have normal distribution or not. Assuming the 
measurements to be independent samples of some stochastic parameter, a sign test can be done as 
described for example in Gibbons & Subhhabrata (2011). Table 6 summarizes the confidence intervals 
and confidence levels in %, obtained for different r. For example for r = 5 there is a 92.3% probability that 
the “average ski” has a peak camber height at -15°C between 0.89 and 15.38% lower than at room 
temperature. The position of the peak camber height at -15°C is between 7.74 and 52.85 % closer to the 
ski tip than at room temperature. Moreover, the front glide zone length at -15°C is between 1.95 and 
18.53% shorter than at room temperature. 

For each of these parameters, “average ski” means that if repeated measurements for an equal and very 
large number of skis of brand A-H is performed and the median computed for all relative changes, then 
asymptotically (as the number of skis grow towards infinity) there is a 92.3 certainty that the computed 
median will be in the corresponding confidence interval. For example, for r = 5 there is a 92.3% 
probability that the “average ski” has a peak camber height at -15°C that is somewhere between 0.89% 
and 15.38% lower than the peak camber height at room temperature. For shorter confidence intervals 
and/or higher confidence levels, a large number of measurements is needed, but for the mentioned three 
parameters (peak camber height, peak camber position and front glide zone length) eight pairs of skis was 
enough to get confidence intervals not containing zero, which gives a clear indication either for an 
increasing or decreasing parameter value. For the recreational skier, this is likely not of importance, but 
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for elite skiers and especially in the national teams, this gives a clear indication that the ski span changes 
with temperature. Measurements at expected racing temperatures could help finding the optimal pair of 
skis for each skier. 

Table 6 Sign test results 
r     P(mϵIr) 
1 [-24.34,8.42] [-

2647.06,1012.26] 
[-33.33,1.85] [-26.94,27.07] 99.9969% 

2 [-22.82,7.92] [3.52,553.15] [-29.79,-1.02] [-8.5,11.89] 99.9481% 
3 [-19.31,6.67] [4.89,261.33] [-28.81,-1.07] [-5.84,7.33] 99.5819% 
4 [-15.75,4.05] [6.04,178.28] [-20.16,-1.24] [-2.97,6.71] 97.8729% 
5 [-15.38,-0.89] [7.74,52.85] [-18.53,-1.95] [-2.12,5.98] 92.3187% 
6 [-13.85,-2.11] [13.48,39.94] [-7.89,-2.39] [-1,5.88] 78.9886% 
7 [-9.62,-2.25] [16.45.32.98] [-5.61,-2.41] [0,4.39] 54.5502% 
8 [-9.15,-7.96] [20.28,22.22] [-5.53,-4.69] [1.26,4.15] 19.6381% 
 

For the rear glide zone, the 92.3% confidence interval contains zero, as shown in Table 6. For r = 7, zero 
is avoided in the confidence interval, but then there is only a 54.5% chance that the rear glide zone for the 
“average ski” gets between 0 and 4.39% longer at -15°C than at room temperature. For a higher 
confidence level, but still a confidence interval not containing zero, more measurements are needed. 

The different span curves and the different behavior both related to temperature and load is hypothesized 
to depend on the construction of the ski and the material used both for the core and the cap of the ski. The 
construction methods and material used in the skis varies for different manufacturers. The different 
behavior for the full- and half weight load curves can be due to the fact that the cap material takes the 
initial load and that both the cap, but presumably of higher importance, also the core material differs 
between the different ski brands. 

Although differences between the measurements at room temperature and at -15 °C were observed, it 
should be pointed out that only one pair of skis of each brand was tested. A future more comprehensive 
study where a number of skis of each brand are tested is therefore suggested. 

Static measurements, like those performed in this study, can give some indications on the mechanical 
properties of the skis. It gives an apprehension of the behavior of the ski and an idea about the conditions 
and for which body weight the skis most likely are suitable to be used for. However, the behavior of the 
ski during dynamic loading might be a lot different than during static load conditions. For future research 
it is therefore of interest to also perform dynamic measurements. 

In order to match skis with specific span- and stiffness curves as well as other mechanical properties to 
different snow and track conditions it is important to characterize the snow to have a clear and 
standardized definition of different snow types. The skis and the ski base structure have to match the local 
snow and track conditions to achieve perfect glide (Breitschädel, 2012). Therefore it is of utmost 
importance to also have a good knowledge about the snow.  
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Conclusions 
Thermo-related changes in mechanical properties were observed for all the ski brands tested.  

The front part glide zone length decreased at -15 °C compared to measurements at room temperature for 
all except one of the tested ski pairs. The decrease was greatest in the front part glide zone while the rear 
part glide zone for some of the ski brands increased. Also the grip zones changed both with respect to the 
area in front of and behind the balance point. 

The peak camber height and the span curves changed for all skis with the greatest changes for ski pairs B, 
C and E, where the half weight load span curve became lower at -15 °C while the full weight curve 
became higher. Ski brand H was the only ski brand where both the half weight and the full weight span 
curve was higher at -15 °C. 

The static measurements performed make it possible to determine mechanical properties of importance for 
the ski characteristics and also to match properties of skis in order to get as similar characteristics as 
possible for skis within the same pair. 

The results obtained in this paper clearly indicate that temperature is an important parameter when 
measuring span curve and when analyzing ski characteristics. 
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Snow storage – modeling, theory and some new research 

Abstract 
Due to the global warming it is nowadays often a later arrival of natural snow. This causes 
problems for ski resorts and other places where winter activities in different forms take place. 
Storing snow is one solution for the winter business industry to deal with this problem. 
However, there is so far very little research concerning this question. In this paper some 
modeling and theoretical calculations are presented regarding snow storage, which can be 
important as a background when designing an insulated snow depot. Moreover, present 
knowledge is reviewed and new results concerning melting losses of stored snow in northern 
Sweden are presented. These results are compared to theoretical calculations. The results 
show that the model used for the calculations can be used to estimate melting losses of 
insulated piles of snow, if the geometry of the pile is known. The model can also be used to 
compare different insulating materials and to determine properties such as thickness of the 
insulating layer needed to sufficiently insulate the snow. The surface area of insulated snow 
depots shall be minimized in order to reduce melting related to heat from the air, sun and sky 
which constitute the largest part of the total melt. The quality of insulating materials used 
shall be observed annually. Commonly used insulating materials such as bark, wood chips, 
cutter shavings and sawdust have a decay rate, which imply deteriorating insulating properties 
with time. 
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1. Introduction 
Storage of snow is an old technique which was common for food storage applications before 
the refrigerators were developed in the beginning of the 20th century (Skogsberg, 2005). 
Skogsberg and Nordell (2001) mention for instance himuros and yukimoros, which are houses 
or rooms where vegetables are stored together with ice or snow in order to keep the quality. 
Nowadays snow and ice are stored for different purposes. Japan, China, Canada, USA and 
Sweden are some countries where different techniques of snow and ice storage for cooling 
applications have been performed (Nordell and Skogsberg, 2007). The hospital in Sundsvall, 
Sweden, is one example where snow has been stored for cooling purposes (Skogsberg, 2001). 
Utilizing snow and ice for cooling is according to Nordell and Skogsberg (2007) a renewable 
natural energy without any environmental drawbacks. 

An enhanced interest in storing snow for winter activities has been observed during the 
last decade. Due to the global warming, the arrival of natural snow has become more 
unpredictable and at the same time higher temperatures imply difficulties with traditional 
snow making. Storing snow in order to guarantee an early start of the season has become 
more common for establishing cross country ski tracks, alpine ski slopes and ski jumping 
areas. A stored snow depot enables resorts and skiing facilities to guarantee a fixed opening 
date. Stored snow is also used for summer ski events. A typical size for a snow depot is 5000 - 
30 000 m3, although they may also be larger (Martikainen, 2016). According to Martikainen 
(2016) the first insulated snow storage in the world aimed for skiing was located in Ruka, 
Finland in 2000. Different kinds of insulating materials were tested, for example sawdust, 
foamed plastics, aluminum folio and sheets with different properties. Both natural and 
machine made snow can be stored, although machine-made snow is most common when 
storing snow for winter activities since it is considered more durable and weather resistant 
than natural snow (ICEHOTEL, 2011). 

Snow can be stored indoors in a thermally insulated building, underground in a cavern 
in which case no insulation is necessary or on the ground in open ponds or pits covered with 
some kind of thermal insulating material, which is the most common method (Nordell and 
Skogsberg, 2007). The thermal insulating material can either be natural materials or fabricated 
materials. There are different methods to insulate open pond snow storages, i.e. piles of snow 
which are stored on the ground. Martikainen (2016) distinguishes between three different 
methods; a breathable method, which means an insulating material which enables 
evaporation, a non-breathable method, which is an insulating material which only insulates 
the snow, or a mix between the two methods. Most common in Scandinavia seems to be a 
breathable method with a natural insulating material. Table 1 shows a compilation of 
information from some places where snow has been stored together with the insulating 
materials used. Natural insulating materials are for example bark, crop residues such as rice 
shells, mineral particles or debris and different types of wood chips, which here include cutter 
shavings of different size, sawdust and wood powder. Fabricated materials are generally 
different kinds of loose sheets, such as plastic sheets, filled tarpaulins e.g. with straw, geo 
textile sheets, aluminum folio, felts and sometimes thermal foam in between (Skogsberg, 
2005, Martikainen, 2016). The most commonly used insulating materials on snow storages in 
Scandinavia are bark and different types of cutter shavings. As an example a pile of stored 
snow covered with sawdust is shown in Figure 1. 
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Figure 1 Snow storage insulated with sawdust, Vuokatti, Finland, 2013. 

 
According to Martikkainen (2016) a snow depot should be associated both with low emissions 
and snow to a low cost. Therefore many local factors at the place where the snow is supposed 
to be stored need to be taken into account in order to create the most optimal snow storage. 
There are many different factors which affect the melting rate of an insulated snow depot. 
Skogsberg (2005) denotes snow melting in warm surroundings as natural melt and divides it 
into three parts; ground melt, surface melt and rain melt, see Figure 2. Ground melt is the heat 
transfer through the bottom of a pile placed on the ground. Surface melt occurs by heat 
transfer from the air, sun and sky. Rain melt is melting through rain seeping through the 
insulation to the snow. Surface melt is, according to Skogsberg (2005), the major factor 
influencing the total melt rate. The climate, the choice of thermal insulation and the geometry 
of the snow pile are factors affecting the melt rate (Nordell and Skogsberg, 2002). 

 
Figure 2 Factors affecting the melting rate of an insulated pile of snow are ground melt which 
is heat transfer through the ground, surface melt which includes heat transfer from the air, 
sun and sky and rain melt (From Skogsberg, 2005). 
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The optimum design of a snow storage is not yet fully understood. The objective with this 
paper is to summarize current knowledge and experiences from some places where snow has 
been stored and to present new results from practical experiments of snow storages. The 
results are compared to theoretical calculations of the melt rate. 
 

2. Knowledge regarding snow storage 

2.1 Mass and heat transfer in an insulated snow depot 
The mass and heat transfer through a porous material used as thermal insulation on a snow 
depot placed on the ground, occurs through water transport, heat conduction, heat convection 
and radiation (Skogsberg and Lundberg, 2005). This is illustrated in Figure 3. The radiation 
exchange at the surface of the insulating layer includes both short wave radiation from the sun 
and long wave radiation, i.e. heat. The convective heat and mass transfer is according to 
Skogsberg and Lundberg (2005) influenced by the temperature, humidity, wind velocity and 
the properties of the insulating layer such as surface roughness of the material, water transport 
capacity and compaction. The thermal conductivity depends on the properties of the insulating 
material, such as structure, compaction and moisture content. The energy conduction rate 
depends on the temperature difference between the different media. 

Moisture is transported as vapor and as water (Skogsberg, 2005). Vapor is transferred 
by diffusion and by mass convection. Water is transferred by Darcy flow and by suction. Most 
of the melt water is transported downwards through the snow. In wood chips layers, some of 
the water is transported upwards, through the insulating layer due to capillary forces and 
evaporation. Evaporation requires energy and will therefore cool the insulating layer and 
thereby decrease the melt rate. Evaporation is, according to Skogsberg and Lundberg (2005), 
a minor part in the mass balance but plays a significant role in the energy balance. This is due 
to the latent heat. The latent heat of vaporization, i.e. when a liquid goes to gas, is 7.5 times 
greater than the latent heat of fusion, i.e. when a solid goes to liquid. Thus also minor 
evaporation will decrease the melt rate significantly. 
 

 
Figure 3 Mass and heat transfer through a porous material (from Skogsberg and Lundberg, 
2005). 
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2.2 Factors affecting the melt rate in an insulated snow depot 
The natural melting of an insulated snow depot was by Skogsberg (2005) divided into surface 
melt, rain melt and ground melt, of which surface melt constitute the largest part of the total 
melt. Surface melt was therefore investigated by Skogsberg and Lundberg (2005) in a 
laboratory experiment where cutter shavings were used as thermal insulation. The aim was to 
study the effect of different factors on the surface melt rate. The influence of five main and 
two complimentary factors on the melt and evaporation rate was studied. The main factors 
were the thickness of the insulating layer, the wind velocity, the light intensity, the air 
temperature and the absolute air humidity. The complimentary factors were cutter shavings 
moisture content and hindered evaporation. The results from the study showed that the melt 
rate decreased with thickness of the cutter shavings layer. The melt rate increased with wind 
velocity, light intensity, air temperature and air humidity. An increase in any of these factors 
increased the melt rate independently of the value of the other factors. The evaporative 
cooling effect was found to be important, and the melt rate drastically increased without 
evaporation. It was also found that the surface melt rate was about the same with dry as with 
wet cutter shavings, which indicated that the increased evaporation rate balanced the 
increased thermal conductivity. 

The choice of thermal insulating material will affect the melt rate. Studies with cutter 
shavings, sawdust and wood chips as insulting material are presented by Skogsberg (2002, 
2005) and Skogsberg and Lundberg (2005). The thermal insulation quality of wood chips on 
snow and ice depends on heat conductivity, water transport capacity, evaporation capacity, 
absorptivity and relative surface area of the insulating material (Skogsberg and Lundberg, 
2005). Skogsberg (2002) found in a study that two piles of snow, one insulated with 0.1 m of 
cutter shavings and the other with 0.2 m of sawdust, melted at about the same rate. This 
indicated that cutter shavings are more efficient as thermal insulation on snow than sawdust. 
The advantage with cutter shavings is according to Skogsberg and Lundberg (2005) due to the 
large surface area and airy structure of the cutter shavings pieces. An advantage with sawdust 
though, is stated to be the higher compactness, which leads to decreased convective heat 
transfer. 

One drawback with wood chips as thermal insulation material is its decay rate with time 
(Skogsberg, 2005). Wood chips, cutter shavings and sawdust get wet and darken with age, 
which together with the deterioration of the water transport affect the insulating quality. 
Wood chips used as thermal insulation on snow stored for cooling purposes at the hospital in 
Sundsvall were found to decay fast and it was necessary to add new material every year and to 
replace all of it after three years (Nordell and Skogsberg, 2007). The same trend has been 
observed at Birkebeiner Ski Stadium in Norway with a decay of the wood chips. In Östersund, 
where sawdust is used, no obvious decay of the material has been observed. Bark has not been 
extensively studied, but has smaller or non-existent capillary transfer and is according to 
Skogsberg and Lundberg (2005) assumed to be a poorer thermal insulation material than 
wood chips. Skogsberg and Lundberg (2005) pointed out that the effect of aging is an 
important factor to take into account when studying cutter shavings as thermal insulation on 
snow, but presumably this concern also bark and other insulating materials. 
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3. Practical examples of snow storages 
Information from places where snow has been stored was collected in order to summarize 
information and to compare experiences and methods. The volume of snow depots, the 
insulating material used and the approximate melted volume, where this was known, are 
shown in Table 1. The approximate period of storage was from late spring until the end of 
October/early November. In Sochi, Russia, snow was stored to be used in February for the 
Olympic Games. The pile in Arjeplog consisted of natural snow and the piles in Piteå were a 
mix of natural snow and machine made snow, which was scraped together from a nearby ski 
slope when this closed for the season. All other piles consisted of machine-made snow. 
 
Table 1 Places where snow has been stored, the approximate volume, insulating materials 
used and estimated volumes of snow melt (Ädel, 2012, Pelkonen, 2013, Hedlund, 2016, 
Martikainen, 2016, Rindahl, 2016, Rommedahl, 2016). 
Place Volume [m3] Cover material Estimated total snow 

melt[%] 
Vuokatti, Finland 20 000 – 25 000 Tarpaulin and 

Sawdust, 30-40 cm 
20 

Östersund, Sweden 
(2006) 

2 piles á 10 000 Sawdust, ≈ 70-80 cm 30 

Östersund, Sweden  20 000 Sawdust, ≈ 50 cm 20 
Östersund, Sweden 
(2015) 

30 000 Sawdust, ≈ 40 cm 12 

Orsa, Sweden 5000 Bark, ≈ 40-50 cm - 
Högbo Bruk, Sweden 8000 Sawdust - 
Piteå, Sweden (2012) 2400 Geotextile, Bark, ≈ 

50-70 cm,  
partly covered with 
plastics 

29 

Piteå, Sweden (2013) 3400 Geotextile and Bark, 
≈ 50-60 cm 

29 

Arjeplog, Sweden 
(2013) 

1600 Geotextile and Bark, 
≈ 40-50 cm 

61 

Sochi, Russia (2013) 800 000 (several 
piles) 

Geotextile in several 
layers,  
foamed plastics, 
aluminum folio 

20-50 

Birkebeiner Ski 
Stadium, Norway 

40 000 Wood chips, ≈ 30-50 
cm 
 

ca. 17 

 
In the Finnish city Vuokatti, snow has been stored for more than 10 years to construct cross 
country ski tracks (Pelkonen, 2013). Each year on the 10th of October the outdoor ski track of 
stored snow opens, in connection to an indoor track in a ski tunnel. This prolongs the pre-
season with 1-2 months and has become a great business since it enables professional athletes 
to carry out their pre-season training. The estimated melted volume of snow during the period 
of storage is 20%. 

Östersund in Sweden has been storing snow since 2006 (Hedlund, 2016). The stored 
snow is of importance for the city since they annually host the world cup opening in biathlon. 
The stored snow is used each year in the beginning of November in order to build a cross 
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country ski track. In 2006 two piles of snow, each with a volume of approximately 10 000 m3 
were stored, insulated with a 70-80 cm thick layer of sawdust as shown in Table 1. 
Approximately 30% melted and 10% had turn into ice near the ground (Tidig och säker snö, 
2007). During the years, larger volumes of snow has been stored and the approximate volume 
of snow melt for piles with a volume of 20 000 m3 has been 20% (see Table 1). In 2015, the 
snow storage was placed beside the place where the previous piles of snow had been located, 
in order to let the ice layer on the ground melt. During the summer only 12% of the snow 
melted, which was assumed to be due to better drainage without the ice crust underneath the 
pile. In 2016, two piles of snow with a volume of 30 000 m3 in each pile was stored, covered 
with a 40 cm thick layer of sawdust. Since some sawdust is lost each year during the handling 
process, some new sawdust has been added each year to the insulating layers on the piles. In 
2014, eight years after the first snow was stored, all the old sawdust was replaced with new. 
No noticeable reduction in melt rate was however observed with the new sawdust compared 
to the old sawdust (Hedlund, 2016). 

Snow has been stored twice in Piteå, Sweden, and used for cross country skiing. In 2012 
about 2400 m3 of snow was stored and in 2013 the volume was about 3400 m3. The insulating 
material was geotextile and bark. The total snow melt was 29% for both piles. 
Arjeplog in Sweden is an important place for the automotive industry due to testing activities 
in cold climate and long winter seasons. However, also the automotive industry is affected by 
the climate change and the later arrival of snow early in the season. Therefore a snow storage 
experiment was done in 2013 in order to investigate if stored snow can be used for testing of 
tires early in the season in case of lack of natural snow. The results from the test showed that 
61% of the snow melted. 

At the Birkebeiner ski stadium in Norway wood chips are used as thermal insulation on 
snow (Rindal, 2016). In 2015 about 17% of the initial volume melted during the summer. It 
has been noticed that a larger volume of snow melts when old wood chips are used. The wood 
chips are therefore replaced every third year. 
In 2013, several piles of snow were stored in Sochi in Russia for the Olympic Games in 2014. 
The piles were covered with geo textile, foamed plastics and some piles were also covered 
with aluminum folio to reflect the sun (Martikkainen, 2016). The geotextile blankets were 
made of several layers (Hoffert, 2013). A layer of thermal foam was added followed by a 
geotextile layer to render evaporation. The melting percentage varied between 20-50 % for 
these piles.  

Orsa Grönklitt and Högbo Bruk, Sweden, also use stored snow for cross country ski 
tracks, which are used by both amateurs and professional skiers early in the season. In Orsa 
Grönklitt, approximately 5000 m3 of snow is stored covered with a 40-50 cm thick layer of 
bark (Ädel, 2012). In Högbo, 8000 m3 of snow was stored during the summer 2016, covered 
with sawdust (Rommedahl, 2016). The volume of melted snow has not been estimated at 
these two locations. 

In Japan a 0.3 m thick layer of rice shells was used as insulation on a snow depot, which 
was found to decrease the melt rate significantly (Skogsberg, 2005). This shows that different 
kinds of agricultural waste also may be used as insulation on snow. Other materials like straw 
and sheep wool are likely also applicable as thermal insulation (Skogsberg and Lundberg, 
2005). However, mineral wool and other materials without capillary water transport will 
benefit from lower thermal conductivity but suffer from omitted evaporative cooling. 
The results of debris or mineral particles as a thermal insulation on snow has been observed 
on glaciers, where the melt rate decreases with thickness of the debris layer (Pelto, 2000, 
Kayastha et.al, 2000, Takeuchi et.al, 2000). In contrast to wood chips, there is no decay of 
debris and thus a one-time cost, if chosen as thermal insulation on a snow depot (Skogsberg, 
2005). 
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One advantage with granular materials as thermal insulation is the adjustment to the pile and 
its geometry as the snow melts. Loose sheets may slide apart as the pile changes in shape, 
which is one disadvantage with the sheets. Skogsberg (2005) stated other disadvantages with 
the loose sheets as being considered too small, too difficult to handle, too expensive and too 
fragile. However, the development has advanced and different kinds of loose sheets have been 
successfully used as thermal insulation, for example in Sochi, Russia, prior to the 2014 winter 
Olympics (Sonne, 2013) and in Idre, Sweden during the summer 2016 (Skoglund, 2016). 
Polystyrene, commonly known as Styrofoam, has been used as insulting material for snow 
storage. However, Styrofoam might not be a long lasting thermal insulating material due to 
poor weatherability (Gray, 2011). The thermal conductivity is similar to that of sawdust and 
cutter shavings, i.e. around 0.08 Wm-1K-1. The water transport capacity of polystyrene is not 
known but the water absorption is 0.03-1 %. This indicates some water transport capacity and 
perhaps also evaporation. Irregularly shaped polystyrene pieces allow space for air which is a 
favorable property of insulating materials. 

The total melted volume as a percentage of the initial volume for the piles in Table 1, is 
shown in Figure 4. The trend is that larger initial volumes result in relatively lower snow melt. 
 

 
Figure 4; Approximate initial volume versus the melted volume as a percentage for the piles 
in Table 1 and Table 3. 
 
A practical experiment using saw dust and bark as insulating material 
In order to compare the efficiency of wood chips and bark as thermal insulation on snow, an 
experiment was designed where the melt rate of piles with approximately equal volume were 
studied. 
 

• Pile 1 was covered with bark (Figure 5). 
• Pile 2 was covered with sawdust (Figure 6). 
• Pile 3 was left uncovered (Figure 7). 

 

196 Paper E



The experiment was carried out in Arjeplog, Sweden, during the summer 2013. Each pile was 
shaped as a chopped cone with approximate dimensions; base diameter, 12 m, top diameter 6 
m and height, 3 m. Thus, the approximate volume of each pile was initially 200 m3. The piles 
were made of natural snow. The thickness of the insulating layer of sawdust varied in the 
range of 30-40 cm and the thickness of the insulating layer of bark was approximately 40 cm. 
The period of storage was between the 15th of April and the 8th of October, 2013. 
 

 
Figure 5 Pile 1: Snow covered with bark, Arjeplog, Sweden, 2013. 

 

 
Figure 6 Pile 2: Snow covered with sawdust, Arjeplog, Sweden, 2013. 
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Figure 7 Pile 3: Uncovered pile in Arjeplog, Sweden, 2013. 

3.1 Observation of melt rate 
Surface melt is according to Skogsberg (2005) the major factor influencing the total melt rate. 
Two piles of snow with different geometry and surface area were observed with respect to the 
melt rate. The volumes of the piles were different, but the same insulation was used. One pile, 
called pile 4, see Figure 8, consisted of natural snow collected in the area close to the place of 
storage. This pile was stored in Arjeplog, Sweden during the summer 2013. 

Pile 5, consisted of snow collected from a downhill ski slope and was a mixture of 
natural snow and machine-made snow. Pile 5 was stored in Piteå, Sweden, during the same 
period of time as the pile in Arjeplog. The surface of both piles were covered with geotextile 
and an approximately 50-60 cm thick layer of bark. 
 

 
Figure 8 Pile of natural snow covered with geotextile and a 50-60 cm thick layer of bark. 
Arjeplog, Sweden, April, 2013. 
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The volume of each pile was measured using a position instrument, Topcon GR-S1, a 
handheld computer with built in receiver and a PG-A1 antenna, a so called network RTK 
equipment, i.e. a differential GPS. The instrument is used for relative measurements, which 
means that it will get both positions directly from a satellite and corrections from a base 
station located at a known position. The base stations belong to the land surveying 
“Lantmäteriet”. The volumes of the piles were measured in the beginning of the storage 
period, i.e. on the 15th of April, after about six weeks of storage and in the end of the storage 
period, on the 8th of October. The volume of the piles was measured twice during the period 
of storage; on the 15th of April and on the 8th of October, at which time also the ground 
surface area of the piles were measured. The relation between the ground surface area and the 
total volume was calculated. This gives an indication of the surface area, which was difficult 
to estimate due to the irregular shape of the piles. 
Climate data were collected every fourth hour using weather stations placed close to the piles. 
The monthly average temperature in Arjeplog and Piteå during the study period is shown in 
Table 2 and the locations are shown in Figure 9. 
 
Table 2 Monthly average temperature in Arjeplog and Piteå during the study period. 
Month Average temperature [°C] 

Arjeplog 
Average temperature [°C] 
Piteå 

May 8.9 9.0 
June 14.0 15.7 
July 14.8 15.0 
August 14.6 14.4 
September 9.7 8.8 
October 1.9 2.0 
 

 
Figure 9 Location of Arjeplog and Piteå, Sweden. 
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4.Theoretical calculations of melting rate 
Theoretical calculations of the snow melt were performed in order to compare calculated 
results to the practical experiment, piles 1-3. The most physically correct approach to 
calculate the snow melt is through energy budget and to determine all parameters and 
processes associated with heat sources from groundwater, rain, sun, sky and radiation 
(Skogsberg and Nordell, 2001). This is complicated and simplified models can therefore be 
used. The total melted volume, VTOT, has been calculated as the sum of the contributions from 
ground melt, Vground, surface melt, Vsurface and rain melt, Vrain, i.e. 
 
𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇 =  𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 +  𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +  𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.    (1) 
 
The general heat equation without heat due to phase change can be written as 
 
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑥𝑥2

+  𝜕𝜕
2𝑇𝑇

𝜕𝜕𝑦𝑦2
+  𝜕𝜕

2𝑇𝑇
𝜕𝜕𝑧𝑧2

=  𝑐𝑐
𝜆𝜆

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

,    (2) 
 
where, T is the temperature (°C), λ is the coefficient of thermal conductivity (W m-1 °C-1), c is 
the heat capacity (J kg-1 °C-1) and t is the time (h). 
This equation constitutes the basis when calculating the loss by leakage to the ground. 
 
Ground melt 
 
The thermal flow from the ground, Qground (W), can be calculated as 
 
𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =  𝜆𝜆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

∆𝑇𝑇𝑔𝑔
𝑙𝑙

,    (3) 
 
where λground is the coefficient of thermal conductivity for the ground (W m-1 °C-1), Aground the 
area of the pile towards the ground (m2), ΔTg the temperature difference (°C) between the 
ground surface and a distance, l (m), down in the ground (Johansson and Bäckström, 2009). 
The rate of melted snow from ground melt, vground (m3 s-1), can thus be calculated as 
 
𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =  𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
,     (4) 

 
where Lsnow (J kg-1)is the latent heat of fusion for the snow and ρsnow is the density of the snow 
(kg m-3) (Näslund, 2010). 
The total volume of melted snow due to ground melt, Vground (m3) is then 
 
𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =  𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 𝑡𝑡,     (5) 
 
where t is the time (h) for the period of storage. 
 
Surface melt 
 
The melting rate with respect to the surroundings can be regarded as a stationary problem, 
with respect to the variations in air temperature (Näslund, 2010). The time derivative and the 
thermal storage capacity of the insulating material drops out and the heat transport from the 
surroundings, Qsurface (W) is thus reduced to 
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𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗  𝜆𝜆𝑖𝑖
𝑑𝑑

 (∆𝑇𝑇𝑠𝑠),    (6) 
 
where Asurface is the surface area (m2) of the pile of snow, λi is the coefficient of thermal 
conductivity for the insulating material (W m-1 °C-1), d is the thickness of the insulating 
material (m) and ΔTs is the temperature difference (°C) between the air and the snow. 
Skogsberg (2001) estimated the coefficient of thermal conductivity for the insulating material 
to be the average value of the thermal conductivity for water and for the thermal conductivity 
of dry solid material, as the insulating material was assumed to be wet. The same estimation 
has been made in these calculations. The melt rate with respect to the surroundings, vsurface (m3 
s-1), can thus be calculated as 
 
𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
.     (7) 

 
The total melted volume due to surface melt, Vsurface (m3), is 
 
𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝑡𝑡.     (8) 
 
Rain melt 
 
The volume of snow which melts through rain, Vrain, can be calculated as 
 
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑃𝑃𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
,    (9) 

 
where P is the amount of precipitation (m), A is the total area of the pile (m2), ρwater is the 
density of water (kg m-3), cwater is the heat capacity of the water (J kg-1 °C-1) and Tsurroundings is 
the air temperature (°C) (Näslund, 2010).  
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5. Results 

5.1 Sawdust and bark as insulating material 
The volumes of the piles of snow stored in Arjeplog, including the approximately 70 m3 of 
bark and 60 m3 of sawdust are shown in Table 3 and illustrated in Figure 10. Due to technical 
problems with the instrument during the time for the second measurement, no data was 
achieved for the pile covered with sawdust. 
 
Table 3 Snow storage experiment in Arjeplog, Sweden, in 2013 using sawdust and bark as 
insulating materials. The presented volumes include insulating material. 
Date Pile 1: covered with 

bark 
Pile 2: covered with 
sawdust 

Pile 3: Uncovered pile 

 Total 
volume 
[m3] 

Total 
snow melt 
[%] 

Total 
volume 
[m3] 

Total snow 
melt [%] 

Total 
volume 
[m3] 

Total snow 
melt [%] 

April 15 290 m3  234 m3  190 m3  
May 27 278 m3 2 -  0 100 
October 8 136 m3 70 104 m3 75 0  
 

 
Figure 10 Volume of piles 1-3, covered with bark, sawdust and uncovered respectively. 
 
Pile 1 did not significantly change in volume between the first measurement in mid-April and 
the second measurement in the end of May, as shown in Figure 9. At the time for the last 
measurement, 8th of October, 154 m3 of snow had melted in pile 1, which corresponds to 70%. 
In pile 2 the melted volume was 130 m3, corresponding to 75%. The pile of snow without 
insulation melted away during the first month of storage. 
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5.2 Melt rate of snow piles of different surface area 
The volumes of the piles with different surface area are shown in Table 4. The ground surface 
area in the end of the storage period, the relation between the ground surface area and the total 
volume and the total snow melt in percent are also given. 
 
Table 4 Snow storage in Arjeplog and Piteå in 2013. Volume of the piles and relation between 
the ground surface area and the total volume. 
 Volume,  

April, 15 [m3] 
Volume, 
October 8, 
[m3] 

Ground 
surface area, 
October 8, 
[m2]  

Ground 
surface area / 
Total volume 

Total snow 
melt [%] 

Pile 4 1590  614 803 1.3 61 
Pile 5 3409 2406 1284 0.5 29 
 
The relation between the ground surface area and the total volume was much larger for pile 1 
than for pile 2, as shown in Table 4. As can be noticed in Figure 5, pile 4 was very widespread 
with a low height and correspondingly a large ground surface area and a large upper surface 
area. About 1000 m3 of snow melted in both piles which correspond to a snow melt of 61% 
for pile 4 and 29% for pile 5.  
 

5.3 Theoretical calculations of melting rate 
The different parts of the total melt rate were calculated according to the Equations (5), (8) 
and (9), using the values given in Table 5. The air temperature, i.e. the temperature of the 
surroundings was calculated as the average temperature during the period of snow storage. 
The temperature difference, ΔTg, between the ground surface and a distance of 2 m into the 
ground was estimated to +2°C. Tabulated values of thermal conductivity for the ground, 
λground, are between 0.15–2 Wm-1K-1 (Sundberg, 1988). In these calculations the value was 
estimated to 1 Wm-1K-1. Depending on the degree of compaction, the thermal conductivity for 
sawdust, λsawdust, is between 0.08–0.14 Wm-1K-1 (Mörstedt and Hellsten, 1999). The value 
used in the calculations was 0.1 Wm-1K-1. The value of the thermal conductivity for bark 
varies in different literature. The value used for the calculations was 0.074 Wm-1K-1 
(Bridgwater, 2008). The temperature of the snow was assumed to be 0°C. The precipitation 
during the period of storage was calculated based on data from SMHI (Swedish 
Meteorological and Hydrological Institute). 

The area of the piles were calculated according to the approximate dimensions of the 
piles, i.e. base diameter 12 m, top diameter 6 m and height 3 m. The density of the snow was 
estimated to 650 kg m-3 (Viklander, 1994). 
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Table 5 Values of properties used to calculate the snow melt for test piles stored in Arjeplog 
during the summer in 2013. 
Quantity Value 
Tsnow 0°C 
Tsurroundings 11.9°C 
ρsnow 650 kg m-3 
ρwater 1000 kg m-3 
Lsnow 92.8 J kg-1 K-1 
cwater 1.16 J kg-1 K-1 
λsawdust 0.1 W m-1 K-1 
λbark 0.074 W m-1 K-1 
λwater 0.58 W m-1 K-1  
λground 1 W m-1 K-1 
ΔTg 2°C 
ΔTs 11.9°C 
l 2 m 
P 316 mm  
 
The results from the calculations of snow melt from the ground, rain and surface are given in 
Table 6. The calculated total melted volume for pile 1 was 127 m3 and the total melted 
volume for the pile 2 was 146 m3. The reduction of the areas of the piles with time has not 
been taken into account in the calculations, which should lead to overestimated calculated 
values. 
 
Table 6 Results from theoretical calculations and measured values of melt rate for pile 1 and 
pile 2. 
 Pile 1: covered with bark Pile 2: covered with sawdust 
Ground melt, vground 8 m3 6% of VTOT 8 m3 5% of VTOT 
Surface melt, vsurface 100 m3 79% of VTOT 119 m3 82% of VTOT 
Rain melt, vrain 19 m3 15% of VTOT 19 m3 13% of VTOT 
Total calculated snow 
melt,  
VTOT 

127 m3  146 m3 
 

Total snow melt in 
percent based on 
calculated values: 

 64%  73% 

Measured volume of 
melted snow, Vmeasured 

154 m3  130 m3  

Total snow melt in 
percent based on 
measured values: 

 70%  75% 

 
As seen in Table 6, the surface melt was 79% and 82% for pile 1 and 2, respectively. 
Corresponding values due to ground melt was 6% and 5% for pile 1 and 2. The calculated 
amount that melted due to rain was 15% for pile 1 and 13% for pile 2. Rain and ground melt 
was found to contribute to less than 20% of the total natural melt when a 30 000 m3 pile of 
snow in Sundsvall, Sweden was covered with a 0.2 m thick layer of wood chips (Skogsberg 
and Nordell, 2001). The size and of the piles in this study were substantially smaller though 
and the geometry different than for the pile in Sundsvall, but there is still a good agreement 
between the results. 
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6. Discussion 
The results showed that the total measured snow melt in percent was slightly larger, 75%, for 
pile 2 covered with sawdust, compared to 70% for pile 1 covered with bark as shown in Table 
6. The initial volumes of snow in Pile 1 and Pile 2 were approximately 220m3 and 174m3 
respectively. 

The calculated values of the snow melt for the pile 1 and pile 2, correspond well to the 
actual measured melted volumes of snow melt, although the area reduction was not taken into 
consideration in the calculations. The results indicate that the melt rate can be estimated with 
theoretical calculations, if the geometry of the pile is known and relevant data for climate and 
material properties are used. By calculating the snow melt, it is possible to estimate the 
efficiency of different insulating materials and also the thickness required to sufficiently 
insulate the snow from melting. This gives an opportunity to make economic optimizations 
based on the amount of snow that melts and additional costs for insulation and placement. 
As observed during the study of melt rate for pile 4 and pile 5, a bigger ratio between ground 
surface area and total volume results in a larger melt rate. It has been observed for instance in 
Östersund, that piles of snow with a larger volume loose in percentage less snow than piles 
with a smaller volume. The same trend was observed in Figure 4, where the initial volumes 
versus snow melt in percent for the piles in this study are shown. The reason for this can be 
related to the surface melt rate. We assume that the heat and mass transfer through the surface 
is proportional to the surface area. For simplicity this fact is illustrated by modeling a pile of 
snow as a half sphere with radius r, the volume, Vr, of the pile will be 
 
𝑉𝑉𝑟𝑟 =  2𝜋𝜋𝜋𝜋

3

3
,      (10) 

 
and the surface area, Sr 
 
𝑆𝑆𝑟𝑟 =  2𝜋𝜋𝜋𝜋2.      (11) 
 
If also a half sphere with radius, r/2 is modeled, the volume of this pile will be 
 
𝑉𝑉𝑟𝑟
2

=  2𝜋𝜋𝜋𝜋
3

3∗8
=  𝑉𝑉𝑟𝑟

8
,     (12) 

 
and the surface area 
 
𝑆𝑆𝑟𝑟
2 =  2𝜋𝜋𝜋𝜋

2

4
=  𝑆𝑆𝑟𝑟

4
.     (13) 

 
According to Equation 12, eight half spheres of radius r/2 is required in order to get the same 
volume as one half sphere with radius r. The total surface area of eight half spheres of radius 
r/2 is according to Equation 13 twice as large as the surface area of a half sphere with radius 
r. This means that it is advantageous to store snow in one large pile rather than in several 
smaller piles. Of course, any other modeling of the pile (e.g. chopped cones etc.) could have 
been used as well, with a similar clear theoretical explanation of this fact. A minimized 
surface area implies steeper sides of a cone which should be kept in mind when designing the 
snow storage. The insulating material may fall off if it is placed on a pile with too steep sides. 

Yet another reason for the greater percentage of snow melt for pile 4 might be that this 
pile consisted of natural snow, which is known to be less weather resistant than machine made 
snow (ICEHOTEL, 2011). This fact is however not investigated. Storing natural snow is 
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recommended for future studies, as well as the difference in quality of stored natural snow 
compared to stored machine-made snow after the period of storage. 

Hedlund (2016) and others have reported a considerable reduction of the volume of the 
piles occurring in the summer when the relative humidity increases to above 70-80%. The 
volume reduction between the first and the second measurement of pile 1 was negligible, as 
seen in Table 3, which also proves that the melt rate increases during the latter part of the 
summer. An increase in air humidity impairs the evaporation in the insulating layer. 
Skogsberg and Lundberg (2005) found that the evaporative cooling effect had a significant 
influence on the melt rate which is supported in this study. A porous material in humid air 
with constant relative humidity and constant temperature will eventually reach its hygroscopic 
equilibrium moisture content (Skogsberg, 2005). Increasing hygroscopic moisture content is 
called absorption, whereas decreasing is called desorption. Sorption isotherms for cutter 
shavings with a dry density of 90 kg m-3 based on spruce with a dry density of 430 kg m-3 are 
shown in Figure 11. The moisture content, w, is shown as a function of relative air humidity, 
RH. The moisture content during absorption is denoted wabs (kg m-3) and the moisture content 
during desorption is denoted wdes (kg m-3). The moisture content increases rapidly as the 
relative humidity exceed approximately 85-90%. An increase in relative humidity is hence a 
reason to increased melt rate. 

 

 
Figure 11 Sorption isotherms for cutter shavings with dry density 90 kg m-3 based on Swedish 
spruce with dry density 430 kg m-3 (after Hedenblad, 1993 and Skogsberg, 2005). 
 
An insulating layer without or with poor evaporation will thus lead to a substantially 
increased melt rate. It is thus advantageous to choose a thermal insulating material with good 
evaporation properties. 

The decay rate of insulating materials is mentioned in previous sections and explains 
why the material is replaced after a certain time. The exact decay rate of different commonly 
used insulating materials has not been studied but is suggested to be investigated in future 
studies. The moisture in porous materials is transferred as vapor and as water. In an insulated 
snow depot most of the melt water is transported downwards through the snow, but some of it 
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is transported upwards through the insulating layer due to capillary forces and evaporation. 
The rate at which moisture is transferred in the insulating layer is denoted, 𝑚̇𝑚, and can be 
calculated using Fick’s law and is in one dimension written as the product of a transfer 
coefficient and a potential gradient (∇v, ∇w, ∇p, ∇T) (Hedenblad, 1996, Skogsberg, 2005). 
The moisture transfer due to evaporation in the insulating layer can thus be written as: 
 
𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  −𝛿𝛿𝑣𝑣𝑣𝑣𝑣𝑣∇𝑣𝑣 =  − 𝐷𝐷

𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝
 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 ,    (14) 

 
where , 𝑚̇𝑚diff is the diffusive vapor flow rate (kg m-2 s-1), δvap is the vapor permeability 
coefficient (m2 s-1), ∇v is the vapor content gradient (g m-3 m-1), D is the vapor diffusivity in 
air (m2 s-1), µpor is the resistance coefficient, dv the vapor content difference (g m-3) and dx the 
distance over which the vapor content difference occurs (m). The rate at which moisture is 
transferred in the insulating layer will decrease with time and with capillary height, resulting 
in an increased melt rate of the snow. A wet porous material being drained will attain a new 
moisture gradient through the material, called the passive capillary moisture content, where 
both total moisture content and capillary height are greater than before soaking (Nevander and 
Elmarsson, 1994). The capillary moisture transfer rate, 𝑚̇𝑚cap  
(kg m-2) can according to Skogsberg (2005) be written as: 
 
𝑚̇𝑚𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐴𝐴

2√𝑡𝑡
 ,      (15) 

 
where A is the water sorption coefficient (kg m-2 s-1/2) and t is the time the material has been 
in contact with water. The coefficient A decreases towards zero with time. The decay rate with 
time with respect to the capillary moisture transfer is shown in Figure 12, showing that the 
capillary moisture flow has been reduced to about half the initial value after approximately 
two years. 

The factors influencing the decay rate of the insulating material should be taken into 
account in order to insulate the snow sufficiently. Adding some new material or increasing the 
layer thickness might be alternatives to replacing all the insulating material. 
 
Calculations of heat capacity for different insulating materials, λins, were done according to a 
method described in Andersland and Ladanyi (2004). The thermal resistance, R (m2 K W-1) 
was then calculated as the the ratio between the thickness of the insulating layer, d (m), and 
the thermal conductivity, λins (W m-1K-1), i.e. 
 
𝑅𝑅 =  𝑑𝑑

𝜆𝜆𝑖𝑖𝑖𝑖𝑖𝑖
 .      (16) 

 
The thermal conductivity is not very sensitive to the porosity if the degree of water 

saturation is high. However, the thickness of the insulating layer is of high importance for the 
melt rate. The mouldering of bark results in a decreased porosity and hence a reduced 
thickness of the insulating layer. Moreover, a reduced porosity impair the evaporation which 
in turn will lead to poorer cooling of the pile. 
Assuming a unit volume of insulating material, V consisting of the sum of volume of solid 
particles, Vs and the volume of the pores, Vp, then the relation between the total volume and 
the porosity, n, is: 
 
𝑉𝑉 = 𝑉𝑉𝑠𝑠 +  𝑉𝑉𝑃𝑃 =   𝑉𝑉𝑠𝑠  � 1

1−𝑛𝑛
�.    (17) 
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Figure 12 Moisture flow into a porous material in contact with water. 

 
The volume of the insulating layer decreases linearly with decreasing void ratio. The porosity 
for saw dust and bark has not been investigated, but low mouldered peat has a porosity 
between 0.91-0.96, intermediate peat has a porosity in the range 0.89-0.94 and high 
mouldered peat has values in the range 0.88-0.93, according to Vesterberg et al. (2016). A 
similar trend is expected for bark and sawdust. 
The thermal resistance as a function of porosity, n, is shown in Figure 13. The thermal 
resistance decreases with decreasing porosity. The porosity decreases as a consequence of 
aging and mouldering which thus lead to deteriorating insulating properties. 
 

 
Figure 13 Thermal insulance as a function of porosity for an insulating layer. 
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To create an optimal snow depot, the most important is to minimize the surface melt 
rate, since this constitutes the largest part of the total melt rate. The geometry should be 
designed to minimize the surface area. Cost and properties of different insulating material 
should be taken into consideration. Depending on the local conditions different alternatives 
may be preferred. Skogsberg and Lundberg (2005) conclude that enough thermal insulation 
only is a matter of layer thickness. Thus, an insulating layer with poor porosity can be 
compensated by increasing the thickness instead. The snow storage should be placed at a 
location which is protected from wind and solar radiation, with good drainage. It has been 
observed that snow in large snow depots has turned into ice near the ground surface (Hedlund, 
2016). This might be a result of poor drainage but also because of too large compressive stress 
due to the total load, which causes the bondings between snow grains to collapse and the 
density to increase. Therefore, there might be an upper limit for the recommended height of a 
pile, which should be further investigated in future studies. 

The efficiency of different thermal insulating materials need to be further investigated, 
both when it comes to natural materials and fabricated materials. Fabricated materials can be 
new types of textiles, which both serve as insulation on the snow but also enable evaporation 
to minimize the snow melt. Moreover, the long-term profitability should be taken into 
account. Materials with a decay rate needs to be replaced after some years whereas others 
have a longer life time. In addition, some materials are more environmentally harmful than 
others. The decay rate of different insulating materials is further a field of research for future 
investigations. 
 

7. Conclusions 
The research findings reported in this paper are that: 
 

• Natural materials such as bark and different types of cutter shavings are efficient 
thermal insulating materials on snow depots, if the layer thickness is large enough. 

• The surface melt constitute the most significant part, around 80%, of the total snow 
melt in an insulated snow depot. Thus, the surface area should be minimized. 

• The modeling and theoretical calculations presented in this paper give a good basis for 
estimating the melt rate and meted volume of stored snow. 

• Higher relative humidity and higher moisture content in the insulating layer will 
increase the melt rate of stored snow. 

• The thermal resistance will decrease with time when sawdust and bark are used as 
insulating materials. This is due to due to aging and mouldering, which imply a 
decreased porosity. 

• Decreased evaporation implies increased melt rate. 
• Theoretical calculations with chopped cones showed that approximately 80% of the 

total melted volume was due to surface melt, 15% was due to rain melt and 5% was 
due to ground melt. 
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