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Foreword

Snow sports remain very popular. As well as classic skiing on slopes in tradi-
tional winter sports destinations like the Alps, new and often fun alternatives
are now available in snow parks. Meanwhile, populous countries in Asia are
discovering the potential of skiing as a recreational sport. All these develop-
ments are imposing increasingly stringent requirements on snow preparation.
At the same time, climate change is presenting additional challenges for man-
agers of slopes and cross-country ski trails.

This new edition of Slope Preparation and Grooming: A Handbook for Prac-
titioners takes account of the rapid developments in snow sports from both a
scientific and practical point of view. The book starts with an in-depth summary
of the relevant scientific principles, written in readily understandable language
so that readers can learn all about the processes taking place in snow. Subse-
quent more detailed chapters and sections deal with specific topics, including
snowmaking, snow farming, measurement technology, and climate change.
The book not only provides information for professionals in slope preparation
and snow and ski management to consult, but is also a straightforward and
highly readable guide for interested non-specialists that can be used for train-
ing and teaching purposes.

The text, drawn up in close collaboration between scientists and practition-
ers, was designed to be of practical use. At the same time, it is meant to help
reconcile ecological standards and economic constraints. The efficient use of
energy and other resources is crucial in a world where resources are limited
and waste is no longer acceptable. Dealing efficiently with snow as a resource
is not just economically beneficial for ski resorts: it can also help to make snow
sports safer and can play a vital role in protecting the environment.

So I would like to offer profuse thanks to all the authors and other, unnamed
contributors who selflessly allowed their material, know-how, and experience
to be used for this book. Many employees at the Swiss Federal Institute for
Forest, Snow and Landscape Research (WSL), and in particular at the WSL
Institute for Snow and Avalanche Research (SLF), and numerous snow sports
enthusiasts in Switzerland and abroad deserve credit for this updated edition
of the handbook. Applying the latest scientific findings in this handbook for
practitioners is a prime example of the work done by SLF Davos.

Michael Lehning
Former Head of the Snow and Permafrost
Research Unit
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Introduction

The book Preparation and Maintenance of Pistes was first published in
2002. Shortly afterwards, it was translated into various languages, and
since then has been used in many institutions and associations worldwide
as a textbook and basic training manual on slope preparation and groom-
ing.

Our prime reason for completely reworking the first edition was the rapid
practical progress made for example in snowmaking, the construction of
increasingly diverse snow parks, or the use of satellite snow-depth measure-
ments during slope preparation. In addition, more and more research in
recent years has been devoted to topics relevant to skiing facilities. Exam-
ples include the physics of snow farming, the preparation of race tracks,
and the issue of water loss in snowmaking.

Last, but not least, increasingly strict quality requirements and the ex-
panding range of snow sports on offer have created a need for sound, up-
to-date sources of information, particularly since climatic conditions are
becoming increasingly unfavorable for snow sports and making snow an
increasingly expensive resource in ski resorts. This is making it more and
more important to handle snow the right way as a building material. The
book focuses on the sustainable management of snow as a resource while
presenting international state-of-the-art knowledge on the subject.

This new edition contains a completely new introductory chapter on
snow as a material, making snow's physical processes and resulting prop-
erties understandable even to non-specialist readers. For the first time,
current snowmaking technologies are contrasted and new knowledge with
practical applications is summarized in a readily comprehensible way. The
core chapter Ski Slope Preparation and Grooming has been restructured to
make it clearer, and some interesting data have been added. During the
2017 Alpine World Ski Championships, race track preparation as a whole
and the watering of ski slopes in particular were analyzed. The results are
described in the chapter Race Track Preparation and Grooming. The chapter
Snow Park Construction, Maintenance, and Management has been up-
dated with help from experts with practical experience. A new chapter,
Snow Management, covers methods of managing snow, research results
on future snow reliability in the Alps, and practical information on conduct-
ing snow farming projects. The book then ends with the chapter Measure-
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ment Methods and Tools, which describes both established and new tools
for practitioners who work with snow every day.

We hope readers enjoy the book and wish them every success in their
daily work with the captivating medium that snow is.

The team of authors



1 Snow as a Material

Snow comes in many different forms. The biggest differences in the prop-
erties of snow become apparent to anyone working with it. For example,
fresh new snow is best removed using a blower, whereas a chainsaw is
required to clear snow from a take-off on a ski racing track. These material
properties vary tremendously due to the snow's wide-ranging porosity,
its proximity to the melting point, and markedly different degrees of
sintering, as explained below.

1.1 Basic Structural Characteristics
1.1.1 Snow Density

At temperatures below 0°C, snow consists of an ice framework with air-
filled pores. When snow starts melting at 0°C, liquid water is also pres-
ent. The weight of snow is determined solely by the mass of ice and liquid
water. The mass of the air in pores can be ignored. But pores do have a
decisive impact on the density, i.e. the mass per unit volume of snow.

. mass [kg]
density = —————
Y= olume [m7]

The bigger the pore space, the lower the snow's solid mass content and
therefore the lower the snow density. Porosity is the measure of snow's
pore content. Since pores in dry snow are only filled with air, porosity is
also called air content. The snow's remaining volume consists of its ice
structure, or ice content. So the density of dry snow depends directly on
its porosity and ice content. If snow is wet, that water content increases
its density (see Section 1.1.3).

In practice, density is important because it significantly impacts many
other physical properties of snow, such as thermal conductivity (see Sec-
tion 1.2.2) and hardness (see Section 1.4).

Snow is a porous material made of ice, but because its porosity varies
considerably, snow is classed as a material in its own right. In materials

13
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pore volume [m?3]

=
POTOSIY = tal volume [m7]

ice volume [m?3]

ice content = 1 — porosity

total volume [m?3]

science, snow with a density of up to approximately 250 kg/m3 would be
referred to as foam; anything with a higher density would be classified as
porous material. In snow and avalanche science, the term snow only applies
to densities up to 550 kg/ms3. For densities between 550 and 830 kg/ms3,
the material is described as firn, and above 830 kg/m3 as ice (Fig. 1.2).

The mechanical processing and compression of snow severs the con-
nections in its ice framework, making it briefly behave like a granular ma-
terial whose grains are pressed tightly together. This reduces the pore
space, and the ice content reaches a maximum of 60% (550 kg/m3) (SCHLEEF
2014). This density is reached on a heavily compacted regular ski run.
Higher snow densities only result from exposure to very high pressure (far
higher than that applied by snowcats) or the addition of water, which is an
easier, more efficient compaction method. This reduces pore spaces and
enlarges the bonds between grains (see Section 1.3.2).

Fig. 1.1: Three-dimensional (3D) image of
typical round-grained snow with a density of
248 kg/m3 and a porosity of 0.73, equivalent
to a 73% air content. So one cubic meter
of this snow consists of 0.73 m3 of air and
0.27 m3 of ice, weighing 248 kg. The gray
3D structures represent the ice framework,
consisting of coalesced (sintered) monocrys-
talline ice interspersed with airfilled pores.
The ice framework and pores are both con-
tiguous.
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Porous ice’ Firn Old snow New snow
915-830 kg/m3 830-550 kg/m3 550-250 kg/m3 250-50 kg/m3

784 kg/m3

577 kg/m3

424 kg/m3

104 kg/m3

805 kg/m?3

Downbhill run,
Lake Louise, CAN
2010/2011

Downhill run,
Beaver Creek,
USA, 2010/2011

Downbhill run,
Are, SWE
2010/2011

Downbhill run,
Lake Louise, CAN
2011/2012

Natural snow,
Weissfluhjoch,
CHE, 2016

Fig. 1.2: Density-based classification of snow, firn, and ice, with examples of on-piste and
natural snow. The mean densities of snow samples were determined using computed to-
mography (with an image field measuring 26.4 mm x 8.2 mm, or 6.4 mm for natural snow).
The density of the snow samples from Lake Louise varies significantly across their height
range (912-672 kg/m?3 and 294-517 kg/m3).

1.1.2 Snow Structure

The conventional method for examining the structure of snow, using a
magnifying glass, breaks up the sintered snow structure to assess and
describe the size and shape of its grains2. This simple description usually
says little about the physical properties of the snow. Measuring the spe-
cific surface area3 (SSA) yields a better description. The SSA expresses

1 Pore-free ice has a density of 917 kg/m? at 0°C. At lower temperatures this density increases

slightly.

2 Since the ice framework is broken up in the course of conventional examination, the cohesion
of the snow crystals or strength of the bonds between grains can no longer be ascertained.

3 The size of a material's surface area is very important because physical processes such as
heat transfer directly depend on it (see Section 1.3).

15
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the ratio of a body's surface area to its volume and is affected by both the
size and shape of the grain. Thus, a sphere has a smaller SSA than a cuboid
(of the same volume) and a small sphere has a larger SSA than a large
sphere.

New snow/Decompos-
ing and fragmented
precipitation particles
0.2-5 mm

69 mm-!

90 kg/m3

/(DF)

Old snow, small,
rounded grains
<0.25 mm

25.5 mm-!

184 kg/m3

¢ (RGsr)

Old snow, large,
rounded grains
> 0.256 mm

11.9 mm-!

265 kg/m3

* (RGlIr)

Old snow, faceted
crystals

1-3 mm

9.4 mm-!

278 kg/m3

O (FC)

Fig. 1.3: Continues on page 17.
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Old snow, depth hoar
1-5 mm

11.3 mm-'

234 kg/m3

A (DH)

Machine-made snow
0.1-1 mm

15.0 mm-?

394 kg/m3

o (M)

Fig. 1.3: Examples of the microstructure of various snow types based on microscopic im-
ages (image field 4.3 x 3.2 mm) and computed tomograms, indicating the typical grain size
range for the snow type, the SSA and density measured, and the symbol and abbreviation
according to the International Classification for Seasonal Snow on the Ground (FiErz 2009).
In reality, the boundaries between snow types are fluid.

2
SSA = surface area [m?)

volume [m?]

This means that, when describing snow structure, even highly complex
shapes, such as those occurring in new snow and depth hoar, can be pre-
cisely measured and thus also distinguished. Figure 1.3 clearly shows that
although a precipitation particle may be roughly the same size as a depth-
hoar crystal, the former's dendritic shape gives it a much larger specific
surface area.

The geometry of the snow crystals interlinked in the ice framework is
called the snow microstructure and is closely linked to the SSA: the
coarser the structures of the ice framework, the smaller the SSA.

It is important to emphasize the considerable influence of the micro-
structure on the physical properties of snow and the processes taking
place inside it. For example, bonds between grains in snow with a large
SSA, i.e. small rounded grains, grow much faster than large grained snow
with sharing the same density (see Section 1.3.2).

17
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Tab. 1.1: The nine main grain shapes.

Name Abbreviation Symbol
precipitation particles PP +
decomposing and fragmented particles DF /
rounded grains RG o
faceted crystals FC O
depth hoar DH A
surface hoar SH Vv
melt forms MF (@)
ice formations IF u
machine-made snow MM ©

1.1.3 Snow Wetness

Snow wetness describes the liquid water content (LWC) in a specific
volume of snow. Liquid water can only be present when the snow reaches
its melting point temperature, i.e. 0°C. So whenever the snow's temper
ature is below 0°C, its wetness will be 0 %.

3
LWC [%] = water volume [m?3] 100
total volume [m?3]

When snow melts, the small grains dissolve first, but the water is retained,
capillary forces binding it to curvatures in the ice framework. If the liquid
water content exceeds 3-6 % of the total snow volume, the water starts
flowing through the snowpack. Exactly when this starts to happen very
much depends on the snow's structural characteristics (density, SSA). The
denser and smaller the structures of the ice framework, the more water
can be retained. If water flows away, it forms drainage channels which
concentrate and accelerate the run-off, resulting in an uneven distribution
of water in the snowpack.

The volumetric liquid water content of snow rarely exceeds 15%. Snow
containing a higher proportion of liquid water has already turned into slush.
Measuring the dielectric constant* of snow (DENOTH 1989) is one way of
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determining snow wetness. The more ice and water in the snow, the
higher its dielectric constant. If the snow's ice content® is known, its liquid
water content can be calculated from the measured dielectric constant.
An easier method for estimating the liquid water content in snow is the
snowball test (Tab. 1.2).

Tab. 1.2: Snowball test to estimate snow wetness according to FIERz (2009). Snow's wet-
ness is indirectly derived from its temperature, the cohesion between the snow crystals
when compressed, and the visibility of the water in the snow.

Snow Wetness Snowball test LWC [%]

dry 1 Tsnow <= 0°C 0%
Snowball hard to form, disintegrates when lightly
pressed together

moist 2 Tsnow = 0°C 0-3%
Snowball sticks together when lightly compressed
wet 3 Tspow =0°C 3-8%

Snowhball turns grayish when subjected to firm
(fingertip) pressure owing to water accumulation, but
the water cannot be pressed out

very wet 4 Tsnow = 0°C 8-15%
Water can be pressed out of the snowball
soaked 5  Tgnow = 0°C >15%

The snow is saturated with water; slush

4 The dielectric constant (or electric permittivity), a frequency-dependent material property
that indicates the transmittance of a material as a function of electric fields, should not
be confused with electrical conductivity.

5 The ice content of dry snow can be determined by taking a simple density measurement.
Measuring the density of wet snow helps to estimate its ice content with a view to
calculating its liquid water content.
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1.2 Thermal Properties
1.2.1 Snow Temperature

Snow and ice only exist on the ground in the high-temperature range. A
high-temperature material is one in which the current temperature is above
60 % of its melting point. On the Kelvin absolute temperature scale, the
melting temperature of ice is 273.15 K (0°C). For any substance, the ratio
of its current temperature to its melting point indicates how “hot” the
material is. This is referred to as its homologous temperature.

actual temperature [K]

homologous temperature = -
& P melting temperature [K]

The homologous temperature reveals that snow is still very “hot’ even at
a temperature of —20°C (253.15 K), comparable to aluminum at around
600°C (Thomologous = 0.93). Snow's state in the high-temperature range
determines many of its typical characteristics. For example, it means that
relatively small differences in snow temperature significantly change the
material's behavior (Fig. 1.4).

<-1°C >-1°C 0°C

Fig. 1.4: Temperature-dependent material behavior of snow. In a concrete tumbler experiment,
STEINKOGLER (2015) showed that minor temperature differences are decisive for determining
whether snow remains powdery, forms clumps, or becomes a viscous mass. In experiment
b), the snow was already moist by the end of the experiment.
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1.2.2 Thermal Conductivity

To equalize any temperature differences in a material, a heat transfer will

take place, always conducting heat from its warmer to its cooler area. The

quantity of heat “flowing” through the material over a certain time period
depends on two factors:

— thermal conductivity is a material property that indicates how much
heat passes through 1 m of material at a temperature difference of 1°C.
It depends on the composition and state of the material (temperature,
state of aggregation). Solids and liquids have significantly higher thermal
conductivity than gases.

— the temperature gradient (VT) is the relationship between a temper-
ature difference and the distance away from the locations where the
temperature difference occurs, e.g. different heights in a snowpack
(Fig. 1.5).

The higher the temperature gradient and thermal conductivity, the higher
the heat flow in the material. The thermal conductivity of snow crucially
depends on the size of the ice, air, and liquid water content. Since ice
conducts heat a hundred times better than air, loose new snow's high air
content gives it very low thermal conductivity. This makes it a good thermal
insulator that protects soil and vegetation from frost by preventing
geothermal heat from being transmitted to the snow surface and released
into the atmosphere. The higher the snow's density, and therefore its ice
content, the higher its thermal conductivity (Fig. 1.6).

h [m]
Temperature profile 4
-10
-— 0.9
Pr=25°C/m g __ o7
_ temperature difference [°C] PT=6.7°C/m .
VT = : . Snow v 404
height difference [m] 3
VT=7.6°C/m
1 0
Ground T[°C] -10 -5

Fig. 1.5: Temperature gradient in the snowpack.
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/

/

//

0.75

Thermal conductivity [W/(mK)]

0
100 200 300 400 500 600
Density [kg/m?®]
mm Riche and Schneebeli 2013 mm Calonne 2011

Fig. 1.6: Impact of snow density on thermal conductivity according to RiCHE and SCHNEE-
BELI (2013) and CALONNE (2011). As well as density, other properties (e.g. temperature,
microstructure) affect snow's thermal conductivity, which explains the different curves in
the figure.

Tab. 1.3: Thermal conductivity of various materials according to STURM (1997), among others.

Material Thermal conductivity [W/(mK)]
Air (at 0°C) 0.02

New snow (100 kg/m3) ca 0.05

Piste snow (500 kg/m3) ca 0.6

Ice (at 0°C) 2.21

Water (at 0°C) 0.56

Concrete ca 0.8-2.1

Steel ca 15-58
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Most of the heat transferred in snow passes through its ice framework.
Around 50 % of the heat in new snow is conducted through its ice frame-
work. In piste snow this figure is higher than 90 %. The rest is conducted
through pore air. In new snow, heat transfer via water vapor transport only
plays a role at high temperature gradients. Heat transfers between the
ambient air and the snow surface are described in Chapter 2.

Temperature gradients not only boost heat conduction, but also result in
different concentrations of water vapor in the snowpack, thus also trigger
ing further processes in the snow (see Section 1.3).

Heat input
100 %

Heat transfer through
the ice framework
50 to 90 %

Heat transfer in
the pore system
10 to 50 %

(-]
Heat conduction

O Water vapor transport

Snow grains

Fig. 1.7: Mechanism for heat conduction in the snowpack.
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1.3 Processes in Snow
1.3.1 Phase Transitions

A change in a material's state of aggregation® is called a phase transi-
tion or phase transformation. The transitions between water, ice, and water
vapor, and the various properties of these three material states are of de-
cisive importance to the processes taking place in snow.

At each phase transition, the material absorbs or releases energy in the
form of heat. This energy is called latent heat and is expressed per kilogram
of transformed material (Fig.1.8). Heat that changes the temperature of a
material rather than causing a phase transformation is referred to as specific
heat?. Very high quantities of energy are absorbed or released during phase
transitions. For example, freezing 1 kg of water takes the same quantity of
energy as required to cool 1 kg of ice from 0°C to —160°C.

Heat is extracted from
the environment R Water vapor

Heat is released into
the environment

Freezing
+ 334 kJ/kg Ice
——

Melting

Fig. 1.8: States of aggregation of water and the energy required for or released during the
phase transition.

6 There are three states of aggregation: solid, liquid, and gas.

7 The heat required to raise the temperature of 1 kg of material by 1°C.
For ice, this is 2.1 kJ/(kgK) at 0°C; for water, it is 4.18 kJ/(kgK). This property is also
referred to as specific heat capacity.
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A balance is always sought between the individual phases. When water
and air are in a closed container, the water evaporates until the air is satu-
rated, meaning it cannot absorb any more water molecules. This is called
saturation vapor pressure and primarily depends on the air's tempera-
ture, but also on its pressure. Directly above the surface of water there is
constant saturation vapor pressure (E,,). The same happens when ice and
air are kept enclosed in a container at a constant temperature. Water mol-
ecules sublime from the ice into the air until it is saturated.

Because the bonds between ice molecules are stronger than those
between water molecules, there is always a lower vapor pressure (E) over
ice than over water. This means that E,, > E;, particularly when the temper-
ature is below 0°C, so water vapor migrates continuously in a mixture
of water, ice, and air (Fig. 1.9 b). Vapor pressure depends on both the state
of aggregation and temperature (Fig. 1.9 d) and the geometric shape of the
ice crystals:

— on convex surfaces (curved outwardly), the bonds between molecules
are weaker than in flat surfaces

— on concave surfaces (curved inwardly) molecules are bonded more
strongly to the crystal lattice than in a flat surface

As a result, vapor pressure is higher over convex surfaces than flat sur
faces and higher over flat surfaces than concave surfaces (Fig. 1.9 a). Since
small particles have a higher curvature, vapor pressure increases as their
size decreases (Fig.1.9 c). Likewise, large particles have a lower vapor
pressure. Therefore, processes in snow that depend on water vapor trans-
port become less effective as the specific surface area (SSA) decreases (i.e.
grain size increases)s.

Consequently, differences in saturation vapor pressure are always
the driving forces of mass transport in snow, leading to local differences
in the concentration of water vapor in pore air. This phenomenon, referred
to as the vapor pressure gradient, causes water vapor in the snow to
migrate from areas with a higher concentration to areas with a lower

8 For this reason, coarse-grained spring snow is often rightly described as “dead” in colloquial
speech. Hardly any mass transport takes place in this type of snow, and this also
prevents sintering and consolidation (see Sections 1.3.2 and 1.4).
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concentration. As a result, water vapor sublimates on one surface and is
deposited on another. The greater the vapor pressure gradient, the more
intensive the process.

a Water vapor transport
[ E— I, >

Flat
Convex i Concave
ice surface
b Water vapor transport
Water Ice
© Water vapor transport

Small Ice crystal Large
< W,
ater vapor transport
@ i — @
Ice Ice

Fig. 1.9: The four rules of water vapor transport in snow. a) From left to right:
the drop in water vapor pressure depending on the curvature of the surface.

b) Water vapor transport from water to ice. ¢c) Water vapor transport from small
to large ice crystals. d) Water vapor transport from warm to cold ice crystals.
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1.3.2 Sintering

If we saw out and carefully lift up a block of snow, it immediately becomes
clear that snow is not a granular material made up of individual grains.
Unlike in a material like sand, in snow bonds quickly develop between
individual crystals. This coalescence of individual grains to form a porous
material is called sintering. If the block of snow is dropped, some of the
bonds between the crystal grains are broken, causing the snow to briefly
behave like a granular material again. It has been shown that bonds in
snow form within milliseconds. This is important for the mechanical behav-
ior of very rounded grains in particular (Szaso 2007).

There are two types of sintering: liquid sintering when the snow
contains water, and dry sintering when it consists of just ice and water
vapor, with no liquid water present.

1.3.2.1 Dry Sintering

At temperatures below 0°C, sintering occurs through the transport of
water vapor. Differences in vapor pressure resulting from different-sized
snow structures or temperature gradients cause water molecules to sub-
lime from the ice framework and deposit elsewhere. Sintering through
vapor transport gives rise to more substantial bonding and coarser
structures (grains and pores) but does not compact the snow. Bonds
between grains grow very quickly at first, but ever more slowly as time
passes.

Fig. 1.10: Formation and expansion of bonds between ice crystals during the sintering
process (after Kurowa 1975).
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Unlike the technical sintering of plastics or metals, the sintering of snow
takes place on the surface without any increase in pressure or tempera-
ture. This is a direct consequence of snow's high homologous temperature
(close to its melting point) and of water's high vapor pressure. However,
environmental conditions and the state of the snow greatly affect the
sintering process:

the greater the diversity in particle size, i.e. the broader the distribution
of grain sizes, the better snow sinters, as smaller particles can embed
themselves between larger ones. This creates more contact points that
can coalesce.

smaller grains dissolve more quickly. Their mass serves to form bonds
elsewhere. So the coarser the snow structure, i.e. the smaller the SSA,
the slower the sintering process. As small particles dissolve, grain size
distribution gradually diminishes.

the greater the vapor pressure gradient in the snow, the quicker the
sintering process. If there is no temperature gradient in the snowpack,
vapor pressure differences are caused by different-sized snow structures
(grains) and are therefore relatively small.

the colder the snow, the less vapor sublimates from the ice framework
into the pore air. Less mass is then transported, slowing the sintering
process.

significantly more mass is transported when there is a temperature
gradient in the snowpack (Fig.1.11 b). The sintering process is
accelerated and strong bonds develop much faster, provided that the
snow has a high density, as is the case on piste. However, high tem-
perature gradients can make the structure of low-density snow con-
siderably coarser and weaker.

Van Herwijnen's model (2013) provides rough indications of when piste
snow has reached sufficient strength® through sintering after preparation.
Unfortunately, there are hardly any data from field measurements to verify
(Fig. 1.12) and improve the model.

9 The strength of a material is how much force it can absorb before it breaks (see Section 1.4).
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Fig. 1.11: a) Redistribution of ice during dry sintering. When there is no temperature gradient,
mainly ice from small grains is transported to the bonds. b) When there is a temperature
gradient, considerably more ice is redistributed per time unit, making the bonds grow much

more quickly.
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Fig. 1.12: Impact of time and grain size on dry sintering and the resulting increase in snow
strength (after vaN HERWIINEN 2013).
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1.3.2.2 Liquid Sintering

Snow starts to melt when its temperature reaches 0°C. But if it contains
water and there are differently sized snow structures, this causes minor
local disparities in the ice framework's melting temperature’®, similar to
the vapor pressure differences associated with dry sintering. Parts of the
ice framework with higher melting temperatures increasingly start melt-
ing, while in parts with lower melting temperatures additional water
freezes. Under certain circumstances, this can cause the bonds between
grains to grow and become stronger. This is referred to as liquid-phase
sintering. Like sintering in the vapor phase, this also invariably makes
snow structures coarser. Small structures dissolve at the expense of

7 N\

Without temperature gradient With temperature gradient

B Velting [ Freezing B Wwater B Heat flow

Fig. 1.13: Liquid sintering when the liquid water content is a) low and b) high, and when c)
energy released on the snow surface results in freezing. When the liquid water content is
low, water freezes at grain boundaries, strengthening the bonds. But when it is high, the

bonds between grains melt. If heat can be released into the environment, all the water in
the snow freezes, giving rise to very strong bonds between the grains.

10 Differences in melting temperature are caused by the high capillary pressure when the
liquid water content is low and by the different curvatures of grain surfaces and bonds.
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larger ones. For liquid sintering, however, no mass has to be transported.
Since heat is conducted in snow, the heat released when freezing occurs
causes the ice framework to melt elsewhere, prompting a swift redistribu-
tion of the ice (ARMSTRONG 2008).

The bonds between grains are only strengthened if the snow's liquid
water content is not too high. The water retained by capillary forces freezes
at the grain boundaries, at the expense of ice structures not coming into
contact with water (Fig. 1.13 a). But if the snow is saturated with water, the
opposite happens: the bonds between grains weaken so ice melts there,
and water only freezes on the surfaces of coarser structures (Fig. 1.13 b).

Weather conditions determine whether snow melts and how much water
it contains (see Chapter 2). Consequently, liquid sintering on ski slopes
primarily depends on melting and subsequent freezing due to fluctuations
in temperature and radiation throughout the day. The large temperature
gradient resulting from the cooling of the snowpack overnight has a greater
impact than small temperature differences in the ice framework. As a re-
sult, smaller structures no longer melt. Instead, water begins to freeze
throughout the pore space (Fig. 1.13 c). This increases snow density and
gives rise to very strong bonds between the crystals.

1.3.3 Settlement

Snow compacts and becomes deformed under its own weight. This
process is called settlement. Settlement leads to the natural consolida-
tion of snow layers through both compaction and improved sintering con-
ditions.

The colder and denser snow is, the less quickly it settles. Settlement is
generally a very slow process in which the ice framework becomes plas-
tically deformed without the bonds breaking (see Section 1.4). The process
is therefore largely irrelevant in slope preparation. Snow can only be com-
pacted quickly by breaking the ice framework and compressing the snow.
Only the subsequent sintering process gives the snow the required
strength.
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1.3.4 Snow Metamorphism

As mentioned in previous sections (see Tab. 1.1), and as readers surely
know from personal experience, snow grains come in different shapes.The
section on sintering described how points of contact between ice crystals
grow into bonds, whereby material is redistributed in the snow's ice frame-
work. This not only changes the bonds between ice crystals: the entire
geometry of the ice framework is transformed.

The term snow metamorphism is used to describe changes in the size
and shape of snow structures. A distinction is drawn between three types
of snow metamorphism, depending on whether the focus is on the re-
sult, conditions, or causes:

— dry metamorphism:

e isothermal or destructive metamorphism

e temperature-gradient or constructive metamorphism
— wet metamorphism

® wet-snow or melt-freeze metamorphism

1.3.4.1 Dry Metamorphism

Like dry sintering, dry metamorphism occurs when snow contains no
liquid water. The processes that occur are the same as those that take
place during sintering. Differences in vapor pressure cause the continuous
redistribution of mass throughout the snow through sublimation and
deposition. At the same time, the snow also settles, and the compaction
and displacement of snow crystals in turn affect redistribution processes
in the ice framework. This prompts interactions between the sintering
and settlement processes.

Numerous laboratory experiments that studied isothermal' metamor-
phism, also known as equilibrium metamorphism, have shown that in the
absence of a temperature gradient precipitation particles decompose from
a dendritic shape to a coarser, rounder shape (BADER 1939). If there is no

" An isothermal snowpack has no temperature differences, i.e. no temperature gradient. In
nature, this usually only occurs when snow melts, i.e. when the snowpack has a temper-
ature of 0°C.
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temperature gradient, the vapor pressure difference between convex and
concave surfaces, the driving force behind snow metamorphism, very
quickly diminishes. Isothermal metamorphism is always a slow process. At
low temperatures in particular, no change is visible in the snow's structure
even after several days (Fig. 1.14).

Isothermal metamorphism plays a negligible role in natural snow, as dry,
isothermal snowpacks hardly ever occur. In actual fact, there are always
small temperature gradients, which are enough to trigger considerable
water vapor transport. These small temperature disparities are now con-
sidered to also be the main drivers of equilibrium metamorphism?2. This
was demonstrated in experiments with temperature gradients of only
5 K/m, which proved sufficient to completely recrystallize snow within

Week 5 Week 0

Week 11

Fig. 1.14: Isothermal snow metamorphism at different temperatures.
The depicted cubes have an edge length of 2 mm (after KAempFer 2007).

12 As a result, the term isothermal metamorphism no longer really applies.
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20 days (KaAeEmPFER 2007). Equilibrium metamorphism was even observed
in experiments with large temperature gradients (90 K/m) that changed
direction depending on diurnal variations (SCHNEEBELI 2015).

It used to be assumed that kinetic metamorphism occurred at temper-
ature gradients of more than 10 K/m. This process turns small, rounded
grains into large, faceted crystals and, in extreme cases, depth hoar
(Fig. 1.15). This weakens the snow as there are fewer bonds per unit
volume (see Section 1.4).

It is now known that the cup-shaped crystals characteristic of depth
hoar only form when water vapor has the clearest possible path through
the snow's pores and therefore flows evenly towards the deposition loca-
tion over a lengthy period (PiNzer 2012). The larger the snow's air pores, the
clearer the phenomenon, which also explains the formation of large,
faceted ice crystals on the walls of freezers. The large space (compared to
the air in snow pores) enables the water vapor to move around completely
freely and always deposit at the same place. The higher the snow density,
the smaller the pores. Kinetic metamorphism therefore hardly ever takes
place on well-compacted ski slopes.

Fig. 1.15: Snow metamorphism with a temperature gradient of 50 K/m during the first 72
hours (top) and the last 6 days of a 27-day experiment, using computed tomography (after
PiNzER 2012).
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1.3.4.2 Wet Metamorphism

The processes involved in wet metamorphism are liquid sintering and
successive melting and freezing due to weather conditions (see
Section 1.3.2). If the snow contains liquid water, small structures (grains)
melt. The latent heat needed for melting to occur is extracted from the
environment, causing the deposition of a thin layer of ice on larger grains,
making them even coarser.

Wet snow metamorphism never produces faceted structures. Instead,
rounded structures usually develop and often bond to form clusters
(Fig. 1.16). This is driven by both liquid sintering and freezing that occurs
overnight or in cooler weather conditions. Snow farming (see Section 7.4)
is a good example of wet snow metamorphism that takes place without
melt-freeze cycles, but nevertheless makes snow structures coarser and
causes cluster formation.

Fig. 1.16: Typical clusters of rounded snow structures resulting from wet snow metamorphism
—images: Charles Fierz.

35



36

Slope Preparation and Grooming

1.4 Mechanical Properties

The mechanical properties of a material describe how it behaves when
subjected to a force. A material's rigidity indicates how much it deforms
under stress. Its strength is measured by determining how much force it
can absorb before it breaks’s.

How snow behaves under stress primarily depends on the structural
properties described above and on its temperature. For example, differ
ences in density explain why new fallen snow is far less pressure-resistant
than groomed snow. But even if two race tracks have snow of the same
density, its resistance can differ if there are any major disparities in temper-
ature or microstructure. Anyone seeking to gain a deeper understanding of
snow's interactions with machines, sports equipment, or people needs to
have a firm grasp of the material's mechanical properties.

Snow reacts differently depending on how quickly it is deformed. If the
process is slow, snow is plastically deformed and behaves similarly to a
viscous fluid (Fig.1.18 a). Glacier flow and snow settlement both result
from such deformations, whereby bonds in the ice framework remain
intact and compaction results in the formation of additional bonds. The

Mechanical
properties of snow

Liquid water

Density Temperature | Microstructure
content

Fig. 1.17: The most important factors influencing the mechanical properties of snow.

3 Whether a material breaks without significant deformation, like glass (brittle), or gradually
by means of severe plastic deformation, likea chocolate bar, depends on its fracture
toughness.
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colder the snow, the more viscous it is and the more slowly it deforms. This
slow process of viscous snow deformation has little relevance for slope
preparation.

When snow is quickly deformed'4, by a skier for example, it becomes
elastically brittle, deforming when subjected to stress, but quickly return-
ing to its original state once that stress has been removed. But if the stress
intensifies, bonds in the ice framework abruptly start breaking (brittle
behavior), and this deformation remains permanent (THEILE 2009).

Snow, particularly loose, new fallen snow, can also be compressed. Its
strength can be measured in terms of pressure, tension, and shear. Its
penetration resistance, or hardness, is heavily dependent on the four
strength components (Fig. 1.17). Even if snow is stressed in a specific
direction, the bonds in the heavily dendritic ice framework are nonethe-
less exposed to forces pulling in very different directions. Even when
simply under the burden of the ice framework's own weight, individual
bonds are subject to both pressure and tensile stress (Fig. 1.19 b). Ice is
far less resilient to tensile stress than to pressure. Consequently, elements
under tensile stress can break relatively quickly, causing snow failure.

Fig.1.18: a) Slow (viscous-plastic) deformation of snow slipping down a slide — photo: Jirg
Schweizer. b) Snow breaking due to elastic-brittle deformation at the start of an avalanche —
photo: Tom Feistel.

4 Elastic-brittle behavior predominates at deformation speeds in excess of roughly 1 mm/s
(Fukue 1979).
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Fig. 1.19: a) Types of stress exerted on snow. Snow can absorb extremely large forces under
pressure. It breaks most easily when subjected to shear forces. b) Numerical simulation

of the pressure (red) and tensile stress (blue) of a snow sample under tensile load. The ice
framework can break easily in areas where tensile stress is concentrated (circled) (after

HAGENMULLER 2013).

1.4.1 Factors Influencing Mechanical Properties

1.4.1.1 Snow Temperature

The colder the snow, the harder it is (Fig. 1.20). So snow at low tem-
peratures is difficult to prepare because it is hard and not easily deformed.
The closer it is to its melting point, the more readily it deforms. Tempera-
ture is a very important factor for determining compressive strength, which
doubles between —1°C and —20°C. Consequently, the mechanical energy
required to work the snowpack can rise sharply at low temperatures.



Snow as a Material

40
35

30

25
20

15
10

Strength [MPal]

5

-50 -40 -30 -20 -10 0
Temperature [°C]

I Compressive strength I Tensile strength

Fig. 1.20: Impact of temperature on ice strength (after PETRoviC 2003).

1.4.1.2 Structural Properties (Density, Microstructure, and Snow Wetness)

In most cases, the denser the snow, the stronger it is (Fig. 1.21). How-
ever, density values need to be treated with caution. For example, depth
hoar comprising faceted crystals can reach a density of around 300 kg/m3
but be of very low strength.

Snow with fine, rounded grains is generally harder than snow with large,
stellar, or faceted grains. To attain maximum hardness, snow must have a
wide range of grain sizes and those grains need to be as rounded as
possible. This gives the snow smaller and fewer pores, and means it con-
tains less air, increasing its density and facilitating bond formation.

Bonds are the key parameter for determining snow hardness. The
more bonds there are per volume of snow, and the greater their diameter,
the harder the snow will be (Fig. 1.23). Small, rounded structures have far
more bonds per unit volume than large, faceted structures like depth hoar
(Fig. 1.22). Bonds in depth hoar are usually larger than those between
small, rounded structures, but there are far fewer of them. Furthermore,
the distance between individual elements is much greater, so there is a far
bigger “lever effect” per bond (ProkscH 2016).
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Fig.1.21: Impact of density on snow's shear strength (after SHAPIRO 1997). Increasing
snow's density from 200 to 400 kg/m3 makes it 50 times as strong, whereas an increase
from 600 to 800 kg/m3 merely doubles its strength.

a Surface area = 16 m R? b Surface area = 4 11 (2R)2= 16 11 R?
Number of connections = 24 Number of connections = 4

Fig. 1.22: Representation of how the number of bonds per cross-sectional area significantly
decreases if the snow structure is coarser (b).
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If snow wetness is less than 5 %, capillary forces and the formation of
new bonds boost cohesion, particularly in snow with rounded grains (see
Section 1.3.2). When snow's liquid water content is higher, the bonds be-
tween its grains gradually begin to melt, quickly and significantly reducing
its strength. Above a liquid water content of roughly 15 %, snow loses all
its cohesion and strength, turning into corn snow or slush. If weather con-
ditions cause the water in the snow to refreeze, its strength increases
sharply. On the one hand, the water mainly freezes at the bonds between
grains, making them stronger than before the snow melted. But on the
other hand, the melt-freeze cycle also compacts the snow, through settle-
ment and the filling of pore spaces.

Since wet snow always has a temperature of 0°C, it is never as strong
as comparable, equally dense, dry snow, whose temperature is always
below 0°C (Fig. 1.20).
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Fig. 1.23: Impact of the number of bonds per unit volume on snow's pressure resistance
(FAuve 1997).



42

Slope Preparation and Grooming

Tab. 1.4: Impact of the snow's properties on its deformability and strength. Strength is in-
versely proportional to deformability: if deformability is high, strength is low, and vice versa.

Snow's deformability is...

Parameter

low variable high
Density high medium low
Grain shape rounded rounded and faceted face::(;/vazgok:léllow
Grain size small medium large
Bonds many some few
Temperature cold rising or falling warm
Snow Wetness dry wet soaked
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1.5 Formation of Natural Snow
1.5.1 Atmospheric Conditions Required for the Formation of Snow

There are three basic requirements for the formation of snow:
— sufficient air humidity

— air temperature below 0°C

— freezing nuclei, which trigger ice crystal formation

Air always contains some water vapor, referred to as air humidity. The
amount of humidity is temperature-dependent. The warmer the air, the
more water vapor it can absorb (see Chap. 2, Tab. 2.1). Clouds start to
form when a mass of air is saturated with water vapor (=100 % relative
humidity).

The excess water vapor forms minute water droplets on condensation
nuclei’s. These water droplets are first supercooled, without freezing. Ice
crystals only form in clouds at temperatures of less than —12°C. Below
-35°C, ice crystals predominate. But ice crystal formation depends on the
number and type of freezing nuclei, as well as on temperature. If there are
no freezing nuclei, pure water only freezes at around -40°C. The nuclea-
tion temperature of the freezing nuclei most commonly occurring in clouds
is around —12°C.

1.5.2 Precipitation Particles
Snow crystal formation in the atmosphere begins in clouds containing

supercooled water droplets, water vapor, and minute ice crystals. There
are two types of snow crystal formation:

15 Condensation nuclei may be particles of any chemical composition that are small and
light enough to float in the air (e.g. particles from combustion processes, like soot).
Not all particles qualify as freezing nuclei (usually silicates, e.g. desert dust). Whereas
all freezing nuclei can also act as condensation nuclei, the reverse does not apply
(PRUPPACHER 2010).
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— crystal growth through deposition: supercooled water droplets and
small, warmer ice crystals that release water vapor molecules, being
subjected to higher vapor pressure. These molecules are deposited on
a larger, colder ice crystal (Fig. 1.24 a).

— crystal growth through the freezing of water droplets: when super-
cooled water droplets freeze upon coming into contact with an ice
crystal. This creates heavily rimed snow crystals and irregularly shaped
graupel (Fig. 1.24 b).

Individual snow crystals usually start out as hexagonal shapes, though
their subsequent form depends on the air's temperature and water vapor
supersaturation'® (Fig.1.25). Column-shaped crystals usually form at air
temperatures between —-4°C and —-10°C, plates and dendrites between
—10°C and -22°C as well as close to 0°C. Below —22 °C plates and column
form depending on the supersaturation.

a Wiater droplets b
-10°C
Ice crystal \q— — O o
Vi Ice crystal
» Supercooled
VA o _ -7 water droplets
N (e} o%
Direction | w s
of fall | 5 ° o O
o Ice crystal o

-10°C

<4 b 4
/ 7
{ _»O Direction of fall
O’ Water molecules
in vapor state
Water droplets
-10°C

Fig. 1.24: Crystal growth. a) through deposition. b) through the freezing of water droplets.

16 Supersaturation is said to occur when the air contains more water vapor than in a
saturated equilibrium state. Under normal conditions, excess vapor condenses on con-
densation nuclei and forms water droplets to establish an equilibrium. Supersaturation
occurs when there are too few condensation nuclei.
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Fig.1.25: Formation of different snow crystals depending on air temperature and super-
saturation — adapted from LiBBRECHT (2005) and FURUKAWA (1997). A detailed description of the
various shapes that solid precipitation takes can be found in the International Classification for
Seasonal Snow on the Ground (FiErz 2009).

1.5.3 Deposition of New Fallen Snow

When snow falls, some crystals bind together to form snowflakes before
being deposited on the ground. Because it takes time for enough heat to
transfer from the air to the snowflakes to melt them, snow can pass
through layers of air above 0°C without melting completely'. As a result,
on average the snowfall level (snowline) is 200 to 400 m below the zero-
degree line. Below the snowline, precipitation contains more than 50 %
liquid water in the form of rain.

17 There can be a number of reasons for this (HACHLER 2002).
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Fig. 1.26: Impact of air temperature on the density of new fallen snow (after PomeROY 1995).

When snow crystals collide or hit the ground, their tips break off. So the
mechanical metamorphism of snow already begins in the air. As snow
falls, wind intensifies this process.

The density of new fallen snow is heavily dependent on air tempera-
ture. The warmer the air, the denser the snow deposited on the ground will
be (Fig. 1.26).

1.5.4 Man-Made Nature-ldentical Snow

Snow crystal formation in clouds can be recreated in a cold chamber using
straightforward apparatus (Fig. 1.27). The Japanese scientist H. Nakamura
was the first to describe this simple working principle in 1978: cold air is
blown over a water basin, saturating it with water vapor, and then trans-
ferred to a colder chamber. As the saturated air cools, it becomes super
saturated, forcing the air to release moisture. The excess moisture is de-
posited as a solid on stretched nylon wires. In other words, ice crystals
form directly from the water's vapor phase, which very closely approxi-
mates the natural snow crystal formation in clouds.

As snow crystals move freely in clouds, they usually form symmetrical
hexagonal shapes. If, as with the SLF SnowMaker, static nylon wires are



Snow as a Material

Fig.1.27: a) SLF SnowMaker with b) snow crystals deposited on nylon wires
— photos: Mallaun Photography.

used as the freezing nuclei to grow snow crystals, the resulting struc-
tures usually grow downward, tending to form individual crystal branches.
Nevertheless, the physical properties of such man-made nature-identical
snow are very similar to those of natural snow. Moreover, by adjusting the
air's supersaturation level and temperature, various crystal types can be
grown, similar to those shown in Fig. 1.25 (SCHLEEF 2014).

Nature-identical snow is mainly produced for research purposes. Despite
low productivity and the low density of the resulting material, further
devices designed to make snow for use on slopes are currently under
development (BREILING 2016; ENZENHOFER 2016).
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1.6 Machine-Made Snow18

As climate change progresses, snow reliability in the Alps (see Section 7.6)
will continue to deteriorate (ABEGG 2013). If enough water is available,
intensive use of modern snowmaking equipment will enable many ski
resorts to maintain sufficient levels of snow during the second half of the
21st century. Technical snowmaking will thus become even more important
in the years to come. The main goals of technical snowmaking are:

— guaranteeing skiing throughout the winter season, with the focus on
ensuring that the season starts on time and securing business over
the important Christmas period.

— making sure that slopes are open for all activities, including downhill
skiing, connecting routes, snow parks, and other snow attractions and
events (e.g. igloos, toboggan runs, World Cup cross-country skiing).

— eliminating danger zones (e.g. replenishing snow where slopes are
crossed by streams, covering over stones or patches of grass, etc.).

1.6.1 Properties of Snowmakers (Snow Guns)

The goal of snowmaking is to turn as much water as possible into good
snow while consuming the least quantity of energy. Production must
remain possible even in critical ambient conditions in the marginal temper
ature range'®. Consequently, the most important properties to bear in mind
when comparing snowmakers are their productivity, energy efficiency, and
the quality of the snow they produce.

8 The term machine-made snow is preferred to the colloquial term artificial snow, because
snowmaking generally uses no artificial additives.

9 When making snow, the term marginal temperature range refers to wet-bulb temper
atures (see below) of between -2 °C and -4 °C. Snowmaking can just begin at these
temperatures.
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1.6.1.1 Snow Quality?0

In practice, snow quality is a common parameter used when setting auto-
matic snow guns, corresponding in this context to snow wetness (LWC).
If low snow quality is selected, more water is sprayed at a given wet-bulb
temperature (WBT)?2', producing wetter snow. Free water that fills pore
spaces and is subsequently frozen leads to the formation of more ice and
larger grains. This makes it more difficult to create a homogeneous, grippy
regular ski run. If there is only a small quantity of free water, which accu-
mulates at the grain boundaries, there is less ice formation and grain
growth, so snow quality remains acceptable. \Water present only inside
frozen ice balls does not lower snow quality. Therefore, high-quality ma-
chine-made snow requires the lowest possible liquid water content
(LWC), and small, rounded shapes to accelerate the sintering process
and thereby quickly increase snow strength.

1.6.1.2 Productivity
The productivity of a snow gun indicates the volume of snow produced per

machine hour, depending on the water input. The snow-water ratio (SWR)
shows the relationship between productivity and water flow?22,

20 As with wetness, snow quality is graded along a five-point scale ranging from very good
(LWC = 0), to good (<3%), acceptable (3-8%), low (8-15%), and insufficient (>15%).
Quality can be assessed using the snowball test (see Section 1.1.3). Unfortunately, most
manufacturers provide no information on how they determine their snow quality scales
and the underlying snow wetness.

The air's WBT indicates the lowest temperature a falling water droplet can reach. Snow
can only be made using nozzle technology if droplets can quickly cool to around -1°C. If
the relative humidity is 100%, the WBT is the same as the air temperature. At lower air
humidity, the WBT is lower than the air temperature (see Table 1.31). Lower air pressure
reduces the WBT at low air humidity (10%) to around 1°C.

22 This is also referred to as the snow-water factor.

2
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volume of snow — loss [m?]
time [h]

productivity =

The SWR specifies how much snow can be produced from the quantity of

water used. It depends on the following factors:

— environmental conditions and water temperature: in the marginal
temperature range and at high water temperatures, the water flow, and
thus productivity, needs to be significantly reduced, and even then, not
all water droplets will freeze completely. Wet snow accumulates more
densely on the ground. So the same water flow will produce less, but
heavier, snow and lower the snow-water ratio. Moreover, ambient
conditions also affect water loss.

— snowmaker properties: within the marginal temperature range, the
snow-water ratio thus depends on how well the snow gun uses the
existing cold to turn as much of the sprayed water into ice as possible.
The factors that determine this are the type of water nozzle and air jet
used, their configuration, and the snow gun's automatic control settings.
At very low temperatures, depending on the machine used, the maxi-
mum flow rate will limit the output, producing dry snow while the
snow-water ratio remains relatively constant.

— losses: in a snowmaking context, mass loss is the term used when
snow is not deposited at the desired location, i.e. on the slope (Fig. 1.28).
Various factors can cause this to happen:

* wind losses: above all, small droplets or small, frozen ice beads are
blown away from the target area

e evaporation and sublimation: when cooling and freezing as they fall,
water droplets and ice beads lose some of their mass. Small droplets
incur higher losses because they are in the air for longer and have a
larger specific surface area. Lower relative humidity and higher
ambient temperatures also cause more such losses.

e drainage: drops that are not frozen when they hit the ground, seep
into it or drain away. If there is already snow on the ground, its bot-
tom layer will be compacted while its volume remains the same. If
snow compaction is not the aim, this is practically synonymous with
mass loss.
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The latest studies indicate major differences in losses. Field studies
conducted on snow lances at the WSL Institute for Snow and Avalanche
Research (SLF) revealed losses of between 12 and 38 %. A further study
by the University of Grenoble Alpes showed losses of between 10 and
50% (SPANDRE 2017). Losses have a major impact on productivity and the
snow-water ratio, and should therefore always be taken into account when
planning how much snow to produce.

Figure 1.29 illustrates how the snow-water ratio depends on losses and
snow density. Low snow-water ratios typically occur within the marginal
temperature range, when only wet, very dense snow can be produced. In
practice, a snow-water ratio2 higher than 2.2 m3 of snow per cubic meter
of water never occurs. For this would require optimal conditions in which
losses remained low (<10 %) and dry snow with a density of less than
400 kg/m3 could be produced.

23 The highest snow-water ratios can only be reached at a far lower snow density, e.g. as
with nature-identical man-made snow. However, this type of snow still has to be heavily
compacted, like new fallen snow. The quantity of snow effectively available for slope
preparation is thus much lower than the produced volume of snow would suggest.
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Fig. 1.28: lllustration of how loss and snow density affect the snow-water ratio. In theory,

1 m3 of water and a density of 400 kg/m3 produces 2.5 m3 of snow. But in reality there are
always some losses. If the loss is 20%, 2 m3 of snow remains. The snow-water ratio is 2 in
this case.
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Fig. 1.29: Impact on the snow-water ratio of losses during snowmaking and of the density
of the machine-made snow.
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1.6.1.3 Energy Efficiency

The energy efficiency of a snow gun indicates how much energy needs to
be used to produce a certain quantity of snow and is defined in this book
as the energy-to-snow ratio (ESR)?4.

Power consumption and productivity determine a snow gun's energy
efficiency. Especially in the marginal temperature range, when productivity
is low and power consumption is high, and for propellerdriven snow guns
in particular, it takes a lot of energy to produce just a small quantity of snow
(Fig. 1.30).

Field studies and surveys in Sweden indicated an average energy
efficiency?5 of 4.3 kWh/m3, with the extreme values lying between 0.6
and 14 kWh/m3 (RoGstam and DAHLBERG 2011). In the marginal temperature
range, the energy efficiency of non-weatherdependent snowmakers is
even markedly worse than that of fan guns and snow lances using nozzle
technology (Tab. 1.5).

) power [kW] energy [kWh]
energy-snow ratio = — =
productivity [m¥/h]  volume of snow — loss [m7]

24 The energy terms depending on the snowmaker (propeller engine, compressor to provide
pressurized air, heating to prevent icing up) are also taken into account, as is the energy
required to create water pressure of 50 bar (efficiency level of 0.6), corresponding to a
pumping height of 500 m. The energy required to cool the water is not taken into account.

25 Excludes consideration of pump capacity and water cooling.
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Energy-snow ratio [kwh/m?]
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Fig. 1.30: The energy-snow ratio of two snowmakers with high-flow-rate nozzle technology:
the DemacLenko Titan 2.0 fan gun and the Bachler SnoTek snow lance. As temperatures
fall, the flow rate increases and the snow produced becomes drier, lowering the ESR. The
calculation assumes a 15% loss and a limited flow rate in the marginal temperature range,
so that snow wetness does not exceed 15%.
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Fig. 1.31: Wet-bulb temperature at an ambient pressure of 0.9 bar (LIMACHER-LEHNER 2009).
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1.6.2 Snowmaking Technologies

All snowmaking technologies are designed to turn a certain quantity of

water into ice and disperse it in typical snow grain sizes. When a certain

quantity of water is frozen, the same quantity of energy is released in the

form of heat, regardless of the technology used.

The various snowmaking technologies differ in terms of the technical solu-

tions they use to lower the water temperature to freezing point, initiate

crystallization, and dissipate the released heat. In addition, artificially pro-

duced ice particles differ in their size and shape, which determine how well

they bond (sintering) to form a porous ice framework (= snow). A distinc-

tion can be drawn between three basic principles in snowmaking:

— Nozzle technology: heat is released directly into the ambient air
(weatherdependent)

— Cooling technology: heat is released into the refrigeration circuit of a
cooling system (not weather-dependent)

— Cryogenics: heat is released directly into a specified refrigerant
(non-weather-dependent)

When using nozzle technology, a large part of the required energy can be
gained from the ambient air. However, electricity is also required to power

Fig.1.32: NESSy snow lance, Bachler Top Fig.1.33: T40 fan gun, TechnoAlpin (Italy) —
Track AG (Switzerland) — Davos (Switzerland).  Davos (Switzerland).
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Tab. 1.5: Comparison of the properties of various snowmakers.

Technology Manufacturer  Productivity26 Snow Energy efficiency
(version) type quality ESR

(refrigerant) (incl. pumping capacity)
Snow lance with Béachler 3.6t051 m3h  low- 1.3 to 0.5 kWh/m3
nozzle technology; SnoTek 550-400 kg/m3  very good

WBT =-3to-16°C

Fan gun Demaclenko 3.6t089 m3h  low— 8.4 to 1.4 kWh/m3
with nozzle technology; Titan 2.0 550-400 kg/m3  very good

WBT =-3t0-16°C

Refrigeration TechnoAlpin27 9.2 m3/h low 25 kWh/m3
(ammonia) SF220 at 450 kg/m3 (36 kWh/m3)
Refrigeration SnowGenz® 8.3 md/h low 31 kWh/m3
(ammonia) (40 kWh/m3)
Refrigeration IDM28 35.8 m3/h low 30 kWh/m3
(water) VIM 100GO  at 650 kg/m3 (40 kWh/m3)

the water and compressed air supply (pumps, compressors), any water
cooling systems?8, and heating to prevent any build-up of ice2%. Since
freezing expends the most energy, non-weatherdependent snow guns
consume far more energy (between 3 and 60 times as much) than those
using conventional nozzle technology (VAGLER 2016).

26 The upper limit is based on the manufacturer's specifications minus an assumed snow
loss of 15% (using nozzle technology). The lower limit is based on field measurements
taken at the SLF (Bachler, NESSy).

27 \With the specified power input, productivity, and snow density, only around 65%
of the water mass in the snow can be turned into ice. Therefore, in addition to the
manufacturer's specifications, another ESR value is provided in parentheses, these calcu-
lations being based on the assumption that at least
85% of the propelled water mass freezes (0.85 * productivity * density * 334 kJkg). This
would result in 15% snow wetness.

28 The energy required depends on the water flow through the cooling tower and is rela-
tively low, around 0.1 kWh/m3 of snow, because the water is cooled by the ambient air
(www.technoalpin.com/files/2013_cooltech_de_it_fr_en.pdf).

29 The NESSy ZeroE snow lance constitutes an exception, since it only consumes electric-
ity to pump its water supply.
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1.6.2.1 WeatherDependent Snowmaking (Nozzle Technology)3°

Fan guns and snow lances are the most common snowmakers. The ener-
gy-to-snow ratio of fan guns is some 3 to 11 times higher than that of snow
lances, because both the fans and air compressors of the former consume
power. That said, the droplets they produce are dispersed over a wider area
in the air, enabling them to freeze better. Accordingly, in perfect ambient
conditions, higher flow rates can be achieved, enabling more snow to be
produced. The largest fan guns are claimed to be capable of producing up
to 100 m3 of snow per hour. Recently, snow lances with very high flow
rates have also been launched on the market with a productivity of up to
60 m3/h. Snow lances are also cheaper to buy, not as noisy, and usually
require less maintenance. As they are taller, however, and the resulting
snow cloud moves more slowly, not being propeller driven, they are more
susceptible to wind. Snowmaking based on nozzle technology can be bro-
ken down into the following steps: atomization, ice nucleation, seeding,
cooling and solidification of the water droplets in the air, and solidification
and sintering on the ground (Fig. 1.34). Each of these steps is essential for
successful snowmaking.

Atomization: an array of water nozzles atomizes water under pressure
(around 12-60 bar), forming small droplets with a diameter of between 0.1
and 1 mm. The purpose of atomization is to give the water a large surface
area, as this increases energy and mass exchanges with the ambient air and
enables more water to freeze per unit of time. Having a small diameter
creates a large surface area (see Section1.1.2), though such atomization
also consumes more energy. Poor atomization, creating many large drop-
lets, reduces snow quality because the droplets fall to the ground more
quickly and fail to freeze completely, even when it is very cold. How effec-
tively a nozzle atomizes water is determined by the distribution of droplet
sizes in the spray. Optimal droplet size distribution depends on the ambient
conditions where the snowmaker is deployed. In cold, wind-exposed loca-
tions, somewhat larger droplets reduce wind and sublimation losses. But at

30 A distinction used to be made between high-pressure and low-pressure nozzle technol-
ogy (fan guns as opposed to snow lances). Yet since both systems now use water pres-
sure and compressed air, this categorization no longer makes sense.
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warm, wind-protected locations, smaller droplets improve snow quality and
productivity in the marginal temperature range. So optimal droplet size
always entails a compromise between snow loss and snow quality. Accord-
ing to calculations3?, the optimal droplet diameter is around 0.2 mm for the
marginal temperature range (where the wet-bulb temperature equals
roughly =2 °C) and 0.5 mm for wet-bulb temperatures of around —10°C.

| Seeding, ice nucleation

Ice particle

Nucleation nozzle

Water nozzle

Cooling of water
droplets

Seeding,
ice nucleation

Cooling of water

droplets

Fig. 1.34: The various stages of the snowmaking process using nozzle technology (LIMACH-
ER-LEHNER 2009).
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Higher relative velocities between droplets and the ambient air, and a
lower concentration of droplets in a large snow cloud also improve the
energy transfer from the droplets to the air and therefore a snowmaker’s
productivity. Higher water pressure, entailing higher discharge velocities,
and good nozzle distribution are needed to create larger snow clouds.

Cooling of water droplets: as soon as the main water spray exits the
nozzles, it starts to cool. Droplets are cooled when heat dissipates into the
ambient air through evaporation and convection32. As a result, that ambient
air is heated and saturated with liquid, and the droplets lose part of their
mass. Cooling is limited by the wet-bulb temperature and occurs very
rapidly. If the wet-bulb temperature exceeds the nucleation temperature,
snow cannot be made. It takes a droplet no more than a second to cool
from 8°C to around —-6°C33,

16

@ -e- Tyg= —4°C
© 141 e
g N -e- Tyg= -9°C
=124 » e Tug = —16°C
@© \ ,'
- 104 N - fall time
% 8 1 .‘,7’\\ —»
£ 6 - ¥ A SR 4 S}
= AR S o vl
é [ ] "/._: ———— o---""" [ 4
5} 2 1 f e =
-0 : : : : T T T
0 100 200 300 400 500 600 700 800

Droplet size [um]

Fig.1.35: A comparison of fall times and freezing times depending on droplet size and wet-
bulb temperature. If the freezing time is longer than the fall time, the droplets will not be
fully frozen by the time they reach the ground, making the resulting snow fairly wet.

33 Vproplet = 0.1 M/S; Dproplet = 0.2 mm; Tair = =5°C; relative humidity = 70%

31 When the fall height is 10 m. The calculations were based on a single-droplet model
(LIMACHER-LEHNER 2009).

32 Convective or turbulent heat transfers occur in flowing liquids or gases, with the respec-
tive substance's extensive motion playing a decisive role. By contrast, in non-flowing
substances heat can only be transferred via minute molecular movements (see Sec-
tion 1.2.2, Heat Conduction).
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Water can only freeze if it contains nucleation active particles (Fig. 1.36). If
these nuclei come into contact with water molecules in the liquid, they
catalyze their movement and thereby increase the likelihood of a few mol-
ecules arranging themselves in the necessary crystal structure, initiating
crystallization. The temperature at which water finally begins to freeze is
called the nucleation temperature, and it strongly depends on the type
and quantity of foreign substances in the water, which catalyze the crystal-
lization process. Experience shows that the nucleation temperature in
stream water is between -9 and -4°C. Commercial freezing nuclei like
Snomax34 that are injected into the water used for snowmaking raise the
nucleation temperature (-3.5 to -3°C). Ice itself has a particularly high
nucleation temperature (ca —0.5°C). Consequently, minute ice particles are
used as freezing nuclei in nozzle technology. Whether a water droplet has
been sufficiently cooled when it comes into contact with a freezing nu-
cleus depends on the wet-bulb temperature of the air and other factors,
particularly the water temperature.

Ice nucleation and inoculation (seeding): in addition to water nozzles,
there are so-called nucleator nozzles, which mix compressed air35 with
small quantities of water and atomize it. Small ice particles (measuring
around 0.1-50 pm) forming in and around the nozzle outlet are sprayed as
ice mist36. The ice particles in the compressed air act as freezing nuclei:
when they collide with water droplets in the spray, they initiate the freezing
process, provided that the water droplets have already cooled down to the
nucleation temperature. If the droplets are still too warm, the ice particles

34 Snomax® is made from the protein of dead bacteria (Pseudomonas syringae) and is used to
improve the productivity, quality, and efficiency of snowmaking. The Swiss Federal Office for
the Environment (FOEN) has classified it as harmless. However, some countries have pro-
hibited its use. The nucleation temperatures cited here are those listed by the manufacturer.
In the past, the use of air jets alone proved relatively unsuccessful at intensifying the cool-
ing of droplets expelled from the nozzle by expanding compressed air (the Joule-Thomson
effect).

36 Acceleration in the nucleation nozzle results in a marked decrease in pressure and a sharp
drop in temperature. This causes minute ice particles and water droplets to form and en-
trained water droplets to cool significantly and partially freeze. The use of pressure-compen-
sating nozzles upon expulsion, and collisions between pre-formed ice particles or foreign
nucleation particles and supercooled water droplets also foster ice nucleation.

3
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loose all their effect, as they begin to melt again. Successful seeding at a
high nucleation temperature causes the droplets to start crystallizing early.
This gives them more time to freeze as they fall, resulting in drier snow.

Solidification in the air: once a droplet has undergone nucleation, it
can begin solidifying (freezing). Droplets' solidification is analogous to cool-
ing. However, alongside a heat transfer through convection, it is sublima-
tion rather than evaporation that plays a role (Fig. 1.8). Unlike with cooling,
during the phase transformation the droplets' temperature remains at 0°C.
The inward growing ice layer steadily thickens, forming an insulating layer,
which increasingly slows down the solidification process. Droplets need a
certain fall time to freeze completely, depending on their size and on am-
bient conditions. If this time is too short, snow cannot be made because it
would be too wet. Atomization at the end of a snow lance takes place at a
height of around 10 m (Fig. 1.32). Fan guns have a built-in fan, which causes
droplets to travel 20 to 45 m before landing on the slope and thus increases
their fall time. Fan gun towers (Fig. 1.33) extend the freezing time by com-
bining drop height and throw distance.

Solidification and sintering on the ground: small fully and partly fro-
zen ice beads are deposited on the ground. They begin to sinter at their
contact points, forming a porous ice matrix similar to settled old snow with
small and rounded grains. Free water from broken, partially frozen ice
beads or still completely unfrozen liquid water droplets penetrates the
pore space, increasing the snow's density. If enough heat and mass is
transferred from the snow surface to the ambient air, the water in the
deposited snow can still freeze during the snowmaking process. This is
facilitated by low temperatures, and low air humidity, as well as wind, and
a large, variable deposition area (e.g. using continuously swiveling snow
guns). Otherwise, new falling snow will cover the existing snow surface
too quickly.
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Nucleation does not work

-

Wet-bulb temperature O

Nucleation temperature

Droplet surface temperature

Y

Time

A \W\ater _ Nucleation works

Water with
O ice layer Ice
e O O

Nucleation temperature

Wet-bulb temperature O

-

Time

Droplet surface temperature

Fig.1.36: How a droplet's temperature changes during snowmaking with and without
nucleation. Nucleation only works when droplets cool down sufficiently. As soon as freez-
ing begins, the temperature leaps to 0°C, as latent heat is released into the environment
(LIMACHER-LEHNER 2009).
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1.6.2.2 Non-WeatherDependent Snowmaking

Various refrigeration processes are used and sometimes combined for
non-weatherdependent snowmaking. So it is virtually impossible to clearly
distinguish separate processes. Three basic processes are described be-
low:

Refrigeration - flake ice machine: water is poured onto a cooled sur
face and freezes into compact ice. The surface can be cooled through di-
rect contact or via a separate coolant circuit. The ice is then completely or
partially separated from the surface and, if necessary, mechanically crushed
to create the desired grain size. Using water or heat to free the ice adds
water to the ice granules. A flake ice machine therefore initially produces
wet or dry ice granules that only transform into coarse-grained snow (sim-
ilar to spring snow) through sintering during storage (Fig. 1.37). Compared
to the ice beads made by nozzle technology, ice granules are much coarser,
resulting in poorer sintering and low snow strength.

Refrigeration — vacuum ice machine: water is atomized in a vacuum
(at a pressure of roughly 6.1 mbar). Under such low pressure, a large pro-
portion of the water evaporates, removing heat from it, while another part
freezes as a result. The vacuum thus helps to ensure that the water drop-

Fig. 1.37: Freshly produced ice granules from the TechnoAlpin SF220 (left) and the trans-
formed coarse grained snow after a few days (right) (from VAGLER 2016).
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lets can release enough heat to freeze. The heat to be dissipated during
freezing remains unchanged, however, at 334 kJ per kilogram of water,
even in the vacuum (Fig. 1.8). Small ice particles are then filtered out of the
ice-water mixture and discharged as wet ice granules. To maintain the
vacuum, water vapor is continuously discharged, repressurized, and con-
densed back into a liquid. Any heat generated during condensation must
be dissipated via a cooling circuit. The basic principle of transporting heat
energy by means of evaporation and condensation is widespread and is
used in most freezers (compression refrigeration machine).

Cryogenics — cryogenic cannon: a cryogenic liquid (e.g. liquid carbon
dioxide or nitrogen) is brought into direct contact with a water spray. The
vaporizing refrigerant, which is very cold and subjected to ambient pres-
sure, significantly cools the water spray and absorbs the heat generated
when the droplets freeze. This technique results in the refrigerant evapo-
rating into the environment and being lost, which makes it very costly. So
nowadays it is only used rarely, where only very little snow is needed.
Buying snow, e.g. for use in an indoor ski center, even if it has to be shipped
in from far away, is still cheaper than producing it using a cryogenic sys-
tems3’,

Snowmaking using nozzle technology in indoor ski centers: when
making snow in an indoor ski center, there is only a limited volume of air to
absorb the heat and water vapor when freezing water droplets. Conse-
quently, high-quality snow can only be made if productivity is very low
(around 1.25 m3/h; 0.15 I/s per snow gun; CLuLow 2006). The energy re-
quired to transform atomized water into machine-made snow is supplied
by the ski center's air-conditioning system. In the above example, this
consumes twice as much energy as the facility's normal operation (CLuLow
2006). Yet, since there is no wind and no evaporation loss, very small drop-
lets can be produced, which facilitates freezing and improves the quality of
the snow.

37 Example: Neuss indoor ski center (Germany): 1 m3 of snow, including shipping and trans-
port, costs between €100 and €350. By contrast, nitrogen costing more than €500/m3 is
required for cryogenic snowmaking.
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Fig. 1.38: TechnoAlpin SF220 (www.technoalpin.com).

Fig. 1.39: IDE Vacuum Ice Maker (VIM) 100 All Weather
Snowmaker (www.ide-tech.com).

Fig. 1.40: SnowTek, SnowGen, (from VAGLER 2016)
(www.allweathersnowmake.com).
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1.6.3 Properties of Machine-Made Snow

Because machine-made and natural snow are formed in very different
ways, their properties usually differ greatly. Natural snow is formed of
filigree, dendritic, hexagonal structures. Machine-made snow consists of
water droplets that freeze relatively quickly from the outside in to form ice
beads.

Machine-made snow only changes slowly once it has been produced
(grain growth), whereas natural snow undergoes very major changes. Due
to snow metamorphism (see Section 1.3.4), mechanical crushing, compac-
tion during slope preparation, natural compaction through settlement (see
Section 1.3.3), and snowmelt, dendritic precipitation particles are trans-
formed into small, rounded shapes similar to those found in machine-made
snow (SPANDRE 2017). Consequently, the differences between ma-
chine-made and natural snow are very large at first, but decrease signifi-
cantly over time (Fig. 1.41).

Fig. 1.41: Changes in grain size and shape in machine-made snow (top) and natural snow
(bottom) between February and May 2014 (MEeler 2012).
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Fig. 1.42: Comparison of the average snow densities of natural snow, prepared natural
snow, and machine-made snow.

By the end of the season, there are few differences between the proper
ties of slopes covered entirely in natural snow or in machine-made snow.
That said, there is a far greater covering on slopes covered in machine-made
snow, as becomes clear in the late stages of ablation.

1.6.3.1 Snow Density

The density of natural new fallen snow usually lies between 50 and
250 kg/ms3, averaging at around 100 kg/m3. Machine-made snow has a
density of between 350 and 550 kg/m3. If the snow produced is very wet
or soaked, its density can even exceed 600 kg/m3. Dry machine-made
snow has a density of around 400 kg/m3. Snow of this density meets the
requirements of a ski slope in two ways, being dense enough to withstand
use, while retaining sufficient volume to cover as much of the slope surface
as possible. Accordingly, machine-made snow does not need to be further
compressed during slope preparation (see Chapter 3). Freshly prepared
natural snow has a density of 350 kg/m3, which is even lower than that of
unprepared machine-made snow (see Chapter 3).

67



68

Slope Preparation and Grooming

1.6.3.2 Grain Size and Shape, and Specific Surface Area

Machine-made snow consists of small spherical grains (0.1 to T mm in
diameter), on which bulges are often visible as a result of the freezing pro-
cess (FIErz 2009). A pile of man-made snow will contain various grain
sizes, depending on the distribution of droplet sizes during atomization.
Relative to their mass, small droplets have greater air drag and therefore
fall more slowly. Being airborne for longer, the wind carries them further,
depositing them farther away from the snow gun. Larger droplets are
transported a shorter distance (Fig. 1.44). Faceted fragments and clusters
are an indication of wet machine-made snow that only froze when on the
ground (Fig. 1.43).

Fig. 1.43: Wet machine-made snow (LWC = 4.8%) with large clusters, frozen free water, and
faceted fragments.
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Sample taken 10 m away from the lance Sample taken 19 m away from the lance
Snow depth at sample location: 41 cm Snow depth at sample location: 14 cm

p = 408 kg/m3; SSA = 15.7 mm-! p = 398 kg/m3; SSA = 21.8 mm!

LWC = 0.2%; Tspow = 0°C; LWC = 0%, Tgnow = —8°C

Grain size ca 0.3-0.7 mm Grain size ca 0.2-0.4 mm

Fig. 1.44: Machine-made snow produced by a TechnoAlpin V3ee snow lance (flow = 1.1 I/s;
Twe = —6.5°C; Twater = 1.2°C; viving = 0.81 m/s). The snow quality is classified as good to very
good. There are clear differences between the diameters of ice balls deposited close to
(left) and far away from (right) the lance.
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1.6.3.3 Snow Wetness

Freshly produced snow very often still contains liquid water, both inside
its ice beads and between its grains, the latter being due to broken ice balls
and droplets that never froze at all. The liquid water content of ma-
chine-made snow depends on the snow gun settings, meteorological con-
ditions, and water temperature (see Section 1.6.1). Wetter snow also has
a higher density38. This density is generally higher near the snow gun,
where larger ice balls land before being fully frozen, and where the most
snow is deposited, since it does not freeze as well there as elsewhere.

If machine-made snow has a wetness exceeding 5 %, there is a risk that
the slope surface will become very icy as compression by a snowcat forces
water towards the surface. Moreover, additional water is released if grains
of machine-made snow break up during the preparation process, before

14

10 /i—-"é\ 29 cm

Snow wetness LWC [vol. %]
()]
w

2 13 cm

0 2 4 6 8 10 12 14 16 18
Distance from the lance [m]
Fig. 1.45: Distribution of wetness in the deposition area of a snow pile immediately after

production. The lowest wetness level was measured 15 m away from the snow gun. At
approximately the same depth but just 5 m away, the snow is far wetter.

38 Yet the reverse does not apply: highly dense machine-made snow will not necessarily
be wet, because the liquid water it contained may have frozen since the snow was
produced. In this case, high density indicates that the snow was wet when produced.
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Snow depth [m]

10 25 4.0 55 70
Number of days after artificial snow production

Liquid water content [vol. %]
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Fig. 1.46: Decreasing wetness of a snow pile during storage
(Tairstorage = —6.6°C). Snow is produced at a rate of 150 I/min at Tyg = -9.7°C,
TWater = —4.4°C, Vwind = 0.9 m/s.

they are fully frozen. For this reason, wetness should be reduced to under
2 % before machine-made snow is spread and processed. This can take
between a few hours and several days, depending on meteorological con-
ditions, the quantity of new snow, and its initial wetness. If large heaps of
wet snow (>1.5 m high) are produced, liquid water will remain in the snow-
pack for weeks (Fig. 1.46). When the temperature of this man-made snow,
including deep down, is also less than 0°C, the water will be fully frozen.
So a simple temperature measurement can help to determine whether
snow is ready to be prepared.

1.6.3.4 Snow Temperature

The temperature of machine-made snow depends on its wetness. If it
contains liquid water, its temperature will be 0°C. If the water freezes on
the ground, a crust will form on the snow pile, whose temperature will
drop below 0°C. Snow that is dry when it is made will already be several
degrees below 0°C by the time it hits the ground.
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1.6.3.5 Mechanical Properties

If spherical grains of machine-made snow are deposited next to each other
during the production process, the pore spaces between them will be
small, there will be numerous contact points between the spheres, and
their temperature will be close to 0°C, which will accelerate sintering
(see Section 1.3.2). As a result, machine-made snow is very strong. If wet
or very wet snow is produced, it will only become strong when fully frozen.
But that strength will be even greater, due to its higher density. Due to the
uniform structure of man-made snow, its mechanical properties are also
less variable than those of natural snow. This changes over time, however,
as the structure of machine-made snow transforms into a coarser material,
becoming less homogeneous3? concerning its microstructure in the same
way as its mechanical properties (Fig. 1.47).

The high resistance of machine-made snow, and the low effort associ-
ated with its preparation generally make it highly suitable for use on
slopes. Nonetheless, differing requirements of respective slopes or snow-
park obstacles should be taken into account when making snow. For ex-
ample, wet machine-made snow is ideal for race tracks or as a foundation
for a slope, whereas dry, somewhat softer machine-made snow is better
for cross-country ski trails or the surfaces of regular ski runs.

2.4

* Young

2.0 A 4 Old

0.8 L4800 A S

0.4 &

Compressive strength [MPa]
o
4

>
N
>
>

0
500 550 600 650 700 750
Density [kg/m®]

Fig. 1.47: Compressive strength of machine-made snow depending on its density and age
(from LINTZEN 2014).

39 Uniform mechanical properties improve energy transfers during ski-snow interaction.
However, weak points in the snow break, reducing the traction between skis and snow.



2 Meteorological Influences on Snow

Energy transfers between the snowpack and the atmosphere are
mainly triggered by meteorological phenomena. Energy transfers on the
surface of the snow change its properties, especially its temperature, and
thereby its workability.

2.1 The Atmosphere

The Earth's atmosphere is a layer of gases enveloping the planet's
surface (Fig. 2.1). Among other things, the state of the atmosphere deter
mines how much solar energy reaches the Earth's surface and how much
of that energy is released back into space.

ATMOSPHERE
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Fig. 2.1: The Earth's energy balance.
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2.1.1 Air and Humidity

The composition of the air and the Earth's albedo (reflectivity) (see Section
2.1.2), determine how much energy reaches the planet's surface. Air
consists of:

ca 21% oxygen

ca 78 % nitrogen

ca 1% other gases

water vapor, with a highly variable concentration (0-4 %)

Water vapor is released into the air through evaporation and by sublimation
from surface water, snow, and ice (see Section 1.3.1). It consists of individ-
ual water molecules (not water droplets) and takes the form of an invisible
gas in the air. Humidity is the air's water vapor content. The higher the
temperature, the more water vapor the air can absorb. The maximum
volume of water vapor a cubic meter of air can contain is called the satu-
ration amount (Tab. 2.1).

Tab. 2.1: Temperature-dependent air saturation in grams of water vapor per kilogram of dry
air. 1 kg of air has a volume of 773 | at 0°C and an air pressure of 1,013 hPa.

Air temperature [°C] -20 -10 0 10 20

Water vapor [g/kg air] 0.8 1.8 3.8 78 15

2.1.2 Radiation

Every material, including air and snow, caneither:

absorb

reflect

transmit or

emit electromagnetic radiation (e.g. visible light, thermal radiation,
microwaves).

How strongly a material reflects, absorbs, or transmits radiation depends
primarily on the characteristics of its surface. The wavelength of incident
radiation is also decisive. For example, new fallen snow reflects up to 95 %
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of solar radiation, whereas coarse-grained old snow only reflects up to
70 %. However, snow almost completely absorbs longwave thermal radi-
ation.

The wavelengths of electromagnetic radiation range from millionths of
a micrometer of gamma radiation to kilometers-long radio waves. Only
shortwave radiation (0.28-3.5 um; solar radiation) hitting the Earth's
surface, and longwave radiation (3.5-100 pm; thermal radiation?) emitted
by clouds, trees, the ground, and buildings affect the snowpack. There are
two types of shortwave radiation: direct and diffuse2. Diffuse radiation
occurs when sunlight hits particles in the atmosphere (e.g. water vapor or
droplets in clouds or fog) and is reflected, or scattered, in all spatial direc-
tions.
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Fig. 2.2: Shortwave solar radiation spectrum. The maximum intensity is at a wavelength of

0.5 um, which human eyes perceive as the color green. Furthermore, 42% of radiation energy
lies within the visible spectrum of 0.36 to 0.76 um, 7 % lies within the ultraviolet spectrum (0.2—
0.36 um), and 49% lies within the infrared spectrum (0.76-2.4 um) (after RHODE 2007).

T The wavelength range of thermal radiation emitted by a body depends on its temperature. The
hotter the body, the shorter the wavelength. At 300 K (27°C), that wavelength will lie between
roughly 2.5 and 200 pm. Since the surface of the sun has a temperature of around 6,000 K,
solar radiation has a very short wavelength. Longwave radiation is also known as terrestrial
radiation, i.e. emitted by the Earth.

2 The sum of both direct and diffuse radiation is called global radiation.
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Every body continuously emits longwave radiation. The strength of this
radiation depends on both the temperature and characteristics of the
surface. The better a body emits heat as longwave radiation3, the more
effectively it will absorb incident longwave radiation.

In a cloudless sky, longwave radiation escapes the Earth's surface into
space. However, if it is overcast, the clouds absorb longwave radiation and
reflect a considerable proportion of it back toward the Earth's surface. This
is why the Earth's surface is only substantially cooled on clear nights.

2.1.3 Temperature and Heat

Temperature describes a substance's thermal state. Matter at different
temperatures exchanges energy in the form of heat in various ways, namely
through:

— heat conduction: e.g.rain drops on the snow surface

— convective heat transfers: e.g. wind blowing over the snow surface
— heat transfers through radiation: e.g. solar radiation

As with heat conduction (see Sections 1.2.2 and 1.6.2.1), convective heat
transfers also depend largely on the temperature difference between the
various media, e.g. between the wind and the snow surface. The bigger
that temperature difference, the more sensible heat# is transferred per
time unit. Unlike heat conduction in a solid, air can move about freely
during convective heat transfers, thereby supplying or dissipating signifi-
cantly more heat to and from the snow surface. Accordingly, the higher the
wind speed, the more heat is transferred.

3 Emissivity is a measure of how well a body radiates heat. The emissivity of new fallen
snow is 99% and that of forest areas 90% (ZmARsLY 2007).

4 Adistinction is made between sensible heat, which changes the temperature during a
transfer, and latent heat, which can be absorbed or emitted as energy during a phase
change (see Section 1.3.1). Latent heat transfers on the snow surface depend on air
humidity as well as on wind and temperature.
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When heat is transferred by radiation, interactions in the material convert
radiation energy into thermal energy. How much thermal energy is trans-
ferred to the snow in this process will depend on the wavelength and on
the properties of the snow, as well as on the radiation's angle of incidence
(see Section 2.2.2).

In practice, the key variables are the temperatures of the air, snow, and
ground. The height or depth at which all three variables are measured is
decisive. Air temperature is commonly measured at heights of 2, 5 and
10 m.

2.2 Thermal Balance of the Snow Surface

The snow surface is directly exposed to the elements. Its properties, par
ticularly its temperature, can therefore change significantly over a short
time. Exchanges of energy and mass between the surface and deeper
layers are crucial for the processes in snow, e.g. metamorphism (see
Section 1.3).

Rain Wind

117,077
/177,y /77 ‘I
latent heat
sensible heat
Gain Gain or loss

Geothermal flow

Fig. 2.3: Energy gains and losses on the snow surface.
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The snow surface exchanges heat with the atmosphere. The thermal
balance of the snow surface is the difference between gained and lost
thermal energy (Fig. 2.3). If the balance is positive, the snow absorbs more
heat than it emits into the atmosphere, so its surface heats up. If the bal-
ance is negative, the surface cools down. The following meteorological
factors determine the thermal balance on the snow surface:

— ambient air (temperature, humidity, and wind)

— radiation (short and longwave)

— precipitation (rain and snow)

Heat transfer is affected by the snow's properties as well as by meteoro-
logical factors. Weather changes the snow surface, which in turn deter
mines the impact exerted by meteorological factors on the snowpack. For
this reason, energy exchanges between the snowpack and atmosphere are
regarded as interactions.

2.2.1 The Impact of Ambient Air

Wind speed? is crucial to heat exchanges between the air and snowpack.

The higher the wind speed, the more heat is transferred:

— strong wind: the snow temperature aligns with the air temperature. A
significant quantity of heat is transferred to the air. Other meteorologi-
cal factors have far less impact.

— no wind: the air temperature (close to the ground®) slowly aligns with
the temperature of the snow. Little heat is exchanged with the air, leav-
ing radiation and precipitation as the major factors influencing the
snowpack.

5 The unevenness of the snow surface (roughness) also promotes heat transfers with the
air.

6 Airis said to be stably layered when the warm layers lie above the cold layers that have
sunk to the ground (particularly in areas sheltered from wind, such as valley floors and
clearings, for example). This means that the air temperature 5-10 m above the snow
surface can be considerably higher than that of the snow and the air close to the ground
(2 m). In the free atmosphere (around 300 m above the Earth's surface), air temperature
does not depend on radiation, so it is the same during the day and night.
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Alongside wind speed, air temperature is the other major factor affecting
heat transfers on the snow surface. The greater the temperature difference
between the air and the snow surface, the faster the change in the snow's
temperature. Since the highest temperature snow can reach is 0°C, air
temperatures above that always result in energy being transferred to its
surface.

Air humidity also plays a role in such heat exchanges. The drier the air,
the more ice sublimates or the more water evaporates from the snow
surface into the air, causing the surface to cool. Therefore, low air humidity
helps the snow surface to freeze, whereas high humidity can induce a
build-up of ice (hoarfrost) or water (dew) on the surface, which then warms
up. That said, humidity influences snow less than is generally believed’.
It mainly affects the snowpack indirectly, through its significant impact on
radiation.

2.2.2 The Impact of Radiation

The difference between absorbed and emitted radiation determines
whether snow releases heat into the atmosphere or absorbs it. The differ-
ence between short and longwave incoming and outgoing radiation is
called net radiation.

The intensity of shortwave radiation and the properties of the snow sur
face determine how much solar energy is absorbed. Because snow
strongly reflects shortwave radiation, often it has less of an impact than
assumed.

By contrast, snow almost completely absorbs longwave radiation,
which therefore often has a greater effect on the snowpack than short-
wave solar radiation8. The cloudier it gets, the higher longwave radiation
becomes.

7 In particular, air humidity (= the air's water vapor content) does not directly affect snow
wetness (= snow's liquid water content).

8 One reason why the impact of longwave radiation is underestimated is because unlike so-
lar radiation it is imperceptible. In addition, longwave radiation exerts an impact both day
and night.
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In strong winds, the snow temperature is mainly affected by heat
exchanges with the air. Thus, a warm wind (foehn) can heat and melt snow
despite nighttime radiation losses.

2.2.2.1 Shortwave Radiation

The impact of shortwave solar radiation on the snowpack depends on the

following factors:

— the season and geographical location®: the highest levels of solar
radiation occur in the summer and the lowest in the winter (Tab. 2.2). In
the northern hemisphere they are also higher in the south than in the
north, due to the sun's angle of incidence to the Earth, which is shal-
lower in the winter and in the north. When the angle of incidence is
shallow, radiation spreads over a larger surface, substantially lowering
the radiation energy per unit of area. Furthermore, when the angle of
incidence is shallow, slightly more radiation is absorbed from the
atmosphere (Fig. 2.4).
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Fig. 2.4: Solar radiation on the
Earth. When the sun shines
down from directly overhead,
around 80 % of that energy
reaches the Earth's surface. This
figure drops to just 60 % when
the angle of incidence is 30°
(which is average for sunshine
falling on a flat area in winter).

Absorption in
the atmosphere

9 The intensity of UV radiation also increases with altitude by 8-10 % per 1,000 m (VANICEK
2000).
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— the time of day, slope gradient, and exposure determine the angle of
incidence to the snow surface. In December, a south-facing slope with
a gradient of 30° is exposed to almost two-and-a-half times as much
radiation as a horizontal surface (Fig. 2.5).

— cloud cover: even when the sky is overcast, some shortwave solar
radiation reaches the Earth's surface. When that happens, fog or thin
cloud scatters the radiation, decreasing the incident energy by up to
35 %. However, diffuse radiation affects all exposed slopes.

Tab. 2.2: Average power per square meter of incident and reflected shortwave radiation, and
the associated albedo values (Dec. 2015-Apr. 2017; Weissfluhjoch, Davos, Switzerland).

Month Dec. Jan. Feb. Mar. Apr.
Incoming radiation [W/m?2] 67 76 119 193 248
Reflected radiation [W/m?] 55 64 100 1568 194
Average albedo [%] 81 84 84 82 78
Minimum albedo (during the day) [%] 72 78 76 71 68

Fig. 2.5: Solar ra-
diation depending
on slope gradient
and exposure.
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Tab. 2.3: Albedo values of various types of snow and other surfaces (ARMSTRONG 2008;
ZMARSLY 2007; CoNway 1996, SLF 2017).

Type of snow Albedo [%]
New fallen snow (dry) 80-95
Machine-made snow (dry) 72-78
Old snow 70-80
Wet snow 50-70
Dirty snow 18-41
Wiater (vertical radiation) 5-10
Arable land, meadows, forests 5-20
Concrete 14-22

— properties of snow: the larger the specific surface area (SSA; see
Section 1.1.2), the more shortwave radiation will be reflected by the
surface snow. New fallen snow reflects up to 95 % (and thus absorbs
just 5 %) of this radiation'0. The ratio of reflected to incident shortwave
radiation is known as albedo. Albedo also depends on the snow's impur
ities and liquid water content (see Tab. 2.3), and it decreases steadily.
The coarser, dirtier, or wetter the snow, the more radiation is absorbed
and converted into heat.

2.2.2.2 Longwave Radiation and Net Radiation

Cloudiness determines how much energy the snowpack absorbs from
longwave radiation.

Under a clear sky, the snow surface emits heat, in the form of long-
wave radiation, into the atmosphere and on into space. At night, or on
north-facing slopes, which are exposed to only a little sunlight, even during
the day, the snow's temperature drops sharply (unless the ambient air
dominates the thermal balance). In these cases, net radiation is negative.
On sunny slopes, shortwave radiation is intensive enough to heat up snow

0 This, together with high longwave emissions, explains why powder snow often remains
intact for several days in midwinter.
1 Higher air temperature and humidity also increase longwave radiation.
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during the day. Net radiation is positive in these cases (Fig. 2.7). This leads
to major fluctuations in temperature in the top few centimeters of the
snowpack (Fig. 2.6).

If the sky is overcast, the cloud cover reflects most of the snow's long-
wave radiation. At the same time, clouds radiate their own heat. Overall,
the snow's surface emits less longwave radiation than it receives from the
atmosphere, so the nighttime snow temperature barely drops at all. Net
radiation totals 0 W/m2. Combined with diffuse shortwave radiation, this
often significantly heats up the snow during the day (Fig. 2.8). In this
scenario, both longwave and shortwave radiation reach the snowpack,
resulting in positive net radiation.

h [m] h [ml]
Night ", /Jay Io.z Night ", | Day
T [OC] -10 -5 T [OC] -10 -5
Typical snowpack in winter Typical snowpack in spring

Fig. 2.6: Temperature changes in the snowpack during the day and night (dotted line). The
daily cycle of air temperature and shortwave radiation only affects about the top 0.2 m of
the snowpack.
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Fig. 2.7: Incoming sunshine increases net radiation, entailing a rapid, but only moderate,
rise in snow temperature.

83



84

Slope Preparation and Grooming

8 200
4 — 150 _
° 0 / \ W 100 S
e ] —— TN N A =
5 c
© 4 | 50 8
@ Clouds ///‘J ©
£ -8 AV 08
) s
A T S~ ®
-12 -50 £
-16 : : : : -100
0 30 0_. ) 120 150
Time [mins]
— Snow temperature — Air temperature — Net radiation

Fig. 2.8: When clouds appear, net radiation increases, leading to a quick and significant rise

in snow temperature.
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Fig. 2.9: If rain falls on 1 m of new fallen snow
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(left), melting reduces its depth by around

3 cm. Settlement, on the other hand, reduces the depth by around 41 cm. However, hardly
any settlement occurs in compacted slope snow (calculated with snowpack Model,

Section 8.3).
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2.2.3 The Impact of Precipitation

Depending on both, the amount and temperature of precipitation, rain and
snow transfer heat to the snow surface. The high temperature and heat
transfer efficiency of free water in particular (wet snow or rain), rapidly
heats up snow to 0°C, prompting a small proportion of the surface cover
to melt. However, compared to the heat transferred by radiation and ambi-
ent air, rain is not a major cause of snowmelt. In rainy weather, the high air
temperature and humidity usually cause more snow to melt than the rain-
water itself (WURzER 2017). Moreover, snow collapses as a result of settle-
ment (see Section 1.3.3), which is subjectively perceived as melting and
accounts for the biggest reductions in depth (Fig. 2.9).

2.2.4 Changes in the Properties of Snow

The heat exchange between a snowpack and the atmosphere significantly

alters some of the properties of the snow surface in question:

— changes in the snow's temperature considerably alter the mechanical
properties and, consequently, the workability of snow. Processes occur
ring within the snow are also affected (see Sections 1.3 and 1.4).

— if the snow melts or freezes, its basic structural properties change (see
Section 1.1). If the snow continues to melt, the wetness level and
strength of the surface gradually decrease (Figs. 2.10 and 2.11). A
coarser structure and liquid water in the snow also decrease albedo (see
Tab. 2.2 and 2.3).

The mechanical effects of wind also change the snow's properties. A
surface of fresh snow is mainly compressed under the pressure of falling
particles, and the crushing and rounding of original snow crystals (SOMMER
2018).

When the wind speed is low, high air humidity and a cold snow
surface can lead to the formation of hoarfrost and dew, changing the
basic structural properties of the snow surface (see Section 1.1).
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Fig. 2.10: At snow temperatures of around 0°C, fluctuations in radiation have a major impact
on hardness. After 2 hours, the top 3 cm of snow will have softened. Deeper down, radia-
tion has a lesser effect. However, slopes become harder when compressed by snowcats.
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Fig. 2.11: At snow temperatures of 0°C, fluctuations in radiation affect wetness. Strong
radiation increases the wetness of the snow surface.



3 Ski Slope Preparation and Grooming

Ski patrols bear a major share of the responsibility for winter sport safety.
The quality of the slope is a key determinant of both safety and customer
satisfaction. To be able to do their job, ski patrols need to consider two
factors when using equipment and machinery: the weather conditions
and their interactions with natural processes in the snow.

ME> Preparation | Weather 1 Slope quality

Fig. 3.1: Diagram of the interrelated factors in slope preparation. Weather and snow condi-
tions should always be taken into account when preparing slopes.

3.1 The Optimal Slope

As sporting gear and slope grooming equipment have evolved, winter
sport slopes have had to meet increasingly requirements. Means of
compacting and leveling snow paved the way for the use of new sports
equipment, such as snowboards and skis with deep sidecuts. This new
equipment in turn necessitated conditions conducive to its use. It used to
be mogul slopes that placed high demands on slope managers, but today
users require wide, leveled areas with hard, grippy surfaces.

Ideally, slopes need to meet the needs of winter sport enthusiasts while
also taking account of ecological and economic requirements.

Optimal slopes have to meet numerous requirements, depending on
the level of ability, discipline, and preferences of the groups using
them. Despite these different uses, all high-quality ski slopes share the
following characteristics.
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3.1.1 Demands on Snow as a Material

— grippy: enjoyable skiing without slipping
— resistant: less grooming required (lower running costs)
— durable: slope remains in optimal condition until the end of the season

Optimal strength and a certain minimum depth are crucial for determining
snow's resistance and durability. Grip' is a highly subjective property that
is heavily dependent on ski preparation and skiing dynamics. Slopes must
be neither too soft, nor too hard, let alone icy.

3.1.2 Demands on the Snow Surface

— homogeneous (evenly groomed)
— smooth

— visually appealing

— varied (terrain)

The snow surface should be even, without undulations or coarse clumps
of snow, so that skiers have no need to watch out for bumps or irregulari-
ties or worry about vibrations. The highest-quality slopes have a perfect,
uniformly groomed surface.

3.1.3 Further Demands on Slopes
— safe: slope quality, danger zones, avalanche safety, markings

— environmentally friendly: slope preparation, protected areas (compli-
ance with current structure plans).

1 Ski racers sometimes (and usually disapprovingly) refer to excessively grippy snow as
"“aggressive snow." Slopes covered exclusively in machine-made snow tend to be more
aggressive, resulting in a direct and highly dynamic energy transfer between skis and
SNOW.
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Managers bear particular responsibility for slope safety and must comply
with the guidelines of the national and with International Ski Federation
(FIS) rules. Having simple, high-quality slopes enables relaxed, controlled
skiing, which also enhances their safety. There must be no danger zones
(rocks, areas with steep drops, etc.). Also, avalanche safety must be
guaranteed. Slopes' intensity of use can be controlled by opening alter
native ski runs, widening them, and managing ski-lift capacity. Profitability
has to be weighed up against the risks of collisions and less pleasurable
skiing.

Well-compacted slopes are durable and stable, require less subsequent
grooming, and therefore reduce both diesel consumption and CO,
emissions. This yields both ecological and economic advantages. On the
other hand, a thinner, compacted snowpack releases much more heat
from the ground into the atmosphere, since it provides far poorer insula-
tion. This can result in ground frost, damaging vegetation (RIXeN 2003).
Having a sufficiently deep snow cover (at least around 40 cm of natural
snow or 20 cm of machine-made snow) prevents mechanical damage to
the vegetation and ground. Adding machine-made snow, however, and
compacting the slope during its preparation will delay ablation in the
spring (by up to four weeks), and increase water infiltration? into the
ground, which can affect the plant population. In sensitive terrain (e.g.
raised bogs, meadows), the route taken by the piste must take these fac-
tors into account. In particular, compliance with any structure plans and
restrictions they impose is essential.

2 Snowmelt water has a higher mineral content and therefore adds nutrients to the
ground. Like an increased water supply, this can also change plant composition (RIXEN
2003).

89




Slope Preparation and Grooming

3.1.4 Requirements to be met by Regular Ski Runs

Regular ski runs must be comfortable to use and look good if they are to
fully meet customers' needs. Grip and a perfect surface of snow with
homogeneous properties are particularly important for achieving this. High
resistance and durability are not only essential for maintaining the quality of
intensively used slopes, but also help to make ski resorts profitable.

A study conducted by the French Mountain Tourism Development and
Research Department (SEATM) shows that 84 % of skiers said they pre-
ferred to spend time on simple, well-prepared, gently inclined slopes with

6 grippy totally unimportant
unimportant

fairly unimportant
fairly important
important
extremely important

heavily used resistant

DO WN =

safe durable

alternating homogeneous

Fig. 3.2: Requirements to be
appearance smooth met by regular ski runs.

Fig. 3.3: Optimal final state of a ski slope — photo: Josef Mallaun.
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a gradient of less than 30 %. Even experienced winter sport enthusiasts
spent only short periods, on average, on difficult runs (i.e. steep, icy slopes
with humps or bumps). The most popular slopes only had gradients of
between 25 and 30 %3 (SEATM 1990). Accordingly, optimal preparation
and grooming, particularly of intensively used, easy to intermediate slopes,
is important.

3.1.5 Requirements to be met by Ski Racing Tracks

Since ski racing exerts greater stresses on slopes' surfaces, they need
to be highly resistant and ensure maximally equivalent conditions and
an equal level of difficulty for all competitors. Slopes must last well?,
withstanding the weather and stresses exerted by skiers. High strength is
crucial in this regard, not just of surface snow, but also of deeper layers, to
prevent the race track from breaking up (Fig. 3.5). For any such deteriora-
tion would prevent the athletes from competing under equal conditions
and heighten their risk of injury. The extreme speeds reached in races
make meeting safety requirements a top priority that should constantly
be reassessed and checked for weak points.

grippy
6

[~

totally unimportant
unimportant

! : heavily used é
fairly unimportant d
fairly important 'd
important ‘

N

extremely important safe ‘

alternating \
Fig. 3.4: Requirements to be

met by ski racing tracks. appearance smooth

resistant

Dok wWwN -

durable

homogeneous

3 Slopes are classified by difficulty, depending on their grade (i.e. percent slope). In Germany
and Austria respectively, slopes are classified according to the DIN 32912 and ONORM S
4610 f standards as easy (blue, < 25 %, ca 14°), intermediate (red, < 40 %, ca 22°) and ex-
pert (black, > 40 %).

4 Slopes need to withstand more than one race if used by various disciplines, for training
runs, and for men's and women's competitions.
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Fig. 3.5: Broken-up race track (2011 World Cup Giant Slalom, Val d'Isére, France).

3.1.6 Requirements to be met by Cross-Country Ski Trails

Cross-country skiing is primarily all about sliding, whereby the speeds and
therefore forces involved during turning are lower than in racing. So fewer
safety precautions need to be taken for cross-country trails. And resistance
is not that important either, as such trails are subjected to less stress. Instead,
the main focus is on smoothness and homogeneity, to help cross-country
skiers balance and maneuver easily. Furthermore, regular cross-country trails
should be neither too hard, nor too soft. This way they will give skiers suffi-
cient support when they push off using the skate skiing technique.

totally unimportant
unimportant

fairly unimportant
fairly important
important
extremely important

grippy
6

Do WN =

Fig. 3.6: Requirements to
be met by cross-country ski
appearance smooth trails.
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Evenly prepared trails with firm pole tracks are particularly important for
classic cross-country skiing. On descents, curve radii should be tailored to
the speeds skiers reach, whereas ascents should not be too steep (see
Chapter 5).

Competition courses are an exception, being subject to high stresses
over longer periods, e.g. during World Championships. Consequently, the
snow on them needs to be significantly stronger.

3.1.7 Requirements to be met by Parks

Meeting safety requirements® is, again, a prime concern for snow park
operators. So it is absolutely essential that take-offs and landing surfaces
have the right shape and proportions (see Chapter 6). Likewise, it is impor-
tant for snow surfaces to be smooth and not too hard, to reduce the risk
of injury. On the one hand, they have to be even and resistant enough to
ensure smooth approaches, take-offs, and landings. On the other hand, the
snow must not constitute a painfully hard surface for fallers. Another key
safety consideration in this context is how snow's properties change
throughout the day, as this can significantly affect approach speeds. Overly
long or short jumps can result in injuries.

totally unimportant grippy
unimportant 6
fairly unimportant
fairly important
important

extremely important

OO wWwN -

Fig. 3.7: Requirements to be
met by parks. appearance smooth

5 76 % of all injuries in snow parks in Switzerland result from jumps. Collisions are much
rarer than on slopes, accounting for just 3 % of injuries (bfu 2016).
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3.2 From Snow to Slope:
Principles of Snow Consolidation

New fallen snow is mechanically treated to make it firmer and thus
provide a stable surface for snow sports activities. Snow is consolidated
by compacting it and by strengthening the bonds between grains
(sintering).

3.2.1 Compaction

When preparing slopes, in principle there are three ways of compacting
new snow:

— compacting under pressure (e.g. snowcat, skiers)

— filling pore spaces with fine material (tiller, front renovator)

— filling pore spaces with water (watering the slope)

Compaction by a snowecat reduces pore space in snow by compressing or
filling air spaces. Added water almost completely fills pore spaces, making
this method suitable for making very high-density snow.

3.2.1.1 Compacting Under Pressure

Snow is compressed under the weight of a snowcat and the contact pres-
sure of a tiller. A snowecat® exerting a pressure of 3.5 to 5 kPa will break
the snow's ice framework, compacting pore spaces and making the snow
denser. How deeply compacted the snow becomes depends mainly on
the initial properties of the snowpack: the denser the snow, the smaller the
impact (Figs. 3.10 and 3.11). The density of the top 40 cm of a fresh, natu-
ral snowpack can more than double following a single pass by a snowcat.
In the example in Fig. 3.9, snow depth decreases by up to 40 cm, and the
compaction even significantly affects deeper layers. Once the snow has

6 The large contact area of a snowcat means it exerts far less pressure on the snow surface
than a skier (50-300 kPa).
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Fig. 3.8: Two-dimensional
(2D) view (thin section)
of a snow sample taken
from the top 4 cm of a
poorly prepared ski slope.
Black structures show
the ice framework, white
areas the pores in the
snow. The top 2 cm of

0

Density [kg/m?]
200 300

T
< “

400 500 600 700
T T

Density ca 460kg/m?

Density ca 380kg/m?

Height [mm]

snow have clearly been
compacted by pressure
exerted by skiers. Deeper
down, snow density ."":5'-“3'\ ;
decreases as indicated by
the red line.

B
':,“— AT P 1 F

Density ca 280kg/m?

4 ‘;-_‘_ : Q@:'—." i ‘_". ? 'qu_
2 i.fs?daﬁ?-?#x:ﬁﬁ

30 40

20
Width [mm]

been compressed, further passes by the snowcat will barely increase its
density.

However, the additional contact pressure of a tiller and finisher can
further compact the top 10 to 20 cm (finishing). The same principle applies
here, however: the denser the original snowpack, the less impact a snow-
cat will have (Tab. 3.1).

3.2.1.2 Filling Pore Spaces with Fine Material

Using a tiller distributes grain sizes more widely in the snow, enabling min-
ute particles to fill pore spaces. This increases snow density and improves
sintering conditions (see Sections 3.2.2 and 1.3.2). Above snow densities of
around 450 kg/m3, additional slope preparation using a snowcat will not
compact the snow any further (Fig. 3.10).

If there are different layers of snow — for example, if only the top 20 cm
has been well compacted and deeper layers are not dense enough — an
angle dozer blade or front renovator can be used to consolidate the snow
down to a depth of 40 cm (see Section 3.4.7).
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Fig. 3.9: Compaction and changes in grain size during the preparation of a slope covered
in a 24-cm layer of new snow at —4 to =3°C (after Guily 1991). No tiller or smoothing board
were used.
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Fig. 3.10: How snow density increases with repeated passes made during slope preparation.
The passes were made 24 hours apart (after GuiLy 1991).
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Tab. 3.1: Various forms of compaction depending on the equipment used (after GuiLy 1991)

Unprocessed After a pass After a pass After a pass
with a smoothing board with a tiller
Density Density Increase Density Increase Density Increase
[kg/m?] [kg/m?] [kg/m?] [kg/m3]
89 (12 cm) 160 79% 230 158% 300 237%
120 (24 cm) -— - 280 133% 350 191%
4 g —_—

RN

ST | [ [T1111F]

Fig. 3.11: Penetrates and deep effect of compaction of new fallen snow (left) and snow that
has been prepared multiple times (right).

3.2.1.3 Filling Pore Spaces with Water

Once snow has a density higher than around 450 kg/ms3, it is so strong that
insufficient pressure’ can be applied to compress the ice framework and
reduce the pore space. Even filling pores with very fine snow particles
does not increase the strength any further, because the reduction in
strength caused by tilling is no longer compensated by subsequent sinter
ing.

The snow can only be further compacted by adding water. Gravitation
and capillary forces ensure that the water penetrates the snow's pores.
The finer the structure of the snow (small grains), the greater the capillary
forces, which prevent the water from flowing down and away through pore
spaces. Capillary forces also cause the water to spread out in all directions
within the snow, like in a sponge.

7 Even higher pressure can be exerted using special equipment.
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If enough water can remain in the snow and freeze, the snow will be com-
pacted and consolidated. The level of consolidation depends on how
much water the capillary forces can keep in the snow and whether enough
energy can be released into the environment to completely freeze the
water. Since the added water freezes firstly at the bonds between grains,
these bonds grow steadily larger and stronger (see Section 1.3.2). The
various watering techniques, and how they are affected by meteorologi-
cal and snow-related factors are described in Chapter 4 on Race Track
Preparation and Grooming.

3.2.2 Strengthening Bonds between Grains (Dry Sintering)

Besides compaction, the main aim of slope preparation is to create optimal
sintering conditions. The following aspects of using machines to work
snow, facilitate sintering and hence also the speed and strength of snow
consolidation:

compaction

reduction in grain size

formation of different grain sizes

heating of the snow

— collisions between grains

— mixing of snow layers with different temperatures

high temperature gradient

respite period

Working snow with a snowcat has the biggest impact on precipitation
particles, greatly compacting them. Tillers accelerate the transformation
of dendritic precipitation particles into rounded shapes, improving grain
size distribution for sintering. This increases the number of contact points
between grains, creating better sintering conditions.

Using a tiller on old snow reduces particle sizes, creating more contact
points between them. Snow dust created during tilling acts as a filler ma-
terial, increasing compaction. Fine particles also sublimate (see Section
1.3.1) very quickly, providing the material needed during the sintering pro-
cess to form new bonds between grains.
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The snow temperature and a high temperature gradient are particularly
important for the dry sintering of compacted snow (Fig. 3.12). Temperature
differences in the snowpack improve vapor transport, accelerating the
formation of bonds between grains. Temperature gradients usually de-
velop on clear nights, increasing until the morning. Working snow destroys
any existing temperature gradients. Consequently, it is best to work snow
before a temperature gradient occurs. Usually, this means shortly after a
slope has closed.

3.2.3 Freezing (Liquid Sintering)
If thawing occurs, water initially collects at the bonds between grains. But

an intensive snowmelt will completely fill pore spaces, until the snow can
no longer retain the water, which then flows away (see Section 1.1.3). If the
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Without a temperature gradient and with rounded grains

Fig. 3.12: Snow's shear strength increases significantly faster if a temperature gradient
occurs after the slope has been prepared (Tsnow = =7 °C; grain size = 0.8 mm); rounded grains
(grain size = 0.5 mm) also accelerate consolidation (after GuiLy 1991).
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Fig. 3.13: Consolidation of the snow surface from shortly before preparation until the follow-
ing noon. The slope prepared in the evening (green) is more than twice as resistant at open-
ing time (9 a.m.) as the slope that was only prepared at 4 a.m. (orange). The slope prepared

at 8 a.m. (red) does not even reach its initial strength before preparation began
(after GuiLy 1991).

snowmelt subsequently refreezes, for example overnight, considerable
consolidation takes place.

As described above, frozen water in the pore spaces compacts the
snow because the same volume of snow now contains more ice and less
air. Most ice freezes at the bonds between grains, because that is where
the capillary forces are strongest. Accordingly, using water to compact
snow always creates larger, stronger bonds (see Section 1.3.2.2).

But using this method for regular ski runs and snow parks makes the
snow too strong early in the morning. This can prompt negative judgments
by users because of the snow's low grip (icing up), and also increase their
risk of injury.

The following factors are decisive for snow consolidation by freezing:

— water in the snow at the time of preparation

— weather conditions enabling the snow to release energy when it
freezes
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3.3 Slope Preparation: Working Snow in keeping with
its State and the Weather

To create high-quality slopes at the lowest possible cost, it is important to
make optimal use of equipment. To that end, slope preparation meas-
ures need to be aligned with naturally effective processes. Therefore,
when choosing machine settings and timing the slope's preparation, its
desired characteristics (required profile), the 24-hour weather forecast, and
in particular the current condition of the snow should all be taken into
account (Fig. 3.14).

An optimally prepared slope is more resistant, suffers less damage, and
therefore requires less grooming. The work of a slope preparation team is
divided up as follows (Fig. 3.15):

— preparing a resistant slope (basic preparation)
— grooming and maintaining the slope
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for snow consolidation

Create optimal conditions “

Compact snow
Pressure from snowecats and skis
Fill pore spaces with fine material

Make grains round

Change the snow structure
Make grains smaller and round
Create fine material (milling)

Mix snow densities
Raise temperature
Mix/bind grain shapes

Fig. 3.14: Basic principles of slope preparation.

Basic preparation

Process new fallen snow

Compact — prevent weak layers
Create optimal sintering conditions
Optimize connections with new snow
Minimize snow losses (wind/melting)
Spread snow optimally
Prevent snow slides

Add machine-made snow
Increase snow density
Use the cold energy of natural snow

Exploit existing natural
conditions to consolidate snow

Take account of the weather forecast
Precipitation?
Clouds approaching?
Is the air temperature rising/falling?

Snow state and development
Density
Temperature and wetness
Microstructure

Available time
For sintering
For freezing

Slope grooming

Redistribute snow
From the bottom of the slope to the top
From the edge of the slope to the middle
Snow deposited by the wind
Machine-made snow

Repair damaged slopes
Remove bumps
Till the ice layers

Regenerate the slope surface
Level and homogenize
Improve the appearance

Fig. 3.15: Overview of the main tasks involved in slope preparation.
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3.3.1 Preparing a Resistant Slope (Basic Preparation)

Laying stable foundations is crucial for preparing a resistant slope. To do
this, the slope has to be prepared during the first snowfall, ideally without
tilling, to produce a rough, coarse surface. This enables new surface snow
to cool down better in winter conditions, enabling it to bind better with
the old snowpack. Only in very mild air temperatures (> 0°C), for example
when there is a strong foehn, is a maximally smooth surface beneficial for
reducing melting.

Since, barring additional measures, snowcats only penetrate the top 20
to 40 cm of the surface, every new layer of snow must be compacted if at
all possible. Compacting the snow down to the ground prevents loose
layers of depth hoar from forming through constructive metamorphism
(see Section 1.3.4.1). Moreover, compacting new fallen snow also acceler
ates sintering, thereby facilitating the desired consolidation. Continuous
preparation in early winter also helps to ensure that less snow is carried off
by the wind and eroded.

Machine-made snow does not need to be compacted because it is
already very dense when produced (see Section 1.6.3.1). This makes it
highly suitable for basic slope preparation. It can also reduce the amount
of compaction work required for new snow if it is produced when that
snow is falling and mixed with it. The natural snow's cold energy in turn
helps to freeze the wet machine-made snow. Another aspect of basic
slope preparation entails ensuring that snow is optimally distributed. For
efficient slope preparation, it is important to match snowmaking with the
weather conditions (especially the wind) and know exactly how deep the
snow is and ought to be (see Chapter7).

8 Precipitation particles coalesce with particles at contact points in the old snow surface
(see Section 1.3.2). Since this is a lengthy process, deposited snow crystals should not
subsequently be moved.

It is therefore a good idea to make grooves in the surface to protect precipitation particles
from being carried off by the wind.

103




Slope Preparation and Grooming

3.3.2 Slope Grooming and Maintenance

Repair slope damage caused by the weather and skiers:
— remove humps and bumps
— till layers of ice

Redistribute the snow on the slope:

— shift snow that has been pushed to the bottom and edges of the
slope

— shift machine-made snow

— shift snow deposited by the wind

Regenerate the slope surface to make it easier to ski on and more
aesthetically pleasing:

— level the snow surface

— homogenize the properties of the snow

— improve the slope's appearance

Fig. 3.16: Typical slope damage: bump formation.
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3.3.3 Principles and Rules of Thumb for Slope Grooming
3.3.3.1 Take Account of Topography and Stress Factors

Ski patrols need to know the vulnerable parts of a resort, prone to par
ticularly high stress exerted by weather conditions and skiers. This enables
damage to be predicted and even avoided under certain circumstances.

Examples of vulnerable areas susceptible to damage:

- south-facing slopes are exposed to strong sunshine, which can cause
the surface to melt

- steep slopes facing east, south, and west are also exposed to strong
sunshine in midwinter (solar angle). This causes humps or bumps to
form and results in snow being pushed to the bottom of the slope. Such
slopes cool down less overnight because they radiate less heat than flat
slopes.

— erosion zones, where snow sports enthusiasts and the wind push
snow to the bottom of the slope (Fig. 3.17)

3.3.3.2 Take Account of the Weather and the Condition of the Snow

When snow is worked, it should be readily deformable, i.e. have the
lowest possible strength (see Section 1.4). A snow temperature close to
0°C, the presence of liquid water (snow wetness), and snow that has been
abraded and pushed down the slope all indicate good deformability.

Build-up of snow
Erosion

Build-up of snow

Fig. 3.17: Typical erosion zones at crests, and snow deposition zones at the bottom of slopes.
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Fig. 3.18: Comparison of a slope's resistance after various respite periods based on the
depth of a trace left by a snowboard curve.
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Fig. 3.19: The optimal time to work cold snow. Preparing the snow early gives it enough
time to consolidate through sintering. Moreover, after it has been prepared, a temperature
gradient can develop unhindered in the snowpack, accelerating the sintering process.
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To choose the best time to start working the snow, its current state must
be determined and its development over the following 12 hours predicted.
The short-term weather forecast and knowledge about how weather
impacts snow (see Chapter 2) are essential for this.

Respite periods between the slope's preparation and opening time also
need to be as long as possible, to allow the snow to consolidate properly
(Fig. 3.18 and Section 3.2.2). If the surface cools down overnight, a high
temperature gradient develops in the snowpack. This accelerates consol-
idation, shortening the respite period. Snow structure also influences the
respite period, for small rounded grains consolidate much faster than
coarse grains (Fig. 3.12)

3.3.3.3 Derived Rules of Thumb

1. Long respite periods - early slope grooming: usually, the best time to

groom slopes is shortly after they close, as the snow is still warm and
easy to process (deformable). Moreover, this approach ensures a long
respite period (Fig. 3.19). Long respite periods are particularly important
in cloudy weather, when temperature gradients are low.
If a clear winter sky turns cloudy in the afternoon, the snow will start to
warm up. When such a sequence of weather occurs, sometimes it
makes sense to postpone the preparation of individual sections of the
slope until later, when snow temperatures will be higher (Fig. 3.20).
However, the respite period should not fall below a minimum of around
8 hours. The basic rule of early preparation to maximize the respite period
for consolidation applies particularly to heavily used sections of the
slope.

2. The higher the stress, the earlier the preparation: since slopes can-
not all be prepared simultaneously, the order of preparation must be
prioritized. The more intensively a slope is used during the day, the earlier
it should be prepared the evening before, to maximize both the respite
period and consolidation. Flat and little-used sections of slopes are
subjected to less stress than steep sections.

3. Prepare south-facing slopes first: in good winter weather with clear, cold
nights, snow heats up during the day, particularly on south-facing slopes.
These slopes should be groomed first, because warmed-up snow is easier
to work.
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4. Prepare shady slopes slowly: snow on shady slopes becomes very
cold (below —25°C) in good winter weather. Snowcats should be driven
more slowly over such areas, to increase their effectiveness (see Tab.
3.2).

5. Take account of temperature gradients: if a cloudy sky only clears up

at night, preparatory work on a slope's most important sections should
have been completed by this time. This way, the temperature gradient
can develop unhindered and the remaining respite period can be used
efficiently for faster consolidation.
When produced, machine-made snow has a relatively high temperature
of close to 0°C. Whereas the lower layers of this man-made snowpack
remain at this temperature, the surface snow cools down very quickly,
depending on the weather. As a result, a high temperature gradient
develops, accelerating consolidation through sintering, and speeding up
the freezing process in wet snow (see Section 3.2.3).

6. Take account of the quantity and density of new fallen snow: if
evening or nighttime snowfall is forecast, slope preparation should be
postponed until a certain quantity of new snow has fallen. In the event

A
Preparation of sections
-4 | subjected to little stress: S
easy to work ope
-6 opens
QO -8 /
o Preparation of
5 -10 4 sections subjected
s 1o | tohigh stress: Slow
g long respite sintering
8 _14 4 period
3
S -16 -
-18 4
-20 - T T T >
16 20 24 4 3

Time [24-hour clock]

Fig. 3.20: The best time to start preparing a slope is when cold snow heats up in the evening.
Although snow is easier to work at higher temperatures, sintering takes place more slowly.
This is because the temperature gradient in the snowpack decreases, which affects the
sintering process more strongly than being heated by 10 to 15°C.
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of heavy snowfall, the slope should be prepared each time a new layer
of 20 cm has fallen (but beware of avalanches!). If the density of the new
fallen snow is very low (under 80 kg/m3), it is a good idea to further
postpone the onset of preparation, so that natural settlement can
pre-compact the snow to a certain extent (see Section 1.3.3). This will
make subsequent machine preparation of the slope more effective and
more efficient. Machine-made snow can also be added if this is an option
(see Section 3.3.1). Care must be taken to ensure that the new fallen
and machine-made snow are thoroughly mixed, not deposited on top of
each other in layers. Spreading machine-made snow on top of loose new
snow on slopes with a gradient steeper than 30° can cause avalanches.
7. Very wet snow necessitates optimal timing: in spring, snow is often
wet during the day and can refreeze overnight. Running machines over
wet snow forces the water to the surface, where it can, under some
circumstances, freeze to form a layer of ice that makes the slope very
uncomfortable and dangerous to use. Furthermore, very wet snow
hampers the maneuverability of snowcats and therefore their efficiency.
On the other hand, if snow is worked when it has already frozen, large

Fig. 3.22: A prepared slope in spring. On the left, the slope was prepared in good time,
before it froze. On the right, the snow was already partly frozen by the time it was pre-
pared, which is why clumps of snow formed.
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Optimal preparation period
when freezing begins
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Fig. 3.21: The best time to process very wet snow.

grains and clusters are formed that are not conducive to good sintering.
The snow surface remains loose, granular, and inhomogeneous
(Fig. 3.22). The ideal time to groom wet snow is just as it starts to freeze
(Fig. 3.21). Under heavy cloud cover, snow stays wet for longer, provid-
ing more time to work it.

3.4 Equipment: How Best to Use it

Equipment and machine settings are selected based on the preparatory
work required (Tab. 3.3) and on the type and quantity of snow.

3.4.1 Snowcats (Cabin, Engine, and Propulsion System)

Various accessories can be attached to the front or rear of snowcats. The
higher a snowcat's speed, the less compaction takes place and the more

uneven the slope's hardness will be (Tab. 3.2). This especially applies to
new fallen snow.
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Tab. 3.2: Impact of snowcat speed on snow compaction (GuiLy 1991).

Initial density [kg/m3] Density after working [kg/m3]
4.3 km/h 6.1 km/h 9 km/h
100 255 225 210
120 270 250 240
140 300 280 280

Manufacturers supply various types of (caterpillar) tracks made of differ-
ent materials (rubber, metal) and chain blades of different shapes and sizes.
The quantity of snow churned up and ripped out of the surface by a
snowcat will depend on its track type, the snow's properties, and the
vehicle's speed (Fig. 3.24). A tiller must be used to offset this impact.
Except on hard slopes, a snowcat's speed should be selected to ensure
that as little snow as possible is ripped out. Such losses can also be
prevented by careful use of a winch.

Fig. 3.23: Snowcat with dozer blade, cable winch, and tiller with a yellow finisher.
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Fig. 3.24: Snow being churned up and torn out by track blades.

Fig. 3.25: Slope surface being leveled with a dozer blade.
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3.4.2 Dozer Blades

Dozer blades are controlled by a hydraulic system. They shift snow from A
to B, smooth out humps and bumps, level slopes, and regenerate their
surface (Fig. 3.25). An angle dozer blade can be deployed like an agricultural
plow to work deeper layers of snow (see Section 4.3 and Fig. 4.5).

3.4.3 Tillers and Finishers

Tillers are the equipment of choice for slope preparation. As explained
above, they have a major impact on compacting snow and changing grain
size distribution and grain shape. The revs, contact pressure, and work-
ing depth (blade angle) can be varied and tailored to the snow conditions.
Increasing the revs and contact pressure improves compaction and creates
better sintering conditions. Deeper tilling creates a more homogeneous

Fig. 3.26: The effect of different tilling depths on slope quality.
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snow surface (Fig. 3.26). When finishers are used in combination with
tillers, the tilled surface is smoothed out, giving it an aesthetically pleasing
furrowed appearance.

3.4.4 Smoothing Boards

Smoothing boards gently pack, level, and structure the surface of new
fallen snow, rather like finishers attached to tillers (Fig. 3.23). They can
either be deployed on shallow snow (a snow shortage, pre-preparation) or
serve for the straightforward, resource-efficient preparation of large quan-
tities of new snow on flat terrain.

3.4.5 Cable Winches

Cable winches enable the preparation of steep slopes, making it possible
to return snow that has been pushed to the bottom of a slope back up the
run. Cable winches also improve tilling when driving uphill, because the
greater pressure on the tiller compacts the snow to a greater depth.
Furthermore, the caterpillar tracks on a snowcat pulled by a winch churn up
and tear out less snow (Fig. 3.24).

3.4.6 Compactors

Compactors further compress a slope's topmost snow layers (<20 cm).
The strong vibrations they generate further compress pore spaces, mak-
ing pores more likely to be filled with fine material. The working principle is
based on cyclically increasing and decreasing the load on snow, which can
repeatedly break up its grains and rearrange them more compactly. The
weaker the bonds between the grains, the more effective the result. How-
ever, tilling snow to break up the bonds between its grains and create fine
material, and compressing snow with a compactor are separate processes
that cannot take place simultaneously. Accordingly, both tools cannot be
used at the same time.
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Fig. 3.27: Left: front renovator (www.bachler.ch). Right: compactor (www.straninger.com).

3.4.7 Front Renovators and Snow Cutters

A front renovator mixes the upper layers of snow (max. 40 cm). It works
rather like an agricultural plow, thereby reaching a greater depth than a
tiller, and can thus remove inhomogeneities, such as patches of surface ice
or undercompacted layers just beneath the snow surface. This can be
useful for creating a stable foundation, for example. Unlike tillers, however,
front renovators do not create any fine material.

Snow cutters?® are attached beneath dozer blades to tear up icy, crusted
snow surfaces (max. 10 cm).

3.4.8 Front-Mounted Rotary Snowplows

Front-mounted rotary snowplows can move large quantities of snow. The
displaced snow becomes heavily compacted.

3.4.9 Dozer Shovels

Unlike dozer blades, shovels (also called buckets) can transport snow
(1-2 m3) over longer distances.

9 www.pistenbully.com/fileadmin/content_pistenbully/modul_8_download/zubehoer_snow-
cutter_DE.pdf
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Tab. 3.3: Which equipment to use for various slope-grooming processes.

Process Equipment
Leveling humps or bumps Dozer blade
Tiller
Distributing snow Dozer blade
Shovel
Front-mounted rotary snowplow
Mixing different layers Dozer blade
Front renovator
Regenerating the snow surface Dozer blade
e.g. destroying a layer of ice Tiller
Snow cutter
Finishing Tiller (with finisher), smoothing board

116



4 RaceTrack Preparation and Grooming
4.1 Aims of Race Track Preparation

Race tracks are prepared to provide a durable, extremely resistant track
capable of withstanding the high forces exerted by competitors. During
competitions, snow conditions should be maximally consistent over the
entire course, from start to finish. When asked, world cup athletes cited
such consistency, the evenness of the surface, and very firm snow? as
the key criteria determining race track quality (VWWOLFSPERGER 2015).

At least the uppermost 30 cm of snow on a race track must undergo
additional consolidation to provide the required firmness. Strong wear
caused by slipping or sliding? during track inspections or training runs
means that having just a superficially firm, thin surface layer is not enough.
To withstand the forces exerted during races, there should always remain
a hardened layer at least 20 cm thick. The deeper down the snow is con-
solidated, the longer a completed race track will be able to withstand even

Fig. 4.1: Left: race track only superficially consolidated (World Cup Giant Slalom, Hinter-
stoder, Austria, 2011). Right: race track consolidated down to deeper layers, which with-
stood warm temperatures (World Cup Giant Slalom, Adelboden, Switzerland, 2011).

T In the study, high fragility, equivalent to low firmness, was clearly negatively rated. Fur-
thermore, aggressive snow conditions (see Section 3.1.3) were described as increasing
the risk of injury in another study (SPORRI 2012).

2 Depending on the ambient temperature, several centimeters of the surface are abraded
every day. Records show that on downhill slopes at major events with very large
numbers of participants, around 10 cm of snow can be worn away in the space of a
single week.
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heavy thawing in the run-up to a competition. It will also minimize the risk
of a race track prepared well in advance suffering even greater damage
before racing begins.

Heavy consolidation of the snow on a race track is key to giving it the
firmness required. On sections of the race track subjected to less stress,
such as the gliding sections of the fast downhill and superG disciplines,
the techniques used to prepare regular ski runs usually suffice. Here, snow
densities of 450 kg/m3 and above will meet firmness requirements. How-
ever, on technical sections (turns, jumps, etc.) and in technical disciplines
like the slalom and giant slalom, the density must be no lower than around
600 kg/m3. In such highly stressed areas, higher densities, even including
icy snow, are less problematic than densities below 500 kg/ms3. However,
high density alone does not generally guarantee great firmness. A coarse

Fig. 4.2: Snow samples from the 2010
Beaver Creek (left) and 2011 Kitzbihel
(right) downhill courses. Despite having
similar densities, their snow strength
differed (see Section 1.4). In the sample
with rounded grains (left), small struc-
tures are held together by large numbers
of bonds between grains. In the right-
hand sample, there are few bonds to
absorb the force exerted by skiers and
distribute it across the ice framework.
Furthermore, each bond is subjected to a
clearly uneven level of stress, making the
ice framework more fragile overall.
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microstructure or high level of wetness makes snow much less firm
(Fig. 4.2 and Section 1.4).

As explained in the previous chapter (Section 3.2.1), snowcats can only
compact snow to about 450 kg/m3 by exerting pressure and using fine
material as a filler. The following methods may be used to prepare higher
density snow:

— compressing at higher pressure (vibrating plate, skiers)
— using wet machine-made snow
- adding water (watering the slope)

4.2 Basic Preparation (Starting Point)

Since race tracks are often used as regular ski runs before and after com-
petitions, we will take a well-prepared regular ski run (see Section 3.3) as
our starting point when describing how to prepare race tracks. If a slope is
also going to be used as a race track, a well-compacted foundation is
particularly important.

Using more or less wet machine-made snow can already help to
achieve higher density (> 500 kg/m?3) and greater firmness. Another advan-
tage of using machine-made snow for the foundation of a slope is that it is
very homogeneous.

4.3 Watering Slopes

On downhill race tracks, slope watering is a widespread method of making
snow sufficiently resistant. A well-watered slope remains intact for sev-
eral days or even weeks. Its surface does gradually soften in mild, rainy
weather, or when subjected to strong sunshine and warming, but if the
slope has been watered to an optimal depth, this top layer can be removed.
The lower layers thus exposed will still be firm enough for ski racing.

The aim of watering slopes is to add enough water to the snow to achieve
the desired level of compaction. Furthermore, the water should penetrate
deep enough into the snow to ensure that consolidation cannot merely
take place on the surface. Finally, water should only be added when there
is enough time and when weather conditions are suitable for it to freeze.
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In principle, there are three “energy sources” capable of freezing water3:

- snow, when it is colder than 0°C

— ambient air4, when it is colder than 0°C

- net radiation on the snow surface, when it is negative. This means that
the snow surface emits more radiation energy than it absorbs (see
Section 2.2.2.2).

Hand hardness
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Fig. 4.3: Hardness (gray shading) and temperature (red line) profiles of a well-prepared slope
without added water. The top 60 cm of this snowpack are very firm, but have no ice because
no water was used. The temperature is 0°C at the surface but between —4°C and -6°C
deeper down. Hand hardness is based on whether a fist (Fl), four fingers (4F), one finger
(1F), a pencil (P), or just a knife (K) can be inserted into the snow.
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When watering slopes, the following key factors should be taken into

account:

— at low snow temperatures, water does not penetrate very far into the
snowpack because it freezes before it can percolate down further.
Accordingly, more water is needed to achieve the desired impact at the
required depth (at least 30 cm). The additional water and the energy it
contains prevent the snow near the surface from freezing prematurely
(Fig. 4.4).

— by contrast, at high snow temperatures the water penetrates deeper
into the snowpack, because it only freezes slowly. As a result, care
should be taken not to add too much water, since only cold air and
negative net radiation help it freeze.

— fine-grained snow, like those characteristic of machine-made snowy,
can absorb and hold more water than coarse grains. Consequently, here
more water can usually be added.

— coarse grains cannot hold as much water. As a result, the water soaks
in more quickly, penetrating deeper, or even percolating through to the
ground. It will then take significantly longer to freeze completely. Coarse
grains are also produced by the action of watering itself. When watering
multiple times, larger grains must be taken into account, meaning less
water should be applied.

— in inhomogeneous snow layers, for example shortly after the snow-
pack has been ripped up, water drains away irregularly, creating different
levels of firmness.

Before watering a slope, the following snow properties and weather
parameters over the next three to five days should be ascertained:

— snow temperatures at the surface and at depths of 10, 20, and 30 cm
— snow density at the surface and at depths of 10, 20, and 30 cm

— snow structure (grain shape and size)

3 Technically, “energy sinks” is the correct term to use here because energy is released
into the environment (snow or atmosphere) during freezing (see Section 1.3.1).

4 In addition, energy is released during freezing through evaporation and sublimation if the
relative humidity is less than 100 %, whereby the air temperature may also be above 0°C.
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Quantity of water and penetration depth
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Fig. 4.4: Depth of penetration depending on the quantity of water in cold snow (well below
—-10°C) and warm snow (well above —10°C).

— air temperature and wind speed: for the colder and stronger the wind,
the better added water will freeze.

— air humidity: the drier the air, the better the water will freeze.

— net radiation: clear nights considerably speed up the freezing process
because the snow surface can give off heat (see Section 2.1.2).

— precipitation: new fallen snow forms an insulating layer (see Section
1.2.2), preventing the heat released during freezing from being emitted
from the watered slope surface into the atmosphere. This greatly
hinders the freezing of the added water. New snow should therefore be
removed from watered slopes as quickly as possible.
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4.3.1 Preparing Slopes for Watering

To prevent water from draining away at the surface, it is a good idea to
prepare the surface (an exception being the injection method presented
below). All that is required to do this is a snowcat with caterpillar tracks.
There is no need to use a tiller. The snowcat creates a rough surface that
holds the water in place so that it can percolate down into the snowpack.
The roughness of the surface has almost no effect on the depth to which
the water penetrates. If less water is used, for example at high snow
temperatures, a smooth surface can also be watered.

All watering methods require the most homogeneous and densest
possible snow on the slope (> 400 kg/m3), so thorough basic preparation
is important (see Sections 4.2 and 3.3.1). If the snow on a slope is inhomo-
geneously layered, a front renovator or an angle dozer blade similar to an
agricultural plow can tear it up to a depth of around 40 cm to produce more
homogeneous compaction. This should be done no later than two weeks
before the completion of a race track, however. This way, before being
watered, the snow will have enough time to consolidate through the

Fig. 4.5: A snowcat tearing up a slope with a dozer blade (St. Moritz, Switzerland, 2017).
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Fig. 4.6: Left: a “torn up” slope before smoothing (St. Moritz, Switzerland, 2017). Right: the
slope being smoothed (without a tiller) after being torn up.

growth of bonds between its grains, providing a good starting point for the
slope's further preparation (see Section 3.2.2). Shoes or skis can be used
to further compact areas subjected to particularly high levels of stress (e.g.
jumps, steep turns).

Before any preparatory measures are taken, a suitable watering method,
appropriate for the weather and snow conditions, should be chosen. The
best-known methods and their advantages and disadvantages are de-
scribed below:

hose watering

injection bars or beams

snowcat bars

Norwegian sprinkler or fire-department sprinkler

4.3.2 Hose Watering

Hose watering is probably the oldest method and involves using a snow-
making hose to spray water over the slope surface. The slope preparation
team led by Greg Johnson, Chief of Course at the 2011 Ski World Cup in
Beaver Creek, Colorado (USA), provided a good example of this approach.
Their basic preparation involved using very wet machine-made snow that
was processed while still wet. When watering, they used snow guns (with-
out compressed air) to distribute the water more efficiently (Fig.4.7). In
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mild weather, the water could percolate about 20 cm down into the snow-
pack. In the afternoon, when air temperatures fell, the team were quick to
start their multiple tilling operations (comprising 5 to 6 runs). As soon as
the surface began to freeze, a finisher was used to smooth it. In total,
around 5,700 m3 of water was added to the slope.

Advantages of hose watering:

— alot of water can be quickly applied by just a few staff members

— when performed correctly, this procedure produces a grippy slope
surface with little ice on it

Disadvantages of hose watering:

— on steep terrain, some of the water flows over the surface, meaning it
does not penetrate as far down. This can be prevented by using cater
pillar tracks when preparing the slope surface, though if this is done,
watering must be followed by tilling. It is therefore important to get
the timing right (see Section 4.3.6).

— itis difficult to estimate the correct quantity of water to add

Fig. 4.7: The Birds of Prey World Cup course in Beaver Creek, USA, being watered with hoses
(2011) — photo: Greg Johnson, Chief of Course.
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4.3.3 Injection Bars

Injection bars® inject water at high pressure into the snow layer. The pres-
sure level, which is set at the hydrant opening, can determine the injection
depth. Water nozzles are spaced 10 cm apart on the bar, which two people
gradually move forward, also 10 cm at a time, but each time shifting 5 cm
to one side, creating a grid of columns of injected water measuring roughly
10 cm by 10 cm. The quantity of water used is determined by how long (in
seconds) the bar remains in the same place on the slope.

Advantages of injection bars:

the water quickly percolates into the snowpack

less water is left on the surface than, for example, when using hoses
no preparation of the snow surface is required

consequently, no tilling is required after watering

the quantity of water can easily be determined and controlled,
though this depends on having highly experienced staff.

an unlimited quantity of water can be added, so this method is
particularly well-suited to low snow temperatures.

a number of injection bars can be attached to each other, which
increases efficiency.

Disadvantages of injection bars:

in general, injection bars require large quantities of water. At snow tem-
peratures higher than around —10°C, too much water is often injected.
This unnecessarily softens the slope foundation and can result in water
flowing over the ground. It also can lead to extremely icy surfaces lack-
ing of grip if added water cannot percolate sufficiently.

if the pressure exerted is too high for the type of snow (e.g. low density),
water will be injected too deep down and spread out too little hori-
zontally (Fig. 4.9). This leaves poorly consolidated areas between the
water (ice) columns.

it requires extensive human resources

5

Injection bars were developed by Christian Steinbach from Kitzbihel in the 1990s with
a view to leaving less water on the surface and conveying more to deeper layers of the
snowpack. lcy surfaces were frowned on at the time.
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Fig. 4.8: Three connected injection bars being used to water a slope (St. Moritz, Switzer
land, 2017)

4.3.4 Snowcat bar

Primarily in a bid to reduce the human resources needed to water slopes,
various race organizers have developed bars that can be attached to
snowecats (Fig. 4.11). As with conventional injection bars, water is sup-
plied through a snowmaking hose and injected into the slope at high pres-
sure through holes in the bar. When constructing such watering bars, care
must be taken to ensure that roughly the same pressure is applied across
the entire width of the bar. This can be done by varying the diameters of its
pipes. The feed rate, and thus the quantity of water injected per area, is
determined by the speed of the snowcat. As with injection bars, the quan-
tity of water also depends on the diameter of the holes in the bar, on the
hydrant opening, and on the pressure applied there. Unlike injection bars,
snowcat bar do not create a grid of columns, but rather lines of water
spaced 10 cm apart. The water can be distributed more evenly if the snow-
cat drives a subtle zigzag course.
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Advantages of snowcat bars:

The feed rate is regulated, guaranteeing the injection of a specific
quantity of water

Smaller quantities of water tend to be used, making this method
more suited to snow temperatures above around -10°C

fewer human resources are required

Disadvantages of snowcat bars:

slightly more water remains on the surface of the snow than when in-
jection bars are deployed. To ensure that the water does not flow away
across the surface, it is a good idea to prepare the snow, for example
by tearing it up with caterpillar tracks.

if the slope is prepared (with caterpillar tracks), it needs to be tilled after
watering (timing is important)

snowcat bars generally use less water than injection bars. At low snow
temperatures, under certain circumstances too little water is added
because the snowcat cannot travel sufficiently slowly.

Fig. 4.9: Injection tests on blocks of snow with different-sized grains (left: 0.4 mm; center:
1.5 mm; right: 0.25 mm) and densities (left: 455 kg/m3; center: 306 kg/m3; right: 435 kg/m3).
It is clear from the central block of snow that in coarse-grained snow water does not spread

as well horizontally.
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Fig. 4.10: Hardness (gray shading) and temperature (red line) profiles four days after slope
watering using injection bars (St. Moritz, 2016). Note the sharp fall in firmness in the deeper
layers due to the large quantity of water. Solar radiation brought the surface temperature

to 0°C. At a depth of between 10 and 30 cm, the temperature reached -3 °C as heat was
lost overnight through radiation, and the slope was very firm. Further down, the snow was
softened by the large quantity of water, and the temperature rose to 0°C. At this depth, the
snowpack consolidates very slowly.
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Fig. 4.11: Slope watering using a snowcat bar (St. Moritz, Switzerland, 2017).
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Fig. 4.12: Hardness (gray shading) and temperature (red line) profiles four days after the use
of a mechanical bar to water a slope (St. Moritz, 2016). In this example, the top 30 cm were
very firm and the deeper layers of snow were also sufficiently firm. A soft layer at a depth
of 50 cm can be ignored, as long as the layers above it are firm enough. If need be, the soft
layer can be removed by tearing up the slope. Water was visible to the depth of the profile
(melt forms). Overall, less water was applied here than when injection bars were used

(Fig. 4.10). Consequently it took less time to freeze, so the snow could consolidate faster.
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4.3.5 Norwegian Sprinklers/Fire-Department Sprinklers

A type of sprinkler developed and deployed in Norway supposedly enables
water to be spread evenly across the slope surface. Sprinklers like those
used by fire departments are also used. Again, the water is delivered, in
this case to sprinklers, by a snowmaking hydrant, where the pressure can
be pre-set. The pressure can also be set at the sprinkler, operated by one
person. The quantity of water is manually controlled by moving the sprin-
kler.

Advantages of sprinklers:

— their operation requires few human resources

— the pressure can be adjusted at the sprinkler

— sprinklers make it possible to work with small quantities of water

Fig. 4.13: Slope after watering and tilling (St. Moritz, Switzerland, 2017).
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Disadvantages of sprinklers:

— the method is more suited to smaller areas

— the quantity of water required per area can only be determined/esti-
mated manually

— more water remains at the surface than percolates down to lower
layers

— when larger quantities of water need to be added (to penetrate further
down), the surface has to be prepared (using caterpillar tracks).

— if a slope is prepared (by caterpillar tracks), it needs to be tilled after
being watered (timing is important)

— as the quantities of water tend to be small, this method is only suit-
able for use at high snow temperatures

4.3.6 Tilling the Surface

A roughened surface has to be tilled after being watered. The timing of
tilling is crucial here. The right time must be chosen depending on ambient
temperatures and levels of solar radiation. Snow should be tilled when it is
still only slightly wet (it must not stick to the tiller) and just about to freeze.

44 Chemical Hardening of Snow

In unfavorable weather, when the temperature rises, for example during
a foehn event, intensive solar radiation, or rain, even optimally-prepared
race tracks can soften considerably, making their surface no longer able to
withstand the stresses exerted by athletes. Nonetheless, to enable races
to take place in such exceptional circumstances, the snow can be tem-
porarily consolidated using snow hardeners, both before and during the
competition.

4.4.1 The Snow Hardening Process

Water-soluble substances such as common salt, ammonium nitrate, or
urea are used as snow hardeners®. This is how snow is hardened:
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— snow hardener is spread over a wet snow surface and dissolves in the

water contained therein:

e the snow cools slightly as the hardener dissolves’ (Fig. 4.14 A)

¢ the dissolved particles in the water lower its melting point. This means
that water in which snow hardener has dissolved remains a liquid even
at temperatures well below 0°C (as does seawater, for example).

— subsequently, the snow's ice framework melts further, reducing its
strength in these areas.

— melting consumes heat extracted from the surrounding ice framework,
causing cooling (Fig. 4.14 B).

— water in which no hardener has dissolved and whose melting point has
therefore not been lowered begins to freeze, thereby consolidating the
snow. At the outset, therefore, the few centimeters below the surface
are where the snow is most strongly consolidated (Fig. 4.15). But as the
dissolved hardener seeps down, it is the deeper layers that become
most strongly consolidated.

Snow quickly hardens at the surface (in roughly 30 minutes). After about
180 minutes, deeper layers of snow (up to 10 cm deep) are also consoli-
dated by added snow hardeners (Fig. 4.15). However, by that point the
strength of the layers near the surface has waned again, so they should be
continuously scraped away. As the snow hardener continues to seep in,
it becomes more evenly distributed, but increasingly less concentrated, in
the snow. This phenomenon, as well as additional melting caused by the
sun and warm air, means that the short-term consolidation of the snow is
lost again after 3 to 4 hours at most8 (Fig. 4.14 C).

6 Under the product name PTX, Austrian company Gerema sells ammonium nitrate (PTX
311; NH4NO3) and common salt (PTX 312 speedy; NaCl) specifically as snow hardeners.
These, and other usable substances such as urea (CO(NH,),), are also available from
chemical and food wholesalers.

7 When common salt, ammonium nitrate, or urea dissolve in water, a chemical reaction
occurs, requiring heat, which is extracted from the surrounding area, thereby cooling it.
This phenomenon is far more pronounced with ammonium nitrate (321 kJ/kg) and urea
(234 kJ/kg) than with common salt (66 kJ/kg), but is negligible with all snow hardeners.
This is because, as recommended by the manufacturer, small quantities are applied
(1-4 g/m3 of snow, penetrating to a depth of 2 cm; www.gerema.at). The energy
absorbed in the reaction is therefore also low (< 0.3 kJ/ m3 of snow).
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Time

Fig. 4.14: Chemical snow hardening process. The dots represent dissolved snow hardener
particles, which reduce the melting point of the water in the snow. The arrows indicate the
strength and direction of the ensuing heat transport (MANI et al., unpublished).
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Fig. 4.15: In a laboratory experiment, 60 g/m?
of ammonium nitrate was poured onto a block
of snow (liquid water content = 1 vol. %), the
hardness of which (see Chapter 8) was meas-
ured every 30 minutes. It is clear to see that
the snow hardened quickly near the surface
(10-40 mm), sinking down to a depth of around
90 mm after 3 hours. In the end, the block was
moderately consolidated over its full depth,
since under the laboratory conditions neither
warm ambient air nor radiation could input any
additional energy.
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4.4.2 Practical Snow Hardening Tips

The following points should be taken into consideration when using snow

hardeners:

— one prerequisite for their use is a stable slope of adequate thickness
(at least 30 cm), constructed to withstand the intensified removal of soft
surface layers

— wet snow - i.e. liquid water in the snow — is also required to enable the
hardener to dissolve

— the manufacturers' instructions® regarding the quantities to be de-
ployed must be heeded (100 to 200 g/m? of common salt; 50 g/m?2 of
ammonium nitrate). Only relatively small quantities of snow hardener
are needed to reach the required level of consolidation. If too much is
used, the snow hardens less.

— the size of the grains of snow hardener also has a decisive influence:
with larger grains, the snow hardens to a greater depth and remains
hard for longer. However, the snow hardening process is relatively slow.
Fine-grained hardeners, by contrast, work quickly and produce a harder
surface, though it does not last very long.

— snow hardeners are very ineffective in snowfall and fog. The water in
the snow does not freeze because the surface does not release any
energy into the atmosphere (see Chapter 2). Moreover, the dendritic
structure and low density of new fallen snow prevent effective heat
conduction and impede water accumulation at the grain boundaries, a
precondition for the hardening process.

— the tilling of snow hardeners is not recommended. Furthermore, once
the hardening process has begun, the snow should no longer be worked
in any way (e.qg. tilled, compressed by caterpillar tracks).

— rainwater, however, is conducive to snow hardening, though it requires
the continuous strewing of snow hardener

8 On the one hand, chemical hardening works because heat is transported through the
snow much more quickly than hardener can dissolve and spread through the liquid water
contained in that snow. On the other hand, hardener is not distributed evenly throughout
the snow, causing major differences in its concentration.

9 www.gerema.at; www.hanspierentopproducts.ch
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Fig. 4.16: Snow hardener being applied using a blower spreader (left) and by hand (right)
(Biathlon World Cup, 2017 Pyeongchang, South Korea).

— salt (common salt, ammonium nitrate) works more quickly and can
therefore be added during races

— walking on a softened slope while wearing crampons to roughen it
has in practice (Adelboden World Cup) been shown to improve the snow
hardener's depth penetration

— once the hardener has been strewn, there should be a respite period
to give it time to dissolve in the snow

— soft surface layers should be removed whenever possible

— all sensitive areas around the race track, such as nature reserves, bodies
of water, and groundwater protection zones should be identified, as
should the resulting environmentally relevant constraints arising from
them. For example, nitrogen-based snow hardeners (ureas, ammonium
nitrate) may not be spread on sensitive soils, such as nutrient-poor
grassland or meadows used for biological purposes. Furthermore, the
use (i.e. location and quantity) of snow hardeners in Switzerland has to
be recorded.

10 For Switzerland, further information can be found at www.bafu.admin.ch/bafu/de/home/
themen/chemikalien/publikationen-studien/publikationen/ schnee-haerterrennpisten-
schneesportwettkaempfe.html.
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— if weather windows enable the snow surface to release energy
(negative energy balance), the use of hardeners should be adapted
accordingly. Hardeners work particularly well when the sky clears up
early in the morning, for example after nocturnal thawing, as long as the
snow surface can radiate heat and there is no direct sunshine.

— ammonium nitrate is an oxidizer and highly explosive, so it needs to
be stored far away from sources of ignition and heat

4.5 Removing Snow

Snowfall on a fully-prepared race track is every organizer's worst night-

mare. Since new fallen snow cannot meet the firmness required by com-

petitors, it must be removed wherever the steepness of the slope permits

this to be done. New snow inevitably piles up, causing dangerous ob-

stacles. New fallen snow can be removed from a slope by:

— hand (using a standard shovel, sleigh shovel, or broom)

— using a hand tiller

— using a leaf blower

— sliding it off

— using a quad with rubber tracks (with a tiller, broom, or dozer blade
attached).

Only on very flat areas can it make more sense to till new snow, because
it is very difficult to remove from them. It is important, however, to ensure
that the snow has enough time to sinter.

4.5.1 Repairing Damage

Damage can often arise where there are minor irregularities in the race
track due to the high level of stress exerted by users. Such unevenness or
small cracks in the slope surface can be evened out using a scraper, a
shovel, or by regularly sliding off the surface layers. If such weak spots
are recognized early enough and continuously mended, more extensive
damage can often be completely avoided or at least delayed. For example,
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Fig. 4.17: Snow being removed by a quad with a front-mounted tiller (www.aebi-schmidt.ch).

if the entry to and exit from a forming hole in a turn is mended sufficiently
early and regularly using a scraper, the high stress exerted by the com-
petitors will be spread over a larger area, alleviating the problem.

Turns and steep sections also have to be slipped over with skies
constantly, so that the wear on the slope surface becomes more even and
more dynamic. There should be no skidding on flat (gliding) sections. Skid-
ding causes varyingly loose snow particles to form during the race, which
leads to inconsistent skiing conditions.



5 Cross-Country SkiTrail Preparation and
Grooming

Section 3.1.6 above described how cross-country ski trails and downbhill
slopes both have to meet similar requirements. Above all, they must have
an even, homogeneous surface. But many cross-country trails do not
need to be as resistant as downhill slopes.

The preparation and grooming of trails does not differ fundamentally
from the procedures followed for downhill slopes. Basic preparations entail
building a stable foundation in the same way as with downhill slopes.
Similarly, topography, stress, weather, and snow conditions (see Chapter
3) all need to be taken into account for trails, too. Trail grooming essentially
involves surface regeneration work. There is rarely need to repair damage
or redistribute snow. But the track grooves on classic cross-country ski
trails also need to be prepared. Competition courses are an exception, as
they sometimes necessitate special measures.

Fig. 5.1: Sandra Wagenfihr using the skate skiing technique at the 2017 Engadin Ski
Marathon — photo: Jirg Marugg.
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5.1 Preparing Tracks for Classic Cross-Country SkiTrails

Setting a good track is essential for creating a high-quality classic cross-

country trail. When doing this, the following points should be taken on

board:

— prepare an even track, i.e. one with a consistent depth and no undula-
tions

— make the track as deep as possible (5 cm) to improve its durability

— drive the snowcat slowly (< 8 km/h)

— (if possible) do not make ascents/descents too steep

— tailor curve radii on descents to the speed at which skiers will be trav-
eling

Tracks are prepared using devices or plates mounted on the rear of a
snowcat (Fig. 5.2). Track devices are equipped with small cutting tools that
tear up the hard surface to make it easier for the track profiles behind them

| LS
l\l\l\ { '::"'-

Fig. 5.2: A snowcat making a trail, with a tiller, finisher, and three track-setting plates attached.
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to penetrate the snow. Where the ski track's geometry (Fig. 5.3) is im-
printed, the snow is compacted. But the track-setting device only lightly
compresses the pole track.

Optimal preparation involves the simultaneous use of a tiller and
track-setting plates. Track profiles penetrate freshly-tilled snow better.
Furthermore, using a tiller positively impacts snow consolidation (see Sec-
tion 3.2). This is particularly important for consolidating pole tracks, as
the snow there is less firmly compressed by the track profiles. As well as
using a tiller, it is also essential to drive slowly to maximize homogeneity
and therefore optimize track quality (Fig. 5.4 tracks grooves).

track grooves

Pole track Pole track

A
A= 52- 60 mm D= 170- 250 mm
B= 130-160 mm E= 80- 120 mm
C= 40- 50 mm L=1,000-1,200 mm

Fig. 5.3: Profile of two pairs of cross-country tracks.

Fig. 5.4: A comparison of two cross-country tracks. Track A was prepared applying low
contact pressure, with penetration to a depth of 40 mm, and driving at a speed of 8 km/h.
Track B was prepared applying maximum contact pressure, with penetration to a depth of
60 mm, and driving at a speed of 5 km/h.
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Fig. 5.5: Left: tiller with front-mounted cutter (Kratzus, Bachler Top Track AG, Switzerland).
Right: narrow track tillers (Nordic Liner, Prinoth AG, IT, photo: www.prinoth.com). Both
devices improve track preparation, even of hard and icy surfaces.

To improve track quality in hard snow (an icy trail), an additional cutting
device or track tiller can be mounted in front of the tiller (Fig. 5.5). Unlike
the main tiller, these devices only tear up the snow where the track is, but
penetrate deeper there. This facilitates the preparation of icy tracks. The
main tiller can also be used at a shallower depth.

If higher speeds are reached on descents, tracks should not be pre-
pared, especially in sharp turns. To ensure that trail users can control their
slidesand/orchange of footing when skiing through turns, the trail must
be even and grippy across its entire width. Depending on the snow con-
ditions, the outside of the turn can be banked (bobsled turn) to facilitate
the change in direction.

Ideally, trails should be prepared in the evening, as this will provide a
sufficiently long respite period for the snow to consolidate through
sintering (see Section 3.2.2). Only in exceptional cases (e.g. heavy snow-
fall) should cross-country trails be prepared while skiers are using them.
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5.2 Grooming Cross-Country SkiTrails

Trails must be groomed throughout the winter season. In general, the
tasks this involves are the same as those for downbhill slopes (see Section
3.3.2). The main focus, however, is more on regenerating the trail's sur-
face (leveling, homogenization), reconstructing destroyed tracks, and
compressing and leveling new fallen snow. Frequent snowfall necessi-
tates daily trail grooming. Under stable high-pressure weather conditions,
an optimally prepared trail can be left for a few days without needing to be
groomed. lcy patches should be torn up and removed, especially in turns
and on descents. Snow will also need to be moved in places.

5.3 Preparation and Grooming of Competition Trails

Competition courses are subject to far greater stresses than regular trails.
This is partly because races entail many athletes completing the course in
a short space of time, usually over several consecutive days. But it is also
because professional skiers make much deeper indentations with their
skis and poles than recreational skiers.

Fig. 5.6: Roller and light track-setting device to be used on a snowmobile. Snowmobiles are
particularly useful for leveling the surface when there is insufficient snow and/or very warm
weather has softened the snow, because snowcats would sink in too deeply (www.yellow-
stonetrack.com).
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To ensure that competition courses can withstand these exceptional
stresses, their basic preparation must leave them with a higher density, for
example through the use of machine-made snow. The focus here should
be on steep sections that are exposed to the sun, to prevent or limit signifi-
cant softening in the event of sudden warm weather.
Furthermore, the trail's preparation with a snowcat needs to be opti-
mally tailored to the snow conditions (see Chapter 3) by:
— ensuring the longest possible respite periods after preparation (closure)
— preparing wet snow early, before it starts to freeze
— preparing dry snow slowly, making maximum use of a tiller
— preparing new fallen snow multiple times, making maximum use of
a tiller

Other measures can include covering! sections of the trail (Fig. 5.7);
applying snow hardener (see Section 4.4); or, if the foundation of the trail
is deep and dense enough, removing soft surface layers or fresh snow.

Competition courses may also be insufficiently firm if snow stored over
the summer is used (see Section 74), because such coarse, round-grained
old snow does not consolidate as effectively through sintering (see Section
1.3.2). In this scenario, it is particularly important to drive the snowcat
slowly, applying a high contact pressure, and tilling at high speed. If the
temperatures are low enough, slope watering methods can be used (see
Section 4.3).

T Any covers must be removed in good time as soon as the snow can once again release
more energy through radiation loss and/or evaporation than it absorbs from the sun and
warm air (see Section 7.4). Meteorological measurements and snowpack simulations can
help in this regard (see Chapter 8).
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Fig. 5.7: Covered ascent at the 2017 Biathlon World Cup in South Korea. Covering a course
reduces softening and melting in the middle of the day and ensures better competitive
conditions in the late afternoon and evening.
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6 Snow Park Construction, Maintenance,
and Management

Meeting growing customer needs entails more than just optimizing slope
preparation. It is also worthwhile introducing additional attractions at a ski
resort to offer guests fun, variety, and new sporting challenges. Further
more, staging competitions in spectacular Olympic skiing and snow-
boarding disciplines like slopestyle, cross, and halfpipe attracts visitors, and
can prove valuable for marketing purposes. Nowadays, the term snow park
encompasses a wide variety of very different facilities, from children's
parks to superpipes (Fig. 6.1). This has made it increasingly difficult for ski
resort managers to choose and build the right snow park facilities.

Although typical features like jumps, banked turns, and undulations are
most popular with younger users, if the right know-how is applied, parks
can be made to appeal to young and old alike, from beginners to skilled
snow sports enthusiasts. Ski resorts' expensive facilities will only turn a
profit if a maximum number of visitors is induced to actually use them.

If visitors are to enjoy snow parks and use them safely, they must be
expertly constructed and properly maintained. This chapter gives a rough
overview of some potential features and construction and maintenance
methods, as well as of the most important safety principles. The content
below is based on the Swiss Competence Centre for Accident Prevention

Attraction park Freestyle park Halfpipe
. . Ski-/boardercross Slopestyle Superpipe
Airbag jump (professional) (professional) (professional)

Photo jump

Freeride cross Freestyle park

Speed track - Large
— Medium

Toboggan/tubing run — Small

Snow playground
Funline Kids' park Small pipe
-Wall <1.5m

Fig. 6.1: Overview of different types of snow parks.

Medium pipe
-Wall<4m
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(BFU) guide on snow parks (WEILER 2013 - only available in French and
German), which presents further information. A professional snow park
designer’ may also be consulted, to develop facilities that best suit the
specific features of the ski resort.

Fig. 6.2: Freestyle park with super and medium pipes (Laax, Switzerland, 2016). Left: large
and medium step-down jumps. Adjacent: medium line with rails, tabletops and wallride —
photo: Roger Heid.

.h'l Y:&;Ell\.;;";.'.li > |

Fig. 6.3: a) Fun line with box and snow tunnel. b) Fun line high-five feature (Livigno, Italy,
2016) — photos: www.schneestern.com.
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6.1 Freestyle Parks?

A good freestyle park consists of jumps built out of snows, and jibs. One
example of a jib might be a table creatively integrated into the snow sur
face for users to glide over, push off from, or tap (Fig. 6.11). Series of jumps
and/or jibs of similar difficulty are positioned in so-called lines, which users
pass through in sequence from top to bottom (Figs. 6.2 and 6.4). Table 6.1
lists typical freestyle park features, though there are virtually no limits on
the creativity of park builders. Freestyle parks must be clearly separated
from slopes.

Fig. 6.4: Left: small freestyle park with two lines. Right: freestyle park with a medium line,
and a large line on the right with an extra-large step-down jump at the start (Les Deux Alpes,
France, 2006).

1 Larger facilities, e.g. at the Olympic Games, are only built by park construction companies
(e.g. whiteindustriesltd.com; schneestern.com; shape-academy.com; f-tech.bz).

2 Usually they are simply referred to as parks, or as snow, fun, terrain, or slopestyle parks.

3 Earthworks can help to reduce the quantity of snow needed to construct larger jumps.
In Switzerland, earthworks require authorization and often have an environmental impact
(see Section 7.5.2).
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As when constructing slopes, users' different levels of ability must be
taken into account. Yet whereas slopes can be relatively easily categorized
based on their gradient, making it easy to give users reliable information,
it is not as easy to grade the difficulty of park features. For above all, it
is users' personal preferences, rather than just the size and type of a fea-
ture, that determine its degree of difficulty.

Table 6.1: Typical freestyle park features. Also see the following figures.

Jumps Jibs Others
Tabletop Box - flat, bow, curved Quarterpipe
Step-down Rail — straight, kinked, bow, curved Airbag jump
Step-up Tube Seating area
Roller Picnic table Snow bar
Drop Wallride

Gap Bonks — e.g. barrels or logs

Corner (hip) or spine

SNOWPARK

DE FR IT EN

erst schauen regarde avant | controlla prima  look before

plane planifie pianifica make
- gehes vas-y progredisciun  easy
_a
Respekt le respect rispetto
smal small ]
small

S

Fig. 6.5: a) Official placard from the Swiss Commission for the Prevention of Accidents on
Snowsport Runs (SKUS) with the rules for safe behavior, displayed at snow park entrances.
b) SKUS labels for snow park features (www.bfu.ch).
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For this reason, the smart-style concept is recommended, which involves
park-specific difficulty grading and standardized signage, but on top of
that focuses above all on promoting safe behavior in snow parks (Fig.
6.5). The colors blue, red, and black, used to indicate slope safety, should
not be used to signal the difficulty of park features, because this can lead
to misjudgments. After all, not everyone who can ski down a black slope
will automatically be capable of tackling “black” jumps in a park (WEILER
2013).

Grading difficulty based on feature size:

— SMALL: beginners should be able to negotiate the easiest features
without any previous park experience, and without even having to jump.
Clearing an obstacle should never require jumping higher than 0.5 m off
the ground

— MEDIUM: intermediate obstacles with jump distances of between 5
and 12 m, for experienced park users

— LARGE: difficult obstacles with jump distances of 10 m and above, for
experts. X-LARGE or PRO labels may serve to indicate extra-large fea-
tures primarily used by competitive athletes.

6.1.1 Jumps?

A jump is determined by the size (height and length) and shape (curvature
and gradient) of the inrun, transition, take-off, table, and landing (or landing
slope) (Fig. 6.6).

The shape and proportions of the different parts of a jJump have to match.
For example, the longer and larger the take-off area, the wider and longer the
landing zone should be. Although no standardized jump geometries are
desired by all those involved in park construction, the following key points
should be taken into account:

— an inrun should lead straight to the kicker and have the most invariable
gradient possible

4 Also called kickers and ramps.
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Kicker

ake-off z @

T
Transition Ha
| Knuckle

Out-run

Fig. 6.6: The various parameters of a jump, describing its size and shape. The take-off is also
sometimes called the transition.

— the shape of the kicker (height Hyo, length Lo, gradient a 1o, curvature)
should depend on the type of jump and always be tailored to the landing
(Fig. 6.7):

e the wider and longer the landing zone, the larger the kicker can be

e the transition from inrun to take-off must be smooth,
i.e. allow plenty of space for a long transition (L)5

e the take-off is the straight, non-curved end of the
kicker®: the larger the jump, the faster the approach speed, and
the longer the straight take-off needs to be (about 0.5-2 m)

e the steeper the landing (a), the steeper the angle of take-off needs
to be (OLTO)

e for large jumps the landing should be a few degrees steeper than the
take-off

5 Due to the curvature of the transition, angular momentum is generated as users pass
through, which would cause them to rotate backward if they did not compensate by shifting
their weight. If they lose their balance because the transition is abrupt and strongly curved,
they can suffer a bad fall. Long transitions and straight take-offs are therefore safer.
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e flat (take-off < 20°) kickers that are only slightly curved are easier to
jump off from and are more quickly passed over
e steep, highly curved kickers require experience and precision on the
part of builders and jumpers alike
e kickers should be at least as wide as a snowcat, as this makes them
easier to groom and is also beneficial to jumpers
— a table should be at least three snowcats wide, allowing free passage
around the jump during its preparation
— the landing zone should be at least twice as long as the table and
widen out toward the bottom
— there is a lower risk of injury® with tabletop, roller, and step-up jumps
than with gaps and drops. With step-down jumps, the risk of injury can
be minimized by building the table slightly uphill so that the landing zone
starts higher up, lowering the fall height, similar to the geometry of a
step-up jump (Fig. 6.9). The tabletops of SMALL jumps should prefer-
ably be built with flat take-offs so that users have the option of sliding
right over them without taking off.

6 When jumping, the fall height refers to the user's distance above the ground. In the event
of an accident, a higher fall height often increases the seriousness of the injury (= injury
hazard). The same is true of a higher landing speed, whereas a higher take-off speed in-
creases the likelihood of a fall, as it is harder get the timing right. Likelihood of falling plus
injury hazard equals actual risk of injury.
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1

Step-Down

Steep take-off (up to around 32°), whereby
the landing area

begins far below the

take-off point.

+ easy to build

- high fall height and landing speed®

Step-Up

Very steep take-off with a steep landing area
that begins above the take-off point.

+ low fall height and landing speed

— high take-off speed

— alot of snow required/rare shape of terrain

Roller

Steep take-off with a curved landing area

that is adapted to the jumper's trajectory

and begins at roughly the same height as

the take-off point.

+ low fall height

+ is forgiving of excessively fast or slow
approach speeds

— elaborate construction

Tabletop

Take-off and landing are connected by the
tabletop. The landing area begins at the same
height as the take-off point.

+ low fall height and can be skied over

+ variable feature/also together with jibs

— expensive to build and maintain when large

Drop

Flat take-off (< 5°). The landing area

starts well below the jump.

+ low take-off speed

- highest fall height

- elaborate construction/rare shape of terrain

Gap

Steep take-off. The landing area begins at
the same height as the take-off. In between
is a gap.

+ spectacular

— very high injury hazard

Fig. 6.7: Different types of jump. There are not always clear boundaries between step-down,
roller, and step-up jumps. In reality, the transitions from table to landing area are rounded

off.
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Fig. 6.8: In the foreground, a medium-line roller (table ca 8 m high). In the background, two
small-line tabletop jumps (ca 3 m high; Davos, Switzerland, 2014).

Fig. 6.9: Large-line step-up/down jump (table ca 15 m high; Davos, Switzerland, 2014).
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Fig. 6.10: Step-down jump (table ca 15-20 m high) in Olympic slopestyle (Rosa Khutor, Russia,
2014).

Fig. 6.11: Various jibs (Laax and Davos, Switzerland). a) Rainbow box — photo: Marc Stal.
b) Rainbow rail — photo: Roger Heid. ¢) Tree bonk for tapping, jumping over, or resting on.



Snow Park Construction, Maintenance, and Management

6.1.2 Jibs

Jibs are artificial metal, plastic, or wooden features that users normally
glide over. Boxes and rails (Fig. 6.11) are among the standard jibs found in
freestyle parks. Unlike rails, boxes provide a surface to slide on that makes
it easier for users to maintain their balance. Nowadays, there are also
especially wide, flat, and short boxes for beginners, with no metal tube
surround. The longer, higher, and steeper boxes and rails are, the harder it
is to glide over them. The most difficult features are also curved (rainbow)
or kinked as well.

There are no prescribed quality standards for jib features either. Nev-
ertheless, to increase safety and comply with due diligence obligations,
park operators should meet the following minimum requirements when
installing jib features (WEILER 2013):

— the manner of construction and choice of material must make them
unbreakable and weatherproof (resistant to corrosion and UV radia-
tion)

— features must be stable and firmly anchored in the snow

— features must be closed structures that rule out straddling or snagging

— any connections, e.g. from sliding surfaces or pipes, must be level.
Joints should never be more than 5 mm wide. Welding seams must be
sanded down.

— all edges must be rounded (radius = 5 mm) and deburred. There must
be no protruding screws or sharp parts.

To ensure the safest possible use of jibs, itis also vital that they are securely
anchored in the snow surface. As with jumps, the inrun, transition, take-off,
and landing of jibs must all be built to suit their size and shape (see Section
6.1.3).

6.1.3 Planning and Constructing Freestyle Parks
If a ski resort decides to build a freestyle park, it should first ascertain

whether the available resources will suffice to achieve its goal. The follow-
ing questions are important in this connection (WEILER 2013).
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Who is the target group? \Which features of which size should there-
fore be considered for inclusion? What form should the communication
and marketing strategy take? How will event planning be organized?
What's the park's planned location? Is the terrain suitable? Is any
snowmaking infrastructure available?

Who will build and maintain the park? Are resources (workers, ma-
chines and infrastructure, know-how) available? Does the preparation
team need to be enlarged, or will external park designers be commis-
sioned’?

Who will finance the park? How much is it expected to cost? What is
the available budget? How much revenue will the park generate?

Once the basic concept behind the park has been identified, a design is
produced to specify the work to be done to build it. This design comprises
a simple sketch indicating the proposed park's various lines and features
and their rough configuration. Particular attention should be paid to the
following points:

— if possible, avoid north and west-facing locations and sites exposed

to winds;

take account of the existing inrun length and gradient when deter
mining the number and size of features. On average, the park's terrain
should be no steeper than 22° in most places (red slope). Blue slopes
(< 14°) are ideal for parks catering for beginners.

incorporate natural terrain (humps, cornices, trails, undulations, and
rocks) to reduce the workload and the quantity of snow required.

7 The BFU recommends that ski resorts only build small snow parks themselves, and

involve external designers in the construction of larger parks. The BFU snow park guide
provides planning and building checklists (WEILER 2013).

8 With south-facing jumps, although the required inrun height varies as the snow condi-

tions change (see Section 6.1.4), the upside is that landing areas soften throughout the
day, while the shaded take-offs remain stable. North-facing slopes produce the most
stable conditions and require the least maintenance. That said, constant shade is unat-
tractive. West-facing locations are also not ideal, as take-offs soften considerably while
landings tend to remain hard.

9 The operating costs incurred by snowmaking systems are lower than those incurred

by the time-consuming piling up and compacting of natural snow. If, despite this, you
choose to work with natural snow, snowcats should compact layers with a maximum
thickness of 30 cm.



Snow Park Construction, Maintenance, and Management

Fig. 6.12: A jump's landing hill under construction (Stelvio, Italy, 2017).

In the final step, individual features (type, size, shape, workload, quantity
of snow required, cost) are specified in detail, including barriers, signs,
seating, and so on. The aim is to draw up the most exhaustive list possible
of everything needed for the park. Furthermore, drawings should be pro-
duced of every feature of every jib or jump, specifying their exact dimen-
sions, to serve as a basis for their actual construction.

In principle, the landing zone of any feature is always built first. The
take-off zone is then constructed to match the size of that landing area.
Machine-made snow? is an ideal building material because it is very
dense and consolidates quickly. Moreover, it can also already be piled up
wherever it is needed. During construction, once the snow has been
placed in position, there should be a fairly long respite period (of more
than 16 hours) before final shaping, so that the grains can coalesce and
the snow can consolidate again (see Section 3.2.2).

If snow is wet to very wet when produced, it should be used im-
mediately. If it is only used after lengthy storage, it will not consolidate well
when the planned features are built. The main reason for this is that the
grains in wet snow coalesce into larger clusters (see Section 1.3.4.2). If
this snow is then used for further work, these coarse-grained structures
will seriously hamper consolidation induced by sintering. Adding water is
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then often the only solution when that snow is used for construction. But

it is vital that the take-off and landing zones should not ice over, as that

would increase the injury hazard.
When building jumps, experts recommend proceeding as follows

(WEILER 2013):

— produce the snow and move it to where the feature is to be built

— use poles to mark out the landing slope from beginning to end

— use a dozer blade to heap up the snow at the end of the landing to
prevent snow from sliding away during the jump's construction

— construct the table and landing slope, working downward from the
top (Fig. 6.12)

— build the take-off

— create the curvature of the transition and take-off (also with a dozer
blade)

— cut out the sides and front

— use a finisher and tiller to smooth out the take-off and landing, working
from top to bottom (Fig. 6.13). Use shaping tools to do precision work
by hand (Figs. 6.14 and 6.15).

Fig. 6.13: A tabletop landing being smoothed out with a tiller and finisher (Stelvio, Italy,
2017). When constructing and maintaining snow park features, snowcats should be small
and maneuverable. Moreover, tillers and dozer blades should be extremely mobile. Flexible
tillers need to be fixed in place when preparing landings and take-offs to prevent lateral
curvature of the snow surface.



Snow Park Construction, Maintenance, and Management

Rails and boxes are constructed as follows (WEILER 2013):

use poles to mark out the fall line and length of the feature (including the
landing, etc.)

build a wide shelf of snow (table) with the desired inclination and landing
zone

anchor the feature to the table

build the take-off (at least 1 m wide)

shift the side walls of the table to match the width of the take-off

use a snowcat to smooth out the landing and lateral fall zones. Add the
finishing touches to the take-off by hand using shaping tools.

6.1.4 Maintaining and Running Freestyle Parks

Features need to be maintained on a daily basis to keep freestyle parks
attractive and safe. Just like slopes, parks should be groomed when the
snow is soft and easy to work with, which is usually the case immediately
after the facility's closure (see Section 3.3). The main tasks of park main-
tenance teams include:

regenerating inruns, take-offs, and landings (using a snowcat or shaping
by hand; see Section 3.3.2). A winch should be used when working on
steep landing slopes, working from bottom to top (WEILER 2013).
repairing damage (using a snowcat or hand-held shaping tools):

e softening landing zones (tilling hard layers of snow or ice)

e filling in depressions, e.g. tracks in the transition; removing bumps

e fixing slanting jib features, loose parts, broken sliding surfaces, etc.
checking barriers and signs

closing off features in dangerous conditions (strong wind, fog, snow
that is too hard or too slow)

sliding away large quantities of new fallen snow

using snow hardener (see Section 4.4) and/or covers (see Section 5.3) to
prevent the snow on the inrun or take-off from softening during compe-
titions, e.g. during thawing
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Fig. 6.14: A kicker being shaped (smoothed) — photo: www.schneestern.com

Fig. 6.15: a) A rail take-off being shaped (Kitzbihel, Austria, 2015) — photo: Roland Haschka.
b) A shaping tool for cutting through walls of snow, e.g. in halfpipes — photo: shapetools.ch.
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Further safety measures:

in poor visibility, slope safety colors should be used to mark take-offs
and landing zones (Fig. 6.19)

if ajump only requires a low approach speed, a small barrier should be
installed to shorten the inrun

with large jumps in particular, fluctuating snow and/or wind conditions
can significantly alter the approach speed'. This can result in serious
injuries if the jump onto the table is too short or the jumper overshoots
the landing zone. Wind vanes and speed indicators at the start of a
transition help jumpers to assess prevailing conditions more accurately.
the snow's hardness in the landing zone, which depends mainly on the
weather and the position of the sun, is another factor determining the
injury hazard posed by jumping. As well as the measures listed above,
notice boards at park entrances should warn of foreseeable dangerous
conditions (e.g. in the morning during spring weather or if natural snow
is in short supply).

any changes in jumps' geometry during a season caused by snowfall,
melting, and preparation (e.g. a landing that has become too flat),
should be spotted and rectified. Having experienced, knowledgeable
shapers is essential

0 To reduce the danger of excessively long or short jumps, US scientists have calculated

special landing geometries with which the vertical landing impact for various distances of
jump always remains constant (McNEeiL 2012).
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6.2 Cross Courses

Cross courses are downhill runs separate from slopes, with various ob-
stacles made of snow, e.g. jumps, undulations, banked turns, and terrain
drops. A cross track has a defined start and finish, and is taken on by up
to six competitors at once. Cross courses vary enormously, ranging from
world cup tracks for top athletes, and sporty freeride cross for anyone, to
fun trails for children (fun lines) with snow tunnels, high-fives, and so-called
rainbow bridges (Fig. 6.3 and 6.16). Competitive cross tracks cannot be
constructed without experienced park designers'. Assuming the right
choice of terrain, however, family-friendly beginners' tracks can be built
without external supervision by slope preparation teams, with an accept-
able amount of effort.

The smart-style concept should also be applied to cross courses, to alert
users to dangers and encourage safe behavior (see Section 6.1). Just like
lines in a freestyle park, the obstacles in a cross courses should have a
similar level of difficulty. Cross courses must also imperatively be cordoned
off at the sides, so that users can only enter them at the start. It is espe-
cially important for cross courses to be designed to flow freely, without
requiring significant braking (WEeILER 2013). Their users must be able to
glide over or, if possible, bypass obstacles.

TN

Fig. 6.16: a) Fun line with rainbow bridge. b) Freeride cross with two drops (Montafon,
Austria, 2016) — photo: www.schneestern.com.
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Fig. 6.17: a) Beginners' cross course with small tabletop jumps, banked turns, and series of
dips and undulations (Laax, Switzerland, 2016) — photo: Roger Heid. b) Fun line with banked
turns, snow tunnels, and other features — photo: www.schneestern.com.
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6.2.1 Cross Course Features

Jumps

Jumps on regular cross tracks should have flat (< 20°), low take-offs
(Hro). Accordingly, landings should also be flat and long, so that users
can jump or glide over them either quickly or slowly. Tabletops or step-
down jumps without cutaway fronts that users can glide over and with a
low take-off height are the most suitable features (Fig. 6.19).

In principle, there must be no risk of the speeds reached on the track
being so high that users can overshoot the landing zone, and the take-off
must be flat enough to prevent them from losing balance in the air. To
guarantee this, the stretch of track leading up to the jump as well as the
jump itself can be adjusted.

Dips and undulations

Series of dips and undulations are fun and also challenging for snow sports
enthusiasts at all levels of ability. Runs containing these features should be
laid out so that they can be negotiated at full speed without losing
contact with the ground (and crashing into the next rise). To ensure this,

Fig. 6.18: Four features on the ski cross course at the 2014 Winter Olympic Games (Rosa
Khutor, Russia): a hill of dips and undulations, sloping turn, step-down jump, and banked
turn.
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Fig. 6.19: Three features (step-down jump out of a banked turn, double undulation, jump)
from the boardercross course at the 2014 Winter Olympic Games (Rosa Khutor, Russia).

C

Fig. 6.20: a) Dips and undulations followed by a jump. b) A steep tabletop jump shortly
after the start that can be taken at low speed. ¢) A flat step-up jump with a medium jump
distance that becomes a step-down when jumped over completely. The feature can also be
slid over without jumping (Stelvio, Italy, 2017).
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Fig. 6.22: Construction of a banked turn for a regular boardercross track (Stelvio, Italy, 2017).
The snow is pushed upward and outward in a radial direction from the inner side of the turn.
Finishing can take place once the snow has been left to consolidate, this time in the direc-
tion that users will be traveling. Unlike with landings, take-offs, and undulations, a flexible
tiller that can adapt to the curvature of a bend must be used for banked turns.
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the distance between successive undulations should be at least one-
and-a-half times the length of a snowcat. This also makes it easier to groom
the track with a snowcat, because if the undulations are too small and
steep, the tiller and dozer blade will rise off the ground. Ideally, dips and
undulations should be created on flat terrain. Since speed increases when
traveling downhill, undulations near the end of the run should be posi-
tioned further apart.

Banked turns

Steeply banked turns are an integral part of cross courses (Fig. 6.21). They
should not be too tight, to ensure that compressive forces are kept within
tolerable limits. Banked turns on regular cross courses should not be too
steep either (< 40°), so that they can still be groomed by a snowcat
(Fig. 6.22). What is more, their position on the track should rule out the
possibility of entering the turn at too high a speed. This will reduce the risk
of traveling too fast and flying out of the turn, which is to be avoided at
all costs! Should these precautionary measures prove impossible, it is
wiser to build a normal turn (WEILER 2013).

6.2.2 Planning, Constructing, Maintaining, and Operating Cross
Courses

The planning and construction of cross courses is in many respects
similar to the approach taken for freestyle parks (see Section 6.1), but
there are differences regarding the choice of terrain. On cross tracks, the
average gradient should be no more than 10 degrees™. There must also
be enough space for the track to run sideways, across the slope. If the site
is too steep, more money, effort, and snow will be required to build such
lateral sections or construct obstacles facing up-slope to make the track's
users slow down.

Once the site has been selected, the precise track (line) is determined.
An optical inclinometer is a big help in this regard'. Beginning at the start,
it can be used to plan the objective of the next section and provide infor-

" The gradient can be determined using good maps or measuring devices (see Chapter 8).
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mation about its gradient and length, preventing the choice of an overly
steep line. In general, the steeper the section, the shorter it should be,
to prevent the track's users from reaching excessively high speeds. Once
the line has been determined, the edges of the track are marked out (it
should be at least equivalent to two snowcats wide), and the features to
be built are outlined in a rough plan.

Features are constructed in the same way as for freestyle parks (see
Section 6.1.3). If maintenance is to be efficient and require a minimum of
manual labor, it must be possible to drive a snowcat over all the track's
features. To ensure that larger quantities of new fallen snow can be
removed, it must also be possible to drive onto and off the track between
its features. When finishing features, the sides and areas beside the track
should also be leveled, to minimize the threat of injury in the event of a fall.
Edges that break away, unleveled snow surfaces with holes and clumps of
snow, and other hazards must be remedied or removed. Other mainte-
nance and management measures are equivalent to those applicable to
ski slopes (see Section 3.3) and freestyle parks (see Section 6.1.4).

6.3 Halfpipes

As the name suggests, a halfpipe (often shortened to pipe) looks like half
a pipe scooped out of the snow. Nowadays, competition pipes are up to
7 m high. Their size and shape need to meet the specifications of the In-
ternational Ski Federation (FIS; Tab. 6.2).

It is fundamentally important when building a halfpipe to be mindful of
the target group who will be using it. Smaller halfpipes are better suited
to recreational sport. Medium pipes (1.5-4 m) or small pipes (under 1.5 m)
are not as high and are constructed on flatter terrain (e.g. the Laax medium
pipe: 13—15°). Moreover, small pipe walls have no vertical section (often
abbreviated to “vert"). Halfpipe sizes are also limited by which tillers are
available (Fig. 6.27).

Halfpipes should ideally be either north- or south-facing so that their
walls are exposed to equal radiation and have virtually the same properties.
North-facing locations are particularly suited to pipes that will still be used
well into the summer months.
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Tab. 6.2: FIS specifications for competition halfpipes (FIS, 2016).

Category (size) Level A (22 ft) Level B (18 ft) Level C (15 ft)
Wall height [m] 6.7 5.3 3.5

Minimum 150 120 100
Skiable length [m]

Recommended 170 150 120

Minimum 19 17 15
Width [m]

Recommended 22 19 17
Inclination [°] Minimum 17 16 14

Recommended 18 17 15

0.2m

Vert top of wall top of wall @ 82-83°
Competition categories OWG, WC, WSC OC, UVS, WJC,YOG NC, FIS, JUN

Fig. 6.23: Olympic halfpipe (Rosa Khutor, Russia, 2014). The wall, or more specifically the
passage from flat to vertical, is also called the transition.
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6.3.1 Construction and Maintenance of Halfpipes

It is recommended to construct halfpipes (see Section 6.1.3) using only
machine-made snow. Large competition pipes require huge volumes of
snow. Despite considerable ground profiling, around 60,000 m3 of
machine-made snow is required for the superpipe in Laax, Switzerland
(Fig. 6.24). Shapers' know-how and years of experience are key to ensur
ing a high-quality halfpipe.

Halfpipes are constructed as follows (WEILER 2013):

produce several piles of snow where the pipe walls will be (Fig. 6.25)
use a dozer blade to make two snow walls parallel to the fall line,
creating banks, with a lot of snow accumulating in the middle (Fig. 6.27)
(take account of snow consolidation; see Section 6.1.3)

make the snow walls the same height (Fig. 6.26)

use a laser or cord to mark out the centerlines and the two copings
depending on how wide the halfpipe is meant to be

chainsaw off the verts along the coping markings (about 0.5 m deep
at an angle of around 80°)

push snow out of the pipe in one-meter layers to initially create a
trapezoid shape with tiered walls

Fig. 6.24: Ground profiling to reduce the quantity of snow required when constructing a
pipe (Laax, Switzerland, 2017).
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Fig. 6.25: Snow being produced to construct a halfpipe (Davos, Switzerland, 2016).
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Fig. 6.26: a) Snow walls being created. b) Tiered walls being tilled (after WEILER 2013) — im-
age: www.schneestern.com.

Fig. 6.27: Construction of pipe walls — photo: www.schneestern.com.
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— gradually remove the tiered walls using a pipe tiller to form the halfpipe
shape (Fig. 6.26, right)

— remove the tilled snow using a rotary snowplow or dozer blade
(Fig. 6.28)

— smooth out the flat bottom and platforms with a finisher and tiller

— once completed, leave the halfpipe untouched for some time (at least
8 hours) to give the snow surface time to consolidate (see Section 1.3.2)

Halfpipes in poor condition are no good for users and can also prove
dangerous, so it is very important to maintain them throughout the entire
season. This mainly involves:

— using a pipe tiller to smooth out and reprofile eroded walls. As much
snow as necessary, but as little as possible should be tilled away, to
avoid any significant change to the halfpipe's dimensions. Minor dam-
age can be repaired by hand using a chiseling tool or snow rake.

Fig. 6.28: Snowcat with pipe tiller (Laax, Switzerland, 2016): tiller blades and a finisher
shape the surface of the pipe. The integrated rotary snowplow sprays the snow out of the
pipe (Zaugg AG, Switzerland) — photo: Roger Heid.
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— repairing holes or chipped areas, which is tricky. One option is to try to
spray newly-produced wet snow directly onto the damaged area using
a fan gun and then till it.

— using a dozer blade to push drifted snow or large quantities of new
fallen snow from the flat bottom out of the pipe. If the new layer of
snow is less than 5 cm deep, it can be compressed in the halfpipe.

— using hardener on the flat to temporarily consolidate snow that is too
soft for competition use. Covering the walls with geotextiles can also
slow down the softening process (see Sections 4.4 and 5.3).
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7 Snow Management

Snow management is the term used to refer to the planned and for-
ward-looking handling of snow in the context of snow sports applications
and tourism. ldentifying potential ways of optimizing snow management at
ski resorts requires knowledge of the factors affecting slope quality and
how they are interrelated (Fig. 7.1). Knowledge of microclimates and quan-
tities of snow on various slope sections can, for example, be used to man-
age snowmaking equipment or calculate when ablation is expected to start
on an existing slope.

The prime concern of snow management is to efficiently handle the
resources used in snowmaking and slope preparation (e.g. energy, water,
labor). A huge variety of technical and organizational measures and tools
are deployed for this purpose, such as measurement and software systems
to ascertain and visualize snow depths. Managing snow helps to reduce
costs while improving the quality of snow sports facilities, which in-
creases customer satisfaction and boosts the resort's profitability.

Machine-
—  made snow

Natural Show

management Earthworks
tools

State of - y
the slope  _ “Spnow-how”  Trained
staff

snow Innovative
technology

Slope
preparation
Strategies to Customer
adapt to climate change needs

Efficient Cost- Higher ) .
use of resources H cutting & quality HCustomersatlsfacUon

Fig. 7.1: Snow management: general conditions (green and black), components (blue and
red), and interactions.

Slope use
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Every ski resort practices snow management to a certain extent. To facili-
tate the expansion of these activities, this chapter briefly describes state-
of-the-art methods and the benefits of modern snow management.

Successful snow management above all requires the collaboration of
organized, motivated, skilled personnel. Consequently, when purchas-
ing technical systems, ski resorts should ensure that there is close coop-
eration with the supplier?, who will also help them to roll out and establish
the system in the day-to-day running of the ski resort. The Mayrhofner
Bergbahnen resort identified the following keys to success when introduc-
ing a comprehensive snow management system (SCHNEIDER 2015):

— set goals: break down the overall objective into interim goals and
work packages:

® e.g. start-of-season strategy — open as early as possible or focus on

seasonal vacationers?

¢ e.g. when should which slopes be opened?

— set up project organization (e.g. project manager, project team)
— ensure good communication, with regular meetings
— develop and introduce tools and instruments:

e e.g. to plan, measure, and manage the quantities of snow
produced, the quantity of water required, pump capacity, and so on
per slope section (Fig.7.2).

e ¢.g. to determine slope quality

e e.g.toascertain how snowcats are driven (routes, consumption etc.)

— draw on the experience of all employees

— make snow management an integral part of the day-to-day running
of the resort

— share and learn from experience

— keep permanent records

T e.g. www.pistenmanagement.at
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7.1 Standardized Work Processes

Successful snow management begins with clearly defining ski resort
management tasks in terms of an objective. Work processes are then
developed and adopted for these tasks, with a view to optimizing goal
attainment. In this respect, it is important to continuously monitor and
record whether the objectives are being met and the processes are being
implemented correctly (e.g. comparing the desired and actual depth of the
snow on a slope on a daily basis; Fig. 7.2).

This will ensure consistent high quality, regardless of who does the
work. If any staff member identifies weaknesses, these can be systemati-
cally rectified by adjusting standardized work processes for all their
colleagues. This joint optimization boosts the efficiency of the entire opera-
tion. Although processes are predetermined, a successful outcome can
only be ensured if personnel actively and critically implement their various
tasks and openly discuss their views with managers. In other words, a
process for ensuring continuous improvement must be firmly established
in the company.

Fiache
10822 i (@6%) s778m
14.963 ¥ (80%) 8568
3.547 m” (BB%) 2.964 m*
30.307 v @3%) 2778 m
26,735 w7 (92%) 2sezm
10.563 P (87%) 5780 m°
11312 m (87%) 8.088 m* e
Hasatia 120cm Mg cm 20178 e (85%) 15790 m*
|Harakin 80 cm [W51em 5290 7’ (72%) 2307

Fig. 72: a) Slopes divided into sections, with the desired snow depth specified.
b) Measured actual snow depths. Below: table overview of slope sections, indicating
desired and actual snow depths, surface areas, and snow volumes (SCHNEIDER 2015).
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72 Snowmaking and Microclimates

To optimize technical snowmaking, rules should be set, based on the fol-

lowing factors:

— the intended purpose/use of snowmaking: foundation, regular ski
run, race course, park, etc.

— time: when during the day snow can be made, depending on the pres-
ence of skiers, electricity and other costs, and the stage of the season
(available time for achieving the intended snow depth)

— weather: snowmaking productivity and efficiency, depending on wet-
bulb temperature, wind speed, wind direction, and precipitation (see
Section 1.6)

— condition of the snow: depth, density, and wetness (compacting/
bonding of new snow by adding/mixing machine-made snow)

— resources: the availability and price of water, electricity rates, and
snow-water factor

Automated snowmaking equipment2 can then make many decisions
independently, based on current weather data. It is important to have a
dense network of reliable weather stations that can provide accurate infor
mation about the microclimate. Like decisions made during slope prepara-
tion, however, decisions regarding the quantity and type of snow to be
produced also depend on logistical and other factors that are not covered
by the control system.

7.3 Slope Preparation

For the purposes of snow management, slope preparation processes
should be optimized based on the following points:

— decide on and monitor intended snow depths for each slope section

— prioritize slopes and slope sections

2 Snowmaker manufacturers provide software (control systems) that can be used to fully
or partly automatically operate individual snow guns and pump stations. Temperature and
humidity sensors tailor the water flow and compressed air supply to the ambient condi-
tions to produce snow that meets pre-set quality requirements (regarding its liquid water
content).
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— accurately ascertain the movements of a snowcat with caterpillar
tracks, diesel consumption, speed range, winch and tiller settings, and
how to reduce unnecessary driving

— determine the optimal preparation time, based on typical weather
patterns and the condition of the snow

— optimize machine settings according to the condition of the slope and
the snow

— coordinate this with snowmaking

— adjust the areas available for skiing (slope width and sections) depend-
ing on the availability of snow and the number of users

Since slope preparation always depends on current snow and weather
conditions (see Chapter 3) and on the stresses exerted by skiers, it makes
no sense to define fixed work processes. Nonetheless, an effort should be
made to identify typical snow and weather patterns. This information can
serve as a basis for establishing a set of different work processes to choose
between based on the respective situation.

Measurement and software systems that record snow depths and
snowcat performance indicators provide the technical data required for
optimized slope preparations.

7.3.1 Measuring Snow Depth

Many snowcats already use automatic snow-depth measurement sys-
tems3. Information on slope snow depths can be used to determine where
snow guns need to be employed or where additional snow is required,
where there is already enough, or even where there are reserves of snow.
Moreover, hotspots with little snow during preparation can be identified
early enough, preventing snowcats from eroding the soil and contaminat-
ing the snow (Fig. 7.3).

3 GNSS-based snow-depth measurement systems determine snow depth based on the
difference image between the current position measured by a receiver on a snowcat and
the altitude of snow-free terrain. Consequently, ski resorts' terrain should be modeled as
accurately as possible, and if earthworks during the summer alter that terrain, the model
needs to be updated.
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Collecting snow depth measurements over an entire season can also
prove useful in the long term. The aim is to use these data to estimate
the minimum snow depth required at various slope sections to ensure that
slopes are optimally prepared and groomed right up to the end of the
season. As a result, snowmaking in the following years will be better able
to adhere to this guiding principle: only produce as much snow as
necessary (for an optimal slope) and as little as possible. Not only will
this lower costs, it will also cause the snow to melt more quickly after the
season ends, causing less disruption to the terrain's use by farmers or
summer tourists.

7.3.2 Fleet Management

Snow management software packages were originally designed to evalu-
ate snow depth measurements, but they are continuously being devel-
oped to optimize slope quality and snowcat deployment. Since a snow-
cat's position is recorded when it is used to determine snow depth, the
routes it takes and its speed profiles can also be analyzed, and in the

Fig. 73: a) Red areas show where the snow was found to be below the minimum depth
required for that slope section. b) Photo of a slope section with grass poking through
(SCHNEIDER 2015).
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best-case scenario resources can be saved. Furthermore, digital tacho-
meters collect engine and vehicle data, such as engine speed, fuel con-
sumption, and tiller settings. Current systems, however, do not incorporate
information about the current or forecast condition of snow* or about
skiers' movements, which would provide data about the stresses exerted
on different parts of the slope.

The components of snow management are intricately interrelated with
a ski resort's overall resource management system (Fig. 74).

Safety

Visitor numbers
monitoring, forecasts, management

Avalanche risk
blasting
(success, loading, mapping)
risk assessment (patterns, etc.)
database blockages
(accidents, weather forecast, etc.)

Weather
wind and ice warnings, etc.
\ slope rescue system®

Transport systems
load profile management:
on/off, start-up, speed

Restaurants
load profile monitoring
and management

Resource management

Fleet management

[ rer |

| Electricity |

Slope preparation

Time
Measures Weather forecast
temperature, precipitation,
L§\\ solar radiation, wind, etc.
Snow Measurement data
M Snowpack weather stations,
webcams
Inf Si king target I " -
shafts, snow guns, | [target snow depths, schedule GEUdmEs Historical measurement data
pumps, cables, monitoring

U

storage facilities

(filling, temperature) Snow forecast

Short-term: Where?

}

When? How? How much?
Make snow

Control system / After snowmaking: where [+
\where to make snow

is snow still needed? How
much? > weather scenarios

Condition of snow and development
Modeling
State: snow height, new snow,
snow temp. and wetness.

Forecast: sintering, melting

\where to pump

Water Photovoltaic Wind

Fig. 74: Potential components and their interactions in ski resorts' complex resource man-
agement systems

4 The issue is currently the subject of an EU project: http://prosnow.org/.
5 A system for coordinating and recording on-slope rescues with additional functions for
inspection runs to check slope quality and safety in situ.
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74 Snow Farming®

Snow farming entails preserving large quantities of snow over the warm
summer months. To minimize melting, stored snow needs to be covered,
for thermal insulation purposes. The type of cover should be selected
based on climatic conditions, technical and logistical feasibility, and the
storage site's location.

Although the basic idea of snow farming has been around for a long
time’, the snow sports and tourism industries only rediscovered it in the
last 10 to 20 years. In the 1990s, glacier ski resorts in particular began using
bright covers (e.g. under ski lift pylons or access routes to lifts) to prevent
areas of snow and ice from melting. More and more ski resorts and mu-
nicipalities are now using snow farming to overcome snow shortages,
particularly in early winter. As a result, some snow sports can be offered
even if no snow can be produced and not enough natural snow is available.

So far, apart from at glacier resorts, snow farming has mainly been em-
ployed to ensure that Nordic skiing competitions can be held (cross-country
skiing, ski jumping). There has recently been a trend towards increasingly
larger storage sites that are big enough to enable the preparation of even
smallish downhill slopes (Fig. 78 a). A recent SLF survey (VWWOLFSPERGER
2018) in the German-speaking Alpine region and Scandinavia confirms the
growing interest in snow farming: around half of ski resort managers
view it positively, whereas only 14 % are critical of it. Table 71 provides an
overview of known snow farming projects.

6 In the Alps, snow farming (also called snow storage) has become an established method
of using various insulating materials to cover and thus preserve snow during the summer
months.

7 Until the start of the 20th century, snow and ice were mainly preserved for use as refrig-
erants over the summer. Even today, they are still used for this purpose, e.g. to cool build-
ings (SKOGSBERG 2005).
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Fig. 75: A fleece cover in Snowpark Kaunertal (Austria, 2015) — photo: Rosi Walder.
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Fig. 7.6: An overview of the factors affecting snow farming. Climate and weather conditions
and the choice of covering are the biggest factors determining snow loss through melting.
Technical and logistical factors determine further losses incurred when covers are removed
and the stored snow is spread.
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Fig. 77: Examples of snow farming: a) Davos (Switzerland, 2017), sawdust cover. b) Val
Martello (Italy, 2015), woodchip cover. c) Livigno (Italy, 2017), sawdust and fleece cover.
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Tab. 7.1: Overview of known snow farming projectss.

Location Cover Yield

Country Municipality m.a.s.. Material Volume [m3] Loss [%]
AUT St. Jakob im Walde 1,150 sawdust 2,700 26
AUT Ramsau 1,700  woodchips/truck tarpaulin 20,000 40
AUT St. Gallenkirch (Montafon) 2,080  film 15,000 80
AUT Seefeld (Tirol) 1,200  woodchips 5,000 40
AUT Hochfilzen 960 fleece 8,000 no data
AUT Reiteralm 2,700 straw no data no data
AUT Saalbach-Hinterglemm 1,000 woodchips/fleece/film 15,000 17
AUT Hermagor 1,200 straw 400 25
AUT Kitzbthel 1,900 insulation slabs/silage film/fleece 25,000 20
CAN  Canmore Nordic Centre 1,380 sawdust no data no data
CHE Davos (old storage site) 1,650 sawdust 6,900 22
CHE Davos 1,650 sawdust 16,000 16
CHE Disentis 2,600 fleece no data no data
CHE Davos Jakobshorn 2,600 fleece 20,500 57
CHE  Engelberg 1,060 woodchips 600 no data
DEU Ruhpolding 700 insulation slabs/silage film/tape 10,850 30
DEU Neustadt 820 insulation slabs/film 10,000 20
DEU Klingenthal 569 sawdust 16,000 no data
DEU Oberhof 815  insulation slabs/film 10,000 no data
FIN Ruka 400 sawdust/fleece 30,000* no data
FIN Vuokatti ca 100 sawdust 20,000 20
ITA Livigno 1,800 sawdust/fleece 70,000 25
ITA Corvara 1,900 Steinbach S500T-550 6,000 50
ITA Martell 1,700  woodchips 7,140 33
ITA Watles 2,300 insulation slabs/silage film/fleece 25,000 20
NOR  Séderhamn ca 100 tree bark no data no data
NOR  Dovre 700  woodchips 10,000 no data
NOR  Beitostelen 820 sawdust 18,000 22
NOR  Trondheim 180 insulation slabs 18,000 22
NOR  Geilo cal1,000 fleece/sawdust or straw no data no data
RUS Rosa Khutor 1,600 fleece/insulating mat 800,000% 20-50
SWE  Ostersund 372 sawdust 55,200* 24
SWE Orsa ca 100 tree bark 5,000 no data
SWE Pitea ca 100 tree bark/fleece 3,400 30
SWE  Arjeplog ca 100 tree bark/fleece 1,600 60

*Total volume, split into several piles

8 Glacier covers are not listed here but they are intensively deployed in the Alps (e.g. in
Kaunertal, Pitztal, Solden, Diavolezza, Gemsstock, Saas Fee, and on the Vorab Glacier).
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Fig. 78: Snow farming examples: a) Kitzbuhel (Austria, 2016), insulation slabs (10 cm, XPS),
silage film, and fleece — photo: Bergbahnen Kitzblhel. b) Jakobshorn, two layers of fleece —
photo: Bergbahnen Davos. ¢c) Neustadt (Germany, 2014), insulation slabs (20 cm, EPS) and

film — photo: Markus Feser.



Snow Management

74.1 Impact of Climate and Weather

The climate and weather at the storage location determines how much
energy is available to melt the snow. To select the optimal cover method,
it is important to understand the contribution of the various energy inputs
to the total snow melt.

Heat transmitted from the air and shortwave radiation is generally
the biggest contributor to snowmelt (Fig. 7.9, blue bars). Whereas air tem-
peratures will often drop below freezing overnight during winter thaws, in
summer months the air is usually warmer than the snow, even at medium
altitudes in the Alps. As a result, the air continuously transports heat to the
snow, greatly accelerating the snowmelt.

By contrast, energy inputs from rain® and ground heat' are negligible
(Fig. 79). The heat flow from the ground may be continuous, but remains
minimal, even when viewed as a total over the entire storage period. Even
rain has a negligible effect on snowmelt over the storage period as a whole,
since the total duration of rainfall (at Switzerland's latitude) is very short
compared to the duration of the storage period. A bigger problem is posed
by stored snow becoming icy and contaminated by rainwater and the
material used to cover the snow, which the rain flushes into the snow pile.

As well as absorbing energy, snow can also release it (see Section 2.2),
mainly through longwave radiation. To reduce snowmelt as far as pos-
sible during snow farming, an insulating cover has to be used to minimize
the energy input into the snow pile while maximizing the energy released
into the atmosphere.

9 Because rain is always accompanied by temperatures above zero, heavy cloud cover, and
wind, it causes considerable snowmelt. Mild temperatures and longwave radiation trigger
much more snowmelt than the rainwater itself. Furthermore, a large proportion of the
decrease in snow depth is caused by settlement rather than melting (see Sections 1.3.3
and 2.2.3).

10 Even in areas of Switzerland with high levels of geothermal heat flow (0.14 W/m?2), the
energy input from ground heat is far below 1% of the total energy input (BODMER 1982).
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Fig. 79: Energy input into snow without a cover and snow covered by 40 cm of sawdust
stored between April 29 and October 8, 2015 in Fliela Valley (Davos, Switzerland,
1,650 m.a.s.l.; GRUNEWALD 2018).

7.4.2 Covering Methods

To ensure that a cover prevents energy from being conveyed from the

atmosphere into the snow pile, thereby hindering snowmelt, the following

criteria should be fulfilled:

— aclosed cover should be used so that the air does not directly transfer
heat to the snow (convective heat transfer; see Section 2.1.3)

— the thicker the cover and the lower the heat conductivity of the
material, the less heat can penetrate the snow through it (thermal con-
duction; see Sections 2.1.3 and 1.2.2)
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— the air transfers slightly less heat to smooth-surfaced covering ma-
terials than to materials with a rough surface

— materials with a high heat storage capacity (= high density and heat
capacity; see Sections 1.3.1 and 1.1.1) absorb heat during the day
without transmitting it to the snow, and release it back into the
atmosphere at night

— materials that absorb water release heat into the atmosphere when
the water evaporates (evaporative cooling). Covers also prevent the
snow from absorbing additional heat from rainwater.

— highly reflective surfaces (albedo) prevent energy from being trans-
ferred by shortwave radiation, so covering surfaces should be as light
as possible and resistant to contamination

— by contrast, where longwave radiation (thermal radiation) is con-
cerned, high emissivity!! is an advantage (see Section 2.1.2) because
after being heated during the day the cover can then emit maximum
heat overnight, and thereby cool down. Reflective metal film's very low
emissivity therefore makes it unsuitable.

The Davos example proves that not all criteria need to be met for snow
farming to be successful. Figure 79 shows that although sawdust covers
absorb more shortwave radiation than the snow surface or white fleece,
the fact that they are good at storing and releasing energy leads to a much
lower (overall) net energy input. This is largely (74 %) due to the strong
longwave heat radiation from the heated surface of the sawdust. Sawdust
also releases heat into the ambient air (20 %) because its surface is often
warmer than the air in the evening and at night (see Section 2.2.1). Water
evaporating from the sawdust into the air also releases heat, albeit a
smaller volume (6 %) (GRUNEWALD 2018).

Suitable materials are selected based on the availability of materials and
the logistical feasibility of covering the snow at the respective location
(Tab. 72). Climatic conditions should also be taken into account. For
example, since geotextiles, which are only a few millimeters thick, are poor
heat insulators, they are only suitable for areas with low air temperatures

A material surface's ability to radiate heat. The emissivity and reflectivity of opague ma-
terials always correlate with each other.
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(daily average of less than 6 °C), such as on glaciers (RINDERER 2008). More-
over, because geotextiles have a higher albedo than the surface of a glacier,
they absorb less shortwave radiation, reducing melting rates by up to 60 %
(at around 2,900 m.a.s.l.)'2. Furthermore, it would barely be feasible to
transport and apply, say, a woodchip covering to snow stored in a glacier
depot.

Fig. 7.10: Glacier fleece cover along a ski lift route (Disentis, Switzerland, 2,400 m.a.s.l.).
Snow preservation enables ski lifts on rocky slopes to remain in use even when there is
very little new fallen snow. It is clear from where individual fleeces overlap that doubling up
layers slightly reduces melting — photo: Otmar Venzin.
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Tab. 7.2: Snow farming: covering methods.

Category Cover Advantages Disadvantages
geotextiles — less effort — high snow loss

films and . . — reduced albedo!?
silage film ;

fleeces — prone to tearing

truck tarpaulin

sawdust — less snow loss — more effort
: — winter storage
natural woodchips - water absorption — snow contamination
materials bark mulch
straw
insulation slabs — less snow loss — more effort
— no snow contami- — winter storage
insulating nation — decreasing insulating
materials insulating mats? effect due to gradual
formation of gaps
(Fig. 7.12)
sawdust + fleece — higher albedo — additional effort and
: — protection from water costs
woodchips

+ truck tarpaulin — protection from wind

combinations  insylation slabs
+ fleece + silage
film

etc.

12 OLEFS (2008 and 2010) identified albedo values of around 20 % for dirty glacier ice, around
40 % for clean glacier ice (Fig. 75), and ranging from 92 % (when new) to 46 % (after
75 days) for geotextiles. It has also been demonstrated that air pockets underneath geotex-
tiles (also called glacier fleece) significantly boost thermal insulation. Adding a second layer
has been shown to further reduce melting by around 10 %. But regular use of a snowcat to
compact seasonal new fallen snow barely reduced the melting of glacier ice in the summer.
Even adding water to the compacted snow did not significantly affect melting.

13 Thin (1-2 cm) plastic foam mats do not provide sufficient insulation, so their use results in
significant losses through melting (as in Ruhpolding). Thicker mats are less practical than
slabs.
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74.3 Planning and Implementation

According to surveys, the availability of a suitable snow storage site poses
a major problem for snow farming (WoLFSPERGER 2018). The main require-
ments regarding a snow storage site concern logistics, the microclimate,
environmental protection, and nature conservation.

Another key criterion for their viability is the local snow production
potential in winter. Consequently, at the planning stage, weather data
spanning several years should be used to assess how much snow can be
produced at the site in unfavorable conditions (Fig. 7.11). This information,
together with the intended application, target quantities, and estimated
losses, can then be used to evaluate the site's feasibility.
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Fig. 711: Snow production potential (SPP) depending on wet-bulb temperature. The curves
taken from OLEFs (2010) are based on water flow data from snow guns, assuming a con-
stant snow density (400 kg/m3) and no losses of any kind (see Section 1.6.1). SPP can be
measured more realistically by taking account of increasing snow wetness and density in
the marginal temperature range, and of a minimum loss of 15 % (SLF 2012).
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Fig. 712: a) Significant snow loss (red area, around 30%) due to the heat radiated from the
concrete walls of a snow storage site covered with insulation slabs (20 cm, polystyrene)
and silage film in Ruhpolding (700 m.a.s.l., Germany, 2016). b) and d) Shots from a thermal
imaging camera show how gaps open up between the insulation slabs due to extensive
melting at the edges, allowing additional heat to penetrate the snow. c) Removal of a cover
in the fall — photo: Alois Reiter; thermal imaging shots/snow loss analyses: KRAMER 2017
(www.wwi-web.de).

If a storage site only meets some requirements, structural measures can
be taken to improve the situation. Logistical and technical measures are
most common, such as building access roads, reinforcing the storage
site's subsoil, providing drainage, or installing silo-like wall mountings. It is
imperative to make sure that these structural measures do not unintention-
ally increase snow loss by causing the piles of stored snow to absorb more
energy (Fig. 7.12).

The following points should be taken into account when planning and
implementing a snow farming project:
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1) Planning:

— define the use and requirements, i.e. the purpose and demand, the
time when snow will be made available, the quantity of snow required?,
the duration of use, budget, resources (equipment, personnel), revenue,
marketing.

select a site:

snowmaking infrastructure, availability of water, microclimate, and
snowmaking potential (Fig. 7.11)

conflicts of use: summer tourism, agriculture, water overflow zones,
nature and landscape conservation (e.g. water conservation areas),
danger zones

watercourses and extraneous waterlogging'®: drainage must be en-
sured. Groundwater and other inflows during the snowmelt must be
taken into account, especially on sites with troughs

storage site subsoil, access, and transport routes to the target area:
stable, dry, and level subsoil that work machines can drive over is
needed to minimize contamination and loss when snow is distributed
(Fig. 7.20)

the microclimate at the storage site in summer: low radiation and
wind; take account of heat radiation from buildings and roads

the site's potential for expansion

— select the most suitable covering method:

good insulation, suited to the storage site

good availability, with low transport and material costs

environmental compatibility (e.g. bark mulch adds acid to the ground)
anchorage and low susceptibility to wind

visual compatibility with the landscape

durability, low-cost recyclability

space-saving storage’s, low susceptibility to contamination and/or rotting

Each kilometer of a cross-country trail requires around 3,000-5,000 m3 of snow, depending
on the subsoil, width, and losses incurred during spreading.

Extraneous waterlogging: when the ground contains extraneous (slope or ground) water as
well as precipitation water. Any potential site should be assessed during the natural snow-
melt in spring.

The storage of natural materials can generate heat. Fire-prevention guidelines must be met
when storing biomass (FERRERO 2009).
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2) Structural measures (Fig. 7.13):

— storage site soil: reinforcement (e.g. graveling, asphalting), run-off
(slight gradient, drainage)

— storage troughs, supporting walls, awnings, snowmaking infrastruc-
ture, or similar, considering the filling of the site, snow removal, and the
covering of the site in particular. Concrete walls should be entirely sub-
terranean. Heating through solar radiation and the air must be avoided
at all costs, so that the energy stored in the concrete is not transferred
to the snow (thermal conduction and thermal radiation; Fig. 7.12).

— reinforcement of access roads to the area where the snow is stored or
spread out, including to reduce the need for snow (e.g. rutted, muddy
roads, Fig. 721)

Fig. 7.13: Structural measures to optimize snow storage: a) Snow silo with a concrete wall
on three sides (Ruhpolding, Germany) — photo: Alois Reiter. b) Graveling of the storage
site's subsoil in Val Martello (Italy, 2014). c, d) Asphalted snow trough with drainage,
surrounded by grass pavers; wooden wall and ground reinforcement to store sawdust in
winter (Davos, Switzerland, 2016).
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3) Snowmaking'”/shaping snow piles:

the site's snow production potential (Fig. 711) must be sufficient to

meet quantitative storage targets’s

low temperatures facilitate efficient snowmaking

highly productive snow guns should be used (flow rates)

when snow is being produced in the winter, snow piles can be put to

other uses, e.g. serving as vantage points or toboggan runs. Snow

may also be accumulated on slopes on a large scale throughout the
season and only be formed into piles at the end of the season.

the shapes of piles should enable their covers to be fitted as easily as

possible:

e when using insulation slabs, surfaces should not be curved

¢ the angle of repose should remain below 45° for natural materials’®.
When applying sawdust with a rotary snowplow, piles should have a
limited height (about 9 m), and preferably a pointed shape, because
blowing sawdust onto a flat surface is not easy (Fig. 7.17).

e large, spherical piles lose less snow, since their energy input directly
depends on their surface area. The larger and more spherical a pile,
the smaller its surface area will be in relation to its volume (specific
surface area; Fig. 7.14). Losses will therefore be noticeably greater for
piles less than 10,000 m3 in size.

7 Sometimes at the end of winter, existing snow is gathered up. However, this is far more

expensive than efficient snowmaking.

8 |f the desired quantity cannot be produced in winter, the snow can be made elsewhere,

though this will push up transport costs.

19 Sawdust and woodchips have an angle of repose of between around 30 and 40° (PFeIFER

1977; Ima 2007). The wetter the sawdust, the more acute the angle (STasiak 2015).
Steeper piles can be built (e.g. with an angle of around 45° at snow farming sites in
Davos), but this causes the sawdust on the surface to gradually slide down and accumu-
late at the bottom.
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4) Applying the cover:

— apply the cover early to minimize snow loss. Shortwave radiation is
already very high in April.

— apply natural materials evenly and in sufficiently thick layers (min.
30 cm; Fig. 7.15). A snow blower can only spread sawdust that is wet.

— fit insulation slabs with film and/or slats. Attach the film to the edge of
the pile using carabiners or by burying it.

— prevent water from penetrating by properly (depending on the
gradient) overlapping the sheets of film

— join together the sheets of fleece or film (e.g. by sewing them or
applying velcro or adhesive tape)
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Fig. 7.15: Impact of the thickness of a sawdust cover on snow volume loss, based on a
computer simulation from 2015 (T, = 11.3°C, Fliela Valley, Davos, Switzerland) (GRUNEWALD
2018). The study also shows that a sufficiently thick cover layer (40 cm) can preserve snow
with relatively little loss, even at much higher temperatures.

Fig. 7.16: a) Laying expanded polystyrene (EPS) insulation slabs. b) Fixing them in place (Neu-
stadt, Germany, 2014) — photos: Markus Feser.

[ L Gy
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Fig. 7.17: a) A scrapped rotary snowplow spraying sawdust onto a heap of snow (Davos,
Switzerland). b) Fixing 10-cm extruded polystyrene (XPS) insulation slabs in place with silage
film and fleece (KiTzsUHEL 2015) — photo: Bergbahnen Kitzbuhel.
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5) Storage:

— inspect and repair the cover: damage can be caused by weather, wild
or domestic animals (e.g. nest-making birds, rodents, dogs, etc.). Water
tightness can be impaired (film and insulation slabs), puddles and drain
funnels can form (natural material), or the cover can slip down badly and
tear. Puddles increase the quantity of energy input into the cover.

— acover made of natural material should not be allowed to dry out com-
pletely, otherwise more heat will penetrate the pile. In very dry condi-
tions, it is a good idea to lightly water the cover.

— some snow melts during storage, but some decrease in volume
(around 5%) is due to settlement, i.e. the compaction of snow
(GRUNEWALD 2018; see Section 1.3.3 and Fig. 7.18). Wet metamorphism
also increases grain size, which can negatively impact consolidation
when the snow is spread out (Fig. 7.19).

681 kg/m3 570 kg/m3 546 kg/m3
at a depth of around 4 m at a depth of around 2.2 m at a depth of around 1 m

Fig. 718: Snow samples (11.4 x 11.4 x 59.3 mm) taken at different depths from a heap of
snow roughly 9 m high that was stored for half a year (Davos, Switzerland, 2015). The snow
in question was primarily machine-made.
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Fig. 7.19: Strongly sintered (liquid) machine-made snow with coarse, rounded grains after stor
age for half a year (Davos, Switzerland, 2015), magnified a) 50 and b) 100 times.

Fig. 720: Sawdust and woodchip covers being removed by excavators (a: Davos, Switzerland,
2015; b: Ruhpolding, Germany, 2016 — photo b: Elias Walser).

6) Removing the cover:

— the cover can be removed relatively early. Snow loss is low in the fall
as long as the snow has not been spread out, but if snow falls on a
covered pile, the workload will increase significantly.

— the covering material should be cleanly separated from the snow
(natural materials, Fig. 7.20). Having experienced staff is essential in this
context.

7) Spreading and preparing the snow:

— to ensure that spread snow is optimally consolidated, a work plan
should be drawn up that can be pushed back a few days if necessary,
to ensure that this operation takes place in optimal weather conditions.
Clear nights are important, so that the spread out wet snow can freeze
and thereby consolidate.
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— if there is no water left in the coarse-grained snow when it is spread
out (see Section 1.1.3), it will consolidate very poorly (see Section 3.2.2).
Long respite periods or the use of water or wet machine-made snow
will then be required.

— contamination can be minimized by transporting the snow in clean
vehicles

— to minimize loss when spreading out snow, supporting walls can be
erected at the sides of cross-country trails. Smoothing out the rough
sloping sides of trails also reduces melting.

— boggy sections of the track should be the last to be covered with snow.
In this scenario, icy snow from lower down in the storage pile can be
used as a bottom layer.

8) Storing coverings:

— it may be wise to sift very dirty natural materials before storing them
— contamination during storage should be avoided if at all possible

— estimate both the quantity and quality and consider further purchases

Fig. 7.21: Snow being moved (Davos, Switzerland, 2014). The vehicles used to transport
snow are chosen based on the access roads. Bumpy surfaces and dirt increase the quantity
of snow required.
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— to avoid storage, woodchip coverings may be bought back by the sup-
plier at a reduced price after a single use (as in Ramsau, Austria, for
example)

7.4.4 Costs

Ski resort managers cite excessively high costs as the second biggest
barrier to snow farming after the availability of a suitable storage site
(WoLFSPERGER 2018). That said, 50% of respondents are convinced that
storing snow over the summer is profitable, as opposed to just 31% who
consider it uneconomical.

It is not possible to make any general assertion about snow farming
costs because technical and logistical solutions, the outlay on equipment
and personnel, snowmaking costs, and the extent of snow loss can vary
from place to place. However, a cover with a long lifespan reduces costs
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Fig. 722: Distribution of costs, taking Davos 2016 as an example (a site storing ca 16,000 m3,
with a 16 % loss, a sawdust cover with a 5-year lifespan, and stored snow spread onto a
roughly 4-km-long cross-country trail). Investment costs (structural measures, snowmaking
equipment) are not taken into account.
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drastically, as the acquisition costs are spread over a number of snow stor
age years.

Itis just as difficult to determine how profitable snow farming is (DREIER
2010). Whether — and how — advertising value through additional media
attention, or safeguards against the cancellation of snow sport events
are taken into account considerably affects the economic evaluation of a
snow farming project.

Taking Davos' snow farming project for example, the operational costs
are between around CHF 9 and 12 per m3 (GRUNEWALD 2018). The spread-
ing and preparation of snow on cross-country trails in the fall accounts
for by far the lion's share of these costs, whereas snow production plays
only a tiny role (Fig. 722). Such allocations of costs are often typical for
snow storage sites at higher altitudes, because although snow can be
made at any time of winter, being able to wait until conditions are perfect
enables very efficient snowmaking. Spreading snow, by contrast, is very
time-intensive and takes a lot of equipment. How much this costs will
depend on the use to which the snow is put and also on the logistics in-
volved. Costs drop especially when the snow does not need to be loaded
and transported, but can be shifted by snowecats directly to the desired
location (e.g. for downhill ski runs).

7.5 Other Measures

7.5.1 Accumulation of Snow

Snowmaking is not the only way of accumulating snow. Alternative meth-
ods are of special interest in areas where snow cannot be machine-made.
7.5.1.1 Snow Fences and Gates

Where and how much snow is deposited can be determined by putting up
snow fences or gates, or barriers made of snow in strategic places. The
quantity of snow that accumulates behind a fence will depend on the struc-

ture's height, shape, and porosity (air permeability). Fences with a porosity
of around 50% store the most snow (TABLER 2003).
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Fig. 723: a) Snow accumulated by a fence (picture courtesy of the Ebenalp-Horn ski resort).
b) Snow formed into banks to accelerate deposits of wind-driven snow in the slope area
(Tignes, France, 2016 — photo: Stéphane Mougin).

7 5.1.2 Shifting and Storing Snow

In glacier ski resorts, shifting snow from ice-free to glaciated substrate at
the end of the season is an effective way of reducing the melting of glacier
ice (OLEFs 2010). Conversely, avalanche snow deposited on glaciers should
not necessarily be amassed for snow storage sites. Although in the short
term this may mean more snow could be stored over the summer, in the
medium term it would accelerate glacial retreat, because glaciers use natu-
ral snow replenishment as a basis for growth.
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Fig. 724: Chute for transporting snow — photo: Edi Zihimann.

Snow often needs to be moved on a short-term basis to ensure that there
is enough for competitions and other events. This can be made easier by
creating in advance small storage sites near tracks, and efficient snow
transport systems (Fig. 7.24).

75.2 Earthworks and High-Altitude Revegetation

Expensive earthworks or ski resort redevelopments are sometimes carried
out to minimize the need for snow on slopes and in snow parks (Fig. 7.25).
Such human interference in some places substantially changes the veg-
etation and the chemical and physical properties of the soil (Roux-FoulLLET
2011). Furthermore, it is well known that alpine vegetation barely recovers
from such interference of its own accord: once damaged by earthworks, it
continues suffering the consequences for a very long time.

In the last 20 years, however, great progress has been made on reveg-
etation at subalpine and alpine altitudes (Krautzer 2012a). If upland
revegetation is to be successful, the process used must be right for the
location and be expertly planned and implemented (KrRauTzER 2006). More
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Fig. 7.25: Terraces created to reduce the demand for snow in a terrain park (Laax, Switzer
land, 2017).

detailed information can be found in the “Richtlinien Hochlagenbegrtinung/

Directives pour la végétalisation en altitude’ a set of guidelines for high-

altitude revegetation drawn up in German and French (LocHER-OBERHOLZER

2008). In principle, the following points should be borne in mind:

— set a revegetation target and identify the environmental factors

— correctly reuse the topsoil, together with plant sod, by carefully re-
moving it and putting it into appropriate temporary storage

— use a suitable seed mix for the location2?, as well as existing vegeta-
tion

— sow seeds as early as possible in the growing season, or in the fall as
so-called “sleeping” (dormant) seeds

— protect against erosion during the first two growing seasons using
mulch or geotextile covers

— use (organic) fertilizers that have a slow, but long-lasting effect (KRAUTZER
2012b)

— define plant management measures

20 Plant material and seeds should come from the area surrounding the project plot, or be
similar. Seeds can be bought to suit different altitudes, bedrocks, and uses (KRAUTZER
2012b).
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Fig. 726: a) Development of the Tauplitzalm ski resort (Mitterstein, 1,750-2,000 m.a.s.l.,
Austria, 2011). Clearly visible is the topsoil that was neatly separated into piles for temporary
storage and then spread out again towards the bottom of the slope. b) Successful upland
revegetation 2 years later — photos: Bernhard Krautzer.
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7.6 Climate Change and Snow Reliability

Climate change will have a considerable impact on the future of alpine
winter sports because less favorable conditions for snowmaking, sub-
stantially less natural snow (ScHmMucki 2017), and glacial melting will directly
impact ski resort management. The climate is definitely warming (IPCC
2013). Switzerland is already around 1.8°C warmer now than it was at the
start of the 20t century (Swiss Academies of Arts and Sciences 2016;
Fig. 7.27).

In each decade over the last 50 years, temperatures in Switzerland have
risen by an average of 0.38°C (MeteoSwiss, 2017). This phenomenon is
most pronounced in spring and summer (0.47 and 0.49°C per decade
respectively, compared to 0.24 and 0.3°C infall and winter) (MeteoSwiss,
2017). Weather records for Davos, Engelberg, and Santis in recent decades
show a temperature increase over the winter months (October—April),

Deviation [°C]

© MeteoSchweiz

-2.0 T T T T T T T
1880 1900 1920 1940 1960 1980 2000
W Years above the 1961-1990 average - 20-year weighted average
W VYears below the 1961-1990 average Gaussian low-pass filter)

Fig. 727: Deviation of average annual temperatures from the mean temperature between
1961 and 1990 in northern Switzerland at altitudes above 1,000 m.
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including in the two months most suitable for snowmaking: November
and December (Fig. 7.28). A similar trend applies at all altitudes. However,
the climate has not warmed continuously. Rather, the trend has repeatedly
been interrupted by periods of stagnation or slight cooling, for example
between 1990 and 2010 (BADER 2015). There have also clearly been strong
fluctuations between individual years. The picture regarding precipitation
is hazier. Over the last 50 years, there have been no changes in annual and
seasonal precipitation levels in Switzerland. But records from further back
(from 1901 to 2016) show a slight increase in winter of 1.7 % per decade
(MeteoSwiss, 2017).

Forecasts suggest that further warming is to be expected. Between
2020 and 2049, average winter temperatures in the Swiss Alps will be
around 0.6 to 2°C higher than the mean for the reference period of 1980
to 2009 (FiscHER 2015). The temperature increase in the latter half of the
21st century will depend heavily on whether CO, emissions can be sub-
stantially cut worldwide. If not, winters between 2045 and 2074 will be

a) November to April b) November and December
I fe— | 1 = |
= E’;?,Sﬁg{%&"n?? m
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Fig. 7.28: a) Average air temperatures at three weather stations between 1956 and 2016 for
winter months and b) the main snowmaking months, November and December. Thin lines

show mean values for individual years; thick lines show the moving average over 5 years —

source: MeteoSwiss.
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around 1.6 to 3.4°C warmer on average than they were at the start of the
millennium (FISCHER 2015).

Various studies focusing on the Swiss Alps indicate how the expected

temperature increase will affect snow conditions and winter tourism:
— less snow is expected at all altitudes, as rain will more often fall instead,

and the snowmelt will be more pronounced and start earlier in the year
(MaRTY 2017).

the snow situation will deteriorate most at medium altitudes (1,000
to 1,700 m) and below (ScHmuckl 2017). In particular, the thinner snow-
pack at medium altitudes, where a wide variety of snow sports are
currently still on offer, will pose a problem for winter tourism. Over the
next three decades, snow depths will already decrease by up to
40% unless CO, emissions are significantly reduced (ScHmuckl 2017,
Fig. 7.29). At the same time, the winter season will become much briefer
(around 20 % shorter). Even continuous snow cover at least 5 cm deep
will no longer be guaranteed above 1,000 m in many places (SCHMUCKI
2017). The sharp drop in the number of snow days?' in towns and cities
could also make winter sports less popular.

climate warming will initially have little impact on high-altitude alpine
areas. But here too, by the end of the century average snow depths will
decrease by up to 25 % (ScHmuckl 2017).

over the next three decades, only areas above around 1,900 m will be
snow reliable 22. Barring a sharp cut in CO, emissions, from the middle
of the century onwards, this snow-sure altitude will start rising even
further, to around 2,200 m (MARTY 2017).

21 Days on which there is 5 cm or more of snow on the ground. In cities like Chur (593 m)

or Bern (542 m), the number of snow days will fall by nearly 70% over the next three
decades, to only around 13 days each winter.

22 The term snow reliability is said to apply to any ski resort where, for at least 100 days

a season, 80% of the slope surface area has enough natural snow (> 30 cm) to enable
skiing to take place, and thereby make the facility's operation financially viable (ELSASSER
2002; ScotT 2008; STEIGER 2013). Between 1999 and 2012, areas in the Swiss Alps above
around 1,600 m were considered reliable to have snow (MARTY 2017).
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Fig. 7.29: Average snow depths in winter (December, January, and February) in the 21st cen-
tury at medium altitude at various Swiss winter sports destinations (after ScHmMuckl 2017).
Naturally, snow depth varies tremendously (> 100 %). Some days there may be no snow at
all; on others it may be more than twice as deep as the indicated mean value.

— although optimal conditions for productive and efficient snowmaking
will become rarer, machine-made snow will mostly be able to com-
pensate for deteriorating snow conditions in the decades to come.
Assuming that snow can be produced everywhere23, almost all ski
resorts in Grisons can expect to remain snow-sure for at least 7 out of
10 winters up to the middle of the century (ABEGG 2013). This will still
apply to 95% of resorts in Grisons from the middle of the century
onwards, and to around 80 % by the end of the century, even without
any major reduction in CO, emissions (ABEGG 2013). This is mainly due

23 For this to happen, snowmaking capacities (snow guns, water available from reservoirs)
need to be greatly expanded (ABEGG 2013; STEIGER 2013). This will not only impact the
environment, but the high investment and energy costs involved will also make skiing
more expensive.
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to the high altitudes of ski resorts. By the 2050s, only around 80 % of
ski resorts in regions with a larger proportion of facilities at lower alti-
tudes, e.g. the Tyrol, will be snow-sure (in at least 7 out of 10 winters)
(STEIGER 2013).

technical snowmaking is less effective at compensating for snow short-
ages over the economically important Christmas period (STEIGER
2013; ScoTT 2008). So in the 2050s, only some 55 % of Tyrol's current
ski resorts will be open for skiing over Christmas (in at least 7 out of 10
years)24, Therefore, based on the current business model?5, a key crite-
rion for the sustainability of a ski resort is the snow production potential
in November and December, which depends on the altitude, character
istics of the region and microclimate, and, above all, on the number and
productivity of available snow guns.

24 The study assesses the technical snow reliability of an entire ski resort based on climatic

conditions at medium-altitude sites. However, when actually deciding how to expand

a resort's snowmaking equipment, each slope's snow production potential should be
considered separately. There are different scenarios: for example, a resort may just lose
its downhill run in the long term, or technical snowmaking may prove insufficient to
guarantee snow at higher-altitude slopes as well.

25 Winter sports destinations like the Tyrol typically generate some 30% of their revenue

over the Christmas and New Year period (STEIGER 2013). Nevertheless, it is entirely con-
ceivable that smaller resorts, in particular, could be profitably run based on alternative
business models.



8 Measurement Methods and Tools

Optimal slope preparation and grooming requires in-depth knowledge of
weather and snow parameters. This chapter presents methods and devices
that can be used to quickly and easily analyze snow and meteorological
conditions. It also describes useful tools that facilitate snowmaking and
the construction of snow parks.

8.1 Snow Measurements

The most important snow parameters for a slope's preparation are:
— temperature

— density

— wetness (liquid water content)

— structure (specific surface area, and grain size and shape)

— mechanical properties

8.1.1 Snow Temperature

There are two ways of measuring temperature: contactless measurement
(infrared thermometers) and methods involving contact between a sensor
and the snow (thermocouples, resistance thermometers, which are also
called resistance temperature detectors (RTDs)). In general, it is important
to regularly test the device's measurement errors (calibration) in ice water,
which has a constant temperature of 0°C. Snow that is just beginning to
melt also always has a temperature of 0°C, as it also contains liquid water.

The use of contactless infrared thermometers is not suitable for meas-
urements taken by hand, because, if a thermometer is carried in a jacket
pocket, for example, body heat will seriously distort the measurement.
Liguid water content, surface condition, and angle of incidence also affect
measurements. Moreover, even some expensive devices sometimes yield
inaccurate measurements, even when used correctly. That said, for con-
tinuous measurements of snow surface temperature, e.g. at weather
stations, only infrared thermometers are used, because they are well
protected against solar radiation and thus do not heat up.

215




216

Slope Preparation and Grooming

By contrast, even very inexpensive contact sensors are up to the job.
Measurements are always taken at the tip of a sensor. To measure the
surface temperature, the sensor should be inserted less than 1 cm into the
snow and be shielded from solar radiation.

8.1.2 Snow Density

Snow density provides information about slope firmness. It also indicates
which preparation methods can be used to further compact the snow
(see Chapters 3 and 4). If its density is low, a set volume can be dug out
and weighed (Fig. 8.1). Since higherdensity snow is virtually impossible to
cut, a larger chunk of snow can be broken off and trimmed with a saw
blade so that its volume can be calculated by measuring its edge lengths.

The dielectric method, however, is better suited to determining snow
density (see Section 1.1.3 and Fig. 8.2). This involves placing a sensor on
the snow surface and using an electric field to measure its density. The
surface of the snow must be as level as possible, so that the sensor lies
flush with it.

Fig. 8.1: A set volume being weighed to measure snow density.
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Fig. 8.2: Snow density being measured (dielectric method) using a snow sensor developed
by FPGA Company GmbH and the SLF

8.1.3 Snow Wetness

The dielectric method is also suitable for determining snow wetness. An
electric field is used to measure the snow's dielectric constant. The dielec-
tric constant of air is 1, that of pore-free ice is around 3, and that of water
around 81. Snow measurements therefore largely depend on how much
air, ice, and water the snow contains. Once the air and ice content, i.e. the
dry snow density, is known, snow wetness can be calculated based on
the dielectric number (see Section 1.1.3; DENOTH 1989). If the dry snow
density is unknown, it must be estimated.

Measuring snow wetness is time-consuming, but crucial for ensuring
accurate analyses. Knowledge of local temperatures and net radiation can
help to estimate wetness. Devices that do not indicate 0 % wetness when
the snow temperature is below zero are clearly mismeasuring.
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Fig. 8.3: Snow wetness measuring devices a) Snow fork (www.toikkaoy.com) (after TECHEL
2011). b) Denoth meter (DENOTH 1994). ¢) Snow sensor to measure density and wetness
(SLF and www.fpga-company.com).

8.1.4 Snow Structure

Grain size and shape, and connections between grains — i.e. the snow's
microstructure — should be taken into account when choosing slope
preparation methods and snowcat settings. The conventional method
for examining the structure of snow, using a magnifying glass, breaks up
the sintered snow structure to assess and describe the size and shape of
its grains. Inexpensive, portable USB microscopes make this method
more objective (Fig. 8.4). Although more accurate measurement methods
exist, they are usually set aside for research (SCHNEEBELI 2009; GALLET
2009), since the serial production of measuring devices is rarely financially
viable.
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Fig. 8.4: a) Grain shape and size being objectively observed using a grid, and a magnifying
glass or USB microscope. b, c) Measuring devices for determining microstructure based on
the snow's reflectivity (b: InfraSnow, SLF; c: IceCube, www.A2PhotonicSensors.com).
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8.1.5 Mechanical Properties

Evaluating the result of slope preperation measures necessitates taking
direct measurements of firmness, and assessing layer structure and
homogeneity. A simple, subjective method is the resistance felt when
using a snow drill. A snow ram penetrometer can provide a rough meas-
urement of hardness, both at the surface and down to a depth of 15 cm
(BRUHIN 2018). High-resolution snow penetrometers, such as the Snow-
MicroPen developed by the SLF or the SnowSpike slope penetrometer
(Fig. 8.5), can be used to gain very accurate measurements of snow hard-
ness (also called penetration resistance). However, such devices can only
penetrate deeply into slopes covered in low-density snow. Analyses of
harder snow are limited to the surface (down to a depth of around 30 mm).

4 {‘. -

Fig. 8.5: a) Snow ram penetrometer. b, c) Penetrometer (b: SnowMicroPen; ¢: SnowSpike)
for measuring snow hardness.
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8.2 Measuring Meteorological Parameters

The heat and mass exchange between the snow surface and the atmos-
phere depends on the following weather parameters (see Chapter 2):

— air temperature and humidity

— wind speed and direction

— snow temperature

— net radiation

For Ski patrols it is hugely useful to measure and forecast these parame-
ters. Whereas snow guns usually record air temperature, air humidity, and
wind measurements, ski patrols are usually unaware of radiation levels and
snow temperatures. It is therefore advisable to purchase a few additional
weather stations. Various manufacturers' now offer affordable, simple,
high-quality solutions to automatically record weather parameters and
make data available online (Fig. 8.6).

t @ htps:ymeclimaps.chiine 3

I 303
Name Master Station
Sensor  SHT7S
Meazurement  Temperature

Fig. 8.6: Mobile weather station that can store and post data online using mobile telephony
(www.climaps.ch).

T www.sensorscope.ch; www.decagon.com; www.davisnet.com; www.apogeedigital.com.
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8.3 Snowpack Models

When preparing slopes, it is useful to know the weather forecast and how
snow conditions will develop. Forexample, knowing what the snow
temperature will be in 4 hours makes it easier to decide the best time to
prepare the slope.

Snowpack models? can be used to calculate snow temperature, wet-
ness, and density, grain size, and other parameters for the next few hours
or days (Figs. 8.7 and 8.8). This information helps to optimize the deploy-
ment of snowcat fleets based on the snow conditions on various slope
sections. Furthermore, when watering slopes, such data can be used to
calculate freezing times and water penetration depth. Snowpack models
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Fig. 8.7: Alpine3D simulation for forecasting snow temperatures (11:00) on downhill slopes
at the 2014 Olympic Games (Rosa Khutor, Russia).

2 https://models.slf.ch
3 www.slf.ch/de/services-und-produkte/alpine-3d.html
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are also used to accurately forecast ski run ablation dates, and calculate
quantities of meltwater.

The development of snow properties can be determined for a specific
spot using the SNOWPACK model (LEHNING 2002), or for an entire area
using the Alpine3D model3 (LEHNING 2006), both of which require current
snow data and weather forecasts. If the snow properties for an entire area
are to be calculated in advance, a digital terrain model, among other things,
is also needed, to take account of factors like shade caused by the topog-
raphy or vegetation (Fig. 8.9).
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Fig. 8.8: SNOWPACK simulations of race track watering, with different quantities of water.
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Fig. 8.9: Simplified representation of the Alpine3D model with the three modules — SNOW-
PACK (snowpack, ground, and vegetation), Ebalance (radiation dictated by the topography,
etc.), and SnowDrift (snow transport and distribution) — as well as the required input and

possible output variables.
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8.4 Snowmaking App

The SLF has developed a snowmaking app for smartphones, which can be
used to calculate snow wetness, productivity, and the snow-water ratio
(see Section 1.6.1) depending on weather factors (wet-bulb temperature,
wind), water temperature, and water flow (Fig. 8.10). It can also be used to
determine the freezing time of wet machine-made snow on the ground.
The knowledge section providesbackgroundinformationonmachine-made
snow and explains how it is produced.

8.5 Tools for Snow Park Construction

When constructing freestyle parks and cross courses, the distances
between and gradients of potential track sections, inruns, and landing
zones should be known at the planning stage. Maps only help to deter
mine the average gradient of large slope areas. For more detailed analyses,
high-resolution geographic information is now available online for many
countries#. Moreover, open-source GIS software® provides various options
for displaying, analyzing, and processing terrain data.

Fig. 8.11: a) Rangefinder and inclinometer. b) Simple 3D model of a kicker, with dimensions
specified, created by the SketchUp software program.

4 E.g. https://map.geo.admin.ch; www.geoland.at
5 www.qgis.org/de/site
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Another helpful tool when planning and constructing snow parks is an
optical rangefinder and inclinometer. \When this device is aimed at a
visible obstacle or snow surface, it indicates the distance and gradient
measured from the current location. When planning the route of a cross
course, it can be used to estimate how fast competitors will be traveling
by the end of a section and thus how the following obstacle must be
designed.

Before constructing jumps, jibs, or other snow park features, the dimen-
sions should be fixed in drawings. Free software® is also now available
for simple 2D drawings and 3D models, enabling the quick and easy con-
struction of snow park features.

6 www.sketchup.com/de; www.freecadweb.org
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Snow is one of the most complex materials on our planet,
as demonstrated by the fact that many languages have
more than one word for it. Scots English alone has 421
words for it! Snow is highly variable and constantly chan-
ging. There are many reasons for this, such as air and
snow temperature, air humidity, snow conditions, compo-
sition (natural or machine-made snow), age, grain size and
shape, compaction, slope exposure and gradient, solar
radiation, longwave radiation, clouds, and wind.

This book contains more than 200 pages full of practical
examples to explain the scientific and multifaceted interre-
lations between these parameters, providing a wealth of
information for any operational manager, chief of course,
race director, or snowcat driver. The knowledge presented
should help to enhance the quality of slopes and cross-coun-
try trails and also facilitate more efficient cooperation,
thereby cutting the costs of facility operators and lowering
competition budgets. | also found the discussions with
Fabian Wolfsperger incredibly interesting and useful.

The key to successful slope preparation is: “know-how,
sound planning based on weather forecasts, use of the
right tools, and optimal timing”.

| hope you all enjoy reading the book and continuing to
learn about snow, a never-ending task!

Hans Pieren

-

el

World Cup Race Director in Adelboden,

long-standing FIS Race Director and Advisor,

e.g. at the Winter Olympic Games in Sochi in 2014 and
Pyeongchang in 2018
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