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Abstract

Slushflows, defined as rapid mass-movements of water-saturated snow, occur when high liquid water

content (LWC) causes bonds to melt and the snowpack to lose cohesion, triggering flow. Characterized by
their shallow release angles and the potential for extensive runouts, slushflows typically occur during rain-
on-snow events or due to significant melting. The presence of an impermeable layer beneath or within the

snowpack is normally required for water to accumulate.

An important consideration for the improvement of slushflow prediction is understanding the role snow
type has on the development of LWC in the snowpack. To assess this, LWC was measured in snow
profiles before and during weather events conducive to slushflow occurrence, using an SLF Snow Sensor.
In addition, the SLF sensor was evaluated as a tool to measure LWC and compared with the traditional

hand wetness test.

Results indicate that the formation of preferential flow is important for water transport in snow. While
precipitation particles and decomposing, fragmented particles may facilitate preferential flow, ripe melt
forms tend to promote matrix flow. Thick ice layers can impede vertical water movement and redirect it
laterally. Volume and rate of water supply may be as important as grain form in determining the mode of

flow.

Comparisons between LWC estimated using the hand wetness test and values from the SLF Snow Sensor
align with existing literature, attesting to the efficacy of the hand wetness test as a qualitative method for
assessing LWC, especially for internal comparison. When precise values are required, the hand wetness
test is insufficient, and use of the SLF Snow Sensor is more suitable. The requirement for an external

density measurement to calculate LWC significantly increases the workload.
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1. Introduction

1.1. Motivation

Snow is the weakest natural material, usually being above 95% of its melting temperature in Kelvin
(McClung & Schaerer, 2022). Differences in temperature, vapor pressure, water content, and
meteorological conditions cause snowpack layers to have great variability and potential for instability. If
the volumetric liquid water content (LWC) of a snowpack reaches a necessary threshold (ca. 15%), rapid
mass-movements of water-saturated snow, known as slushflows, can occur (Hestnes, 1998). Slushflows
differ from other snow avalanches by their relatively low release angles (< 30°), and their exceptionally
long runout distances (Gude & Scherer, 1998; Hestnes et al., 2012). Slushflows are a natural hazard that
may become more prevalent due to climate change (Relf et al., 2015). The damage potential of slushflows
is high, costing Norway about the same as all other types of snow avalanche, measured in economic loss
(Hestnes et al., 1994). They can also pose a hazard to people, as seen in Japan in 1945, when 88 people
were Killed by a single slushflow event (Kobayashi et al., 1994).

The Norwegian Water Resources and Energy Directorate (NVE) are responsible for providing a regional
early warning of slushflow hazard in Norway (Sund et al., 2024). Knowledge about the snowpack is
important for estimating slushflow hazard (Hestnes & Bakkehgi, 2004). Previous studies have investigated
the snowpack conditions necessary for slushflow release. An impermeable layer, such as frozen or
saturated ground, is usually required to cause water to accumulate (Onesti & Hestnes, 1989). While fine-
grained snow and ice crusts promote stability (Hestnes, 1998), more porous snow types, such as
precipitation particles and depth hoar, are more susceptible to slushflow release (Sund et al., 2020, 2024).
Certain snow types require a higher water supply to initiate slushflows (Skuset, 2018; Skuset & Sund,

2019), but if the water supply is sufficiently high, snow type becomes less important (Hestnes, 1998).

According to Sund et al. (2024), more information on how specific snow types affect water transport is
required to further develop the slushflow early warning. This study aims to investigate that by employing
a field-based approach, using a dielectric SLF Snow Sensor to measure LWC in snow profiles before and

during weather conditions that can form slushflows.
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1.2. Research objectives

The primary research objective of this study is to investigate how liquid water develops in different snow
types during weather situations where slushflows can occur. To do this, two research questions are stated
here:

RQ1: How do differences in snow type influence the development of liquid water through the snowpack

during weather conditions favorable for slushflow formation?

RQ2: What other factors influence the spatial and temporal distribution of liquid water in snow during

conditions conducive to slushflow initiation?

The secondary objective of this study is to evaluate the SLF Snow Sensor as a tool for measuring LWC in

the field. The following research questions are meant to address this:

RQ3: What are the advantages and limitations of using the SLF Snow Sensor for LWC measurements in
the field?

RQ4: How do LWC measurements obtained from the SLF Snow Sensor compare to those derived from

the hand wetness test?
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2. Background

2.1. Snowpack properties

2.1.1. Grain form
Snow can have a variable microstructure, and no single parameter describes a sample of snow accurately
(Armstrong & Brun, 2008). Grain form is assessed and categorized qualitatively, following the standard
described by Fierz et al. (2009). In this section, a brief overview of the main grain forms is supplied. For
more in-depth descriptions, see, e.g., Fierz et al. (2009) or McClung and Schaerer (2022). In this study, the
terms “grain form”, and “snow type” are used interchangeably. In addition, the terms snow “grain”,

“particle” and “crystal” are used as synonyms.

Precipitation particles (PP, +) are formed in the atmosphere and fall to the ground, accumulating as a soft,
low-density snow layer. They can come in a variety of shapes, including complex dendrites, plates,
needles, to the more rounded graupel, depending mainly on degree of supersaturation and temperature.
Since supersaturation is much higher in the atmosphere than in the snowpack, PP undergo rapid

metamorphism once they reach the ground (Fierz et al., 2009; Louchet, 2021).

Decomposing and fragmented particles (DF, ) are snow crystals that have started to break down, either
mechanically due to wind or by metamorphism. While retaining many of the characteristics of PP, they

often appear as broken pieces with rounded edges (Fierz et al., 2009).

Rounded grains (RG, e) are the product of metamorphism at low vapor pressure gradients (see Section
2.2.1), or mechanically due to wind. They take the form of small, round grains, and often make hard wind
slabs (Fierz et al., 2009).

Faceted crystals (FC, O) are formed by metamorphism at high vapor pressure gradients (see Section
2.2.1). Diffusion of water vapor from one grain to the next cause straight edges and facets to form, causing
FC to appear as angular crystals. FC bind poorly, have low cohesion, and can form persistent weak layers

in the snowpack that keep snow avalanche hazard high over time (Fierz et al., 2009).
Depth hoar (DH, ») are the end product of faceting (see Section 2.2.1). They are quite angular and form

large, hollow, sometimes striated, cup-like crystals with a large surface area. They often form at the

bottom of continental snowpacks and like FC can form persistent weak layers (Fierz et al., 2009).
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Melt forms (MF, o) are the result of wet snow metamorphism (see Section 2.2.2), when liquid water is
present in the snowpack, or from melting followed by refreezing. They can appear as clusters of round
grains bonded to each other, sometimes with films of liquid water between the ice crystals. If the water
freezes, the clusters can turn into a solid polycrystal. At high enough water contents, the bonds melt and
large, spherical ice crystals separated by liquid water remain. An important subcategory of MF is melt-
freeze crusts (MFcr, ), which form when a layer of snow melts, then refreezes into a semi-continuous
hard layer of polycrystals, increasing in strength for each melt-freeze cycle (Fierz et al., 2009). Snow
grains are classified as MF based on morphology. If a sample of dry snow of different grain form is
suddenly exposed to water, it is not classified as MF until it has the rounded grain shape (McClung &
Schaerer, 2022).

Ice formations (IF, m) occur when liquid water infiltrates the snowpack and refreezes at layer boundaries
or the base of the snowpack. They are more solid and less permeable than MFcr, though the exact
transition between the categories is difficult to pinpoint (Fierz et al., 2009). In this study, IF will generally
be referred to as “ice layers”, as the focus is on the horizontally extending variant.

2.1.2. Porosity and density
Porosity is a measure of how much “empty” space, or pore space, a medium contains (Louchet, 2021).
Snow is the most porous natural material (McClung & Schaerer, 2022). A snowpack is built up from many
individual snow crystals, made of ice, forming a skeletal framework with pore spaces of varying size and
shape in between. In snow, the pore spaces are usually not truly empty, rather being filled with air or
water. Porosity, ¢, is thus defined as pore volume divided by sample volume (Colbeck, 1978; Kinar &
Pomeroy, 2015a):

P =—"" (1)

where: ¢ = Porosity of the snowpack [dimensionless]
V, = Air volume [m?]
V,, = Water volume [mq]

V. = Total sample volume [mq]

Porosity is given as a number between 0 and 1, where 0 is no pore space and 1 is only pore space, or as a
percentage. It does not depend on what the medium is, only how much open space it contains. Density,

while similar to porosity in many ways, does depend on what the medium is. Density, p, is conventionally
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defined as mass per unit of volume (kg m). Snowpack density, p;, including the effect of liquid water
content, can more specifically be defined like this (Madore et al., 2022):

ps = piB; + pwOy + paba (2)

where: p, = Density of the snowpack [kg m=]
p; = Density of ice [kg m?]
0; = Volumetric ice content [%]
pw = Density of water [kg m=]
0,, = Volumetric water content [%]
po = Density of air [kg m?]

6, = Volumetric air content [%]

Density is a fundamental property of snow that influences a variety of snow processes and properties (Hao
etal., 2021), and is described by Martin and Schneebeli (2023) as the most important property for the
structural characterization of snow. In snow avalanche science, snow density determines whether an
avalanche will release as a coherent slab or as powdery loose snow. Snow density is linked to bond
density (number of bonds per unit of volume) (Techel et al., 2011), which, together with bond strength and
grain shape, is a component of cohesion (McClung & Schaerer, 2022). Cohesion, in turn, is a component
of snowpack shear strength. Density is also directly correlated with shear strength in avalanche-failure
layer studies, and differences between layer densities can indicate instability (McClung & Schaerer,
2022).

When there is no liquid water in the snowpack (S,, = 0), the term to the right in Eq. ( 2 ) is dominated by
Pa,» Which is nearly three orders of magnitude smaller than p;. The density of air depends on pressure,
temperature, and humidity, and can be calculated using the ideal gas law (Ahrens & Henson, 2023). For
dry air at standard atmospheric pressure (101 325 Pa) and 0 °C it is 1.29 kg m?, which is the value used in
this study. The density of ice depends on pressure and temperature, and for pure ice at standard
atmospheric pressure is 916,7 kg m2 at 0 °C and 918,2 kg m at -10 °C (Harvey, 2023). To simplify,

917 kg m* is used in this study. Dry snow density and porosity are, therefore, practically interchangeable
(Madore et al., 2022). Porous snow has a low density and dense snow has a low porosity. Dry snow
density varies between 30 and 550 kg m= (¢p = 0.97 to 0.40). Fresh new snow is usually between 50 and
100 kg m3, with values as low as 30 kg m= and as high as 300 kg m= reported. New snow tends to be
denser in maritime climates than continental ones (McClung & Schaerer, 2022). Snow that has

experienced strong wind can have densities up to 400 to 500 kg m (Armstrong & Brun, 2008). The upper
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density limit for dry seasonal snow is around 550 kg m= (McClung & Schaerer, 2022). Perennial snow, or
firn, is more dense, increasing in density until it reaches around 800-850 kg m= and is defined as glacier
ice (DeWalle & Rango, 2008). Ice crusts in snow can have densities in the range of 700-800 kg m?
(Armstrong & Brun, 2008).

When the liquid water content of the snowpack is not zero, however, snowpack density can be higher than
the values stated above. Density increases with increasing water content, as the air in the pore spaces is
replaced with the much denser water. Snow with a high porosity has a higher capacity of water storage,
meaning fresh new snow could theoretically achieve the highest density, if all the pore spaces were fully

saturated and the snow matrix remained unchanged.

Snow tends to get denser with time and depth (DeWalle & Rango, 2008). As snow grains undergo
metamorphism, they tend to become more spherical. They can therefore be packed more tightly, leaving
less pore space between the grains, which increases the density of the snowpack (Barry & Gan, 2022;
DeWalle & Rango, 2008; McClung & Schaerer, 2022). Settlement is a second process that leads to
densification. As snow becomes buried, the weight of the overlying snowpack causes grains to reorganize
into a more compact form (DeWalle & Rango, 2008; McClung & Schaerer, 2022). This generally leads to
snowpacks becoming denser with depth, though there are exceptions. Grain types such as faceted crystals,
surface hoar, and depth hoar are more resistant to settlement, likely due to their anisotropic nature, which
can lower structural integrity (McClung & Schaerer, 2022). Resistance to densification, and thereby

resistance to strengthening, is a part of why they have earned the name “persistent weak layer”.

2.1.3. Liquid water content
Liquid water content (LWC), sometimes called free water content, is a measure of how much of a snow
sample consists of water in liquid form (DeWalle & Rango, 2008). It is usually given as a fraction of mass
or a fraction of volume (Fierz et al., 2009). In this study LWC is expressed as a percentage of volume and
symbolized as 6,, or simply 6. LWC in snow comes primarily from rain, snowmelt, or a combination
(Fierz et al., 2009). Liquid water can be found moving through a snowpack, either percolating downwards
due to gravity, or moving parallel with the snow layers if downward movement is blocked by, e.g.,
impermeable layers of ice or capillary barriers (DeWalle & Rango, 2008). These processes are described
in greater detail in Section 2.3. Some liquid water remains, even in a freely draining snow sample, due to
capillary forces larger than gravitational ones, which is known as the irreducible water content, 8;,- (Kinar
& Pomeroy, 2015a). 6;,- has been measured to be around 3% (Colbeck, 1986; Yamaguchi et al., 2010), or,
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according to Fierz et al. (2009), 3 — 6%, depending on snow type. At the other end of the scale, when the
whole snowpack has warmed to 0 °C, and is so full of liquid water that any additional snowmelt leads to

runoff, the snowpack is “ripe” (Kinar & Pomeroy, 2015a).

LWC in snow can be categorized in multiple ways. The most common is the hand wetness test shown in
Table 1, classifying snow as dry, moist, wet, very wet, or slush (Fierz et al., 2009). The hand wetness test
is the method avalanche workers and snow observers all over the world use to classify wet snow in the
field.

Table 1. Classification of wet snow based on liquid water content, including description of the hand wetness test. LWC values are
approximate. Adapted from Fierz et al. (2009).

Term Code Description (7]

Usually, T is below 0 °C, but dry snow can occur at any temperature up
Dry D | to 0 °C. Disaggregated snow grains have little tendency to adhere to 0%

adhere to each other when pressed together, as in making a snowball.

. Ty = 0 °C. The water is not visible even at 10x magnification. When
Moist M ) ) 0-3%
lightly crushed, the snow has a tendency to stick together.

T, = 0 °C. The water can be recognized at 10x magnification by its
Wet W | meniscus between adjacent snow grains, but water cannot be pressed out | 3-8%

by moderately squeezing the snow in the hands (pendular regime).

T, = 0 °C. The water can be pressed out by moderately squeezing the
Very wet V | snow in the hands, but an appreciable amount of air is confined within 8-15%

the pores (funicular regime).

T, = 0 °C. The snow is soaked with water and contains a volume
Slush S ) ) ) ) > 15%
fraction of air from 20 to 40% (funicular regime).

Another distinction that must be made is between the pendular and funicular regimes (Denoth, 1980; Fierz
et al., 2009). In the pendular regime LWC is low, the air in the pores is continuous, and the liquid water is
discontinuous. In the funicular regime, the opposite is the case. LWC is high, the air in the pores is
discontinuous, and the liquid water is continuous (Denoth, 1980; Fierz et al., 2009). This distinction has
important implications for wet snow metamorphism (see Section 2.2.2.). The LWC threshold between the

regimes is around 6 = 8%. Denoth (1980) found through dielectric measurements and drainage
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experiments that the transition between pendular and funicular regimes happens between 11% and 15%
pore saturation. Note that this is different from &, which depends on porosity (¢). Snow with a higher ¢
needs a higher @ for transition. The upper limit of the pendular regime is around 14% pore saturation,
according to Brun (1989).

LWC in snow can also be looked at in terms of percolation systems (Louchet, 2021). Louchet (2021)
presents three systems with increasing LWC. The first is when the snow is packed so tight that water
cannot infiltrate. This virtually only happens when ice layers are present, as natural snow is not dense
enough to prevent percolation. In the second system, the snow grains form a continuous framework, but
water can filter through the framework. The third system has so much liquid water that the snow grains no
longer form a continuous chain and are separated by water. The snow is then defined as slush.

One can measure LWC directly using chemical dilution (Pirazzini et al., 2018), freezing or melting
calorimetry (Kinar & Pomeroy, 2015a), or centrifugal separation (Mavrovic et al., 2020). These methods
are often time-consuming, destructive, and difficult to perform in the field, so more efficient, indirect
methods are used instead (Kinar & Pomeroy, 2015a; Mavrovic et al., 2020). Indirect methods have the
advantage of being less destructive to the snow sample, and include methods such as upwards facing
GPRs (Donahue & Hammonds, 2022), hyperspectral imaging (Donahue et al., 2022; Donahue &
Hammonds, 2022), acoustic methods (Kinar & Pomeroy, 2015b), or using GPS (Koch et al., 2014, 2019).
One of the main methods LWC is measured is through dielectric properties. The dielectric permittivity of
snow, €, is dominated by the permittivity of water (e = 86) compared to the values for air (¢ = 1) and ice
(e = 3.15) (Techel & Pielmeier, 2011). Examples of instruments using dielectric methods are the Denoth
meter (Denoth, 1994), the Finnish Snow Fork (Techel & Pielmeier, 2011), the Open-Ended Coaxial Probe
(Mavrovic et al., 2020), a new handheld capacitive sensor (Wolfspeger et al., 2023), and the SLF Snow
Sensor used in this study (FPGA Company, 2018).

2.1.4. Permeability and hydraulic conductivity
Hydraulic conductivity, K, and permeability, k, are related, but distinct, terms that pertain to how easily a
fluid can flow through a porous material (Clerx et al., 2022). Permeability is an inherent property of the
material and does not depend on the fluid. It is primarily determined by porosity, but grain size, grain form
and pore connectivity play a role as well (Brun, 1989; Clerx et al., 2022). One can have a highly porous

material that leads water poorly if the pores are unconnected (Louchet, 2021; Pietzsch, 2009). The
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permeability of snow tends to be between 6 x 1071°m?2 and 524 x 10~1%m? (Katsushima et al., 2013),
and can be calculated using equation ( 3 ) (Webb et al., 2018).

k = (3.0 + 0.3)r2 x e(~0.0130£0.0003)p; (3)

where: k = Permeability [m?]
1. = Equivalent sphere radius [mm]

ps = Density of the snowpack [kg m~]

Hydraulic conductivity, on the other hand, takes into account the properties of the fluid and can be
calculated using equation (4 ) (Clerx et al., 2022).

K = k29 (4)
u
where: K = Hydraulic conductivity [m s%]
k = Permeability [m?]
p; = Density of the fluid [kg m™]
g = Gravitational acceleration [m s

u = Dynamic viscosity of the fluid [Pa s]

In snow, the fluid in question is usually water. The hydraulic conductivity of snow cannot be measured
precisely in the field, and requires considerable time and effort in a cold laboratory (D’ Amboise et al.,
2017). Permeability is easier to measure, so that has been used to calculate the saturated hydraulic
conductivity, which typically is in the range 10* — 10° mm h! (Katsushima et al., 2013). However, most
water flow in snow occurs in unsaturated conditions, which is different (Yamaguchi et al., 2010).
Yamaguchi et al. (2010) found that unsaturated hydraulic conductivity likely depends on grain size, but
they could not quantify it due to needing more information about the tortuosity of snow (the amount a
fluid needs to deviate from a straight line to flow through). Following this, Yamaguchi et al. (2012) found
that the relationship between density and grain size could be used to model unsaturated hydraulic
conductivity in melt forms. Rounded grains did not show the same dependency, meaning grain type needs
to be considered as well (Yamaguchi et al., 2012). Hydraulic conductivity in snow increases with degree
of wet snow metamorphism, as grains coarsen, pore sizes increase, and efficient meltwater channels are
formed (Gude & Scherer, 1998).
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2.2.  Snow metamorphism
In a seasonal snowpack, heat flow is the dominant mechanism behind metamorphism (McClung &
Schaerer, 2022). In dry snow, vapor transport is dominant, but in wet snow, thermal diffusion through
liquid water and the effects of melting and refreezing also become important (DeWalle & Rango, 2008).
Figure 1 shows the main metamorphic processes snow crystals can undergo, which are described in

further detail in this section.

N

B
) E)

N
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Figure 1. Schematic of snow metamorphism between the main snow types. Green arrows indicate rounding, blue arrows indicate

faceting, and orange arrows indicate wet snow metamorphism (NVE, 2020).

2.2.1. Dry snow metamorphism
Dry snow metamorphism depends on temperature gradients, temperature, and pore-space size (McClung
& Schaerer, 2022). Of these, temperature gradients, or rather vapor pressure gradients induced by
temperature gradients, are the most important factor for grain type (LaChapelle & Armstrong, 1977,
McClung & Schaerer, 2022). Dry snow metamorphism can, based on differences in vapor pressure

gradients, be split into two processes. In older literature, they have been referred to as “destructive” and
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“constructive”, or “equi-temperature” and “temperature gradient” metamorphism. However, true equi-
temperature conditions virtually never occur (McClung & Schaerer, 2022). The closest is when the entire
snowpack is melting, and the temperature is near 0 °C throughout, but there are still minute temperature
differences between snow crystals. Therefore, temperature gradients can be said to exist in both modes of
metamorphism. The American Avalanche Association (2022) uses the terms “equilibrium growth” and
“kinetic growth”. In this study, the terms “rounding” and “faceting” are used. The vapor pressure gradient
threshold that separates the two processes was found by LaChapelle and Armstrong (1977) to be around
500 Pa m™. Since temperature is markedly easier to measure than vapor pressure, temperature gradients
are typically used by avalanche workers to differentiate between rounding and faceting (American
Avalanche Association, 2022; NVE, 2020). 500 Pa m equates to a temperature gradient of 10 K m* at
0°C.

Rounding occurs when vapor pressure gradients are below the 500 Pa m™ threshold. This process is shown
in green arrows in Figure 1. In this mode of metamorphism, the dominant effect of vapor transport is
diffusion due to curvature (McClung & Schaerer, 2022). This process is known as the Kelvin effect
(Dunlop, 2008), which describes that the vapor pressure over a convex surfaces, such as the tip of a stellar
dendrite branch, is higher than that over flat planes at the same temperature. The inverse is the case for
concave surfaces. A fresh particle of dendritic new snow (PP) will, upon landing, immediately start
rounding, as mass is transported by diffusion from the convex branches to the flat or concave regions near
the base between crystal branches or in the bonds between snow grains. A sphere, being the shape with the
lowest specific surface area, is the goal of rounding (Armstrong & Brun, 2008). This creates, as the name
implies, rounded grains (RG), where sharp edges and branches have been rounded away (Fierz et al.,
2009). Rounding causes bond growth and strengthening, a process known as “sintering”. Although
rounding tends to happen at a much slower pace than faceting (McClung & Schaerer, 2022), the first signs

of sintering can become apparent in only a few seconds in the right circumstances (Louchet, 2021).

Faceting occurs when snowpack vapor pressure gradients exceed 500 Pa m™. Faceting is represented in
Figure 1 by blue arrows. In these conditions, the hand-to-hand effect of vapor transport in pore spaces
outstrips the Kelvin effect (Pinzer et al., 2012). In short, water molecules sublimate from warmer crystals
closer to the bottom of the snowpack, diffuse upward through the pore spaces, and deposit on warmer
crystals. The shape of the crystals formed by faceting tend to have straight edges (facets). Faceted crystals
and their end product, depth hoar, can vary a lot in shape and size, from small clusters of lightly faceted
grains to large cups and chains of well-developed depth hoar (Fierz et al., 2009). Under rapid growth

conditions, above the threshold for faceting, mass is preferentially deposited near the snow crystal base

Page 11 of 80



rather than the bonds between crystals (McClung & Schaerer, 2022). As a result, faceted crystals are
poorly bonded to each other and exhibit an anisotropic nature, demonstrating strength in compression but
weakness in shear. They can hold the weight of an overlying slab without collapsing, but under specific
triggering conditions can both fail and propagate that failure over long distances. Faceting is a faster
process than rounding and happens more quickly in warmer (still subfreezing) snow. Faceted crystals are
more common in continental climates, where the snowpack tends to be thin, allowing for greater
temperature gradients to form. Depth hoar can often be found at the base of these snowpacks and can
persist throughout the whole season (Barry & Gan, 2022). In continental climates, the snowpack is usually
deeper, and the temperature gradients lower, but facets can still be found there under the right conditions.

2.2.2. Wet snow metamorphism
The addition of water in liquid form changes how snow metamorphism works. This process is shown in
Figure 1. One major difference from dry snow is that the thermal conductivity of liquid water
(0.567 W m* Kt) is much higher than that of air (0.025 W m™* K'*), meaning energy exchange, and
therefore metamorphism, occurs much quicker with increasing LWC (Brun, 1989; DeWalle & Rango,
2008; McClung & Schaerer, 2022). The main driver of metamorphism in wet snow is the effect of
curvature, which causes ice surfaces with small radii of curvature to melt at lower temperatures (Figure 2).
Other factors that reduce the melting temperature include impurities in the water (Armstrong & Brun,
2008), pressure, and reduced area of contact (McClung & Schaerer, 2022).
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Figure 2. Melting temperature of snow grains by particle radius (McClung & Schaerer, 2022).
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This leads to grain growth through a cannibalization process where small snow crystals melt at lower
temperatures and are “eaten” by larger crystals (DeWalle & Rango, 2008). The difference in melting
temperature is very small (Figure 2), but heat exchange through water is so effective that it is significant
(McClung & Schaerer, 2022). This means that as the snowpack is heating, small crystals melt first. The
energy for melting comes from the large grains, which cool, then refreeze the liquid water, and thereby
grow. The curvature effect also leads to net rounding, as mass is removed from convexities and deposited
in concavities. According to McClung and Schaerer (2022), growth rates are high when grains smaller
than 1 mm are present, but this slows over time. In theory, metamorphism would stop when all snow
grains are spheres of equal size, but such conditions are nearly impossible to achieve in the real world. As
LWC in the snowpack increases, these processes accelerate (Armstrong & Brun, 2008).

For snow in the pendular regime (8 < 8%), heat transfer occurs through vapor diffusion in the pore
spaces, as in dry snow (McClung & Schaerer, 2022). At this relatively low LWC, clusters of round MF
snow grains readily form to reach force equilibrium (Colbeck, 1979a). The clusters have strong ice bonds
and can have a film or vein of liquid water between the crystals (Figure 3a). For a cluster to be in force
equilibrium, changes in LWC cause the change of grain radius, water vein radius, and cluster size, thereby
resisting large changes in capillary pressure (Colbeck, 1979a). If the water refreezes, the clusters turn into
large polycrystals. While the addition of liquid water usually weakens snow due to bond melting, at low
values of LWC, capillary forces are high (Figure 3b), causing wet grains to be pulled together in a process
known as capillary cohesion (Schlumpf et al., 2024).
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Figure 3. a) Grain cluster in wet snow. b) Capillary pressure as a function of pore saturation in snow. From McClung and
Schaerer (2022).
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In the funicular regime (6 > 8%), metamorphism is driven by thermal diffusion through the continuous
liquid water (Colbeck, 1986). This is much faster than vapor diffusion in the pores, meaning rounding and
grain growth from cannibalization are accelerated (McClung & Schaerer, 2022). According to Colbeck
(1986), the mean grain size approaches 1 mm in just a few days. At high enough water content (6 >
15%), all bonds are melted and spherical grains separated by liquid water are what remain (Colbeck,

1979a). Such slushy snow is virtually cohesionless (McClung & Schaerer, 2022).

During melting, bonds are preferentially melted, which reduces snow strength. If the capillary water
refreezes, the snow strength increases substantially (DeWalle & Rango, 2008). Melt-freeze cycles can be
caused by diurnal temperature variations. The grain size increases, as small grains and bonds are melted.
During the night, the layer can refreeze, creating hard and brittle melt-freeze crusts (McClung & Schaerer,
2022).

2.3.  Water movement through the snowpack
The generation of meltwater due to atmospheric interactions usually only occurs near the surface of the
snowpack (Gude & Scherer, 1998). Once the irreducible liquid water content is surpassed, water starts
percolating downward (Fierz et al., 2009). Percolation in snow can be viewed as multi-phase flow in a
porous medium, with liquid water and air being the two phases, and snow being the medium (Clerx et al.,
2022). It is difficult to simulate water movement through the snowpack due to large temporal and spatial
variability (Madore et al., 2022). Many aspects can be borrowed from soil mechanics, but snow is
especially challenging since the matrix is so close to the melting point and changes rapidly (Juras et al.,
2017; Katsushima et al., 2013). The velocity of vertically percolating water is controlled by permeability,
capillary pressure, hydraulic conductivity, and the flux of added water (Clerx et al., 2022; Madore et al.,
2022). In general, snow travels slowly through new snow due to capillary effects, and more quickly as

grain sizes increase and pores become more interconnected (Sund et al., 2020).

The following sections describe the processes that determine the paths rain- or meltwater takes within the
snowpack. Section 2.3.1 explains how vertically percolating water can be diverted laterally by hydraulic
barriers. Sections 2.3.2 and 2.3.3 detail the differences between the two modes of flow within snow:

matrix flow and preferential flow.

These processes have traditionally been studied in the field through the use of dye tracers to mark the flow
of liquid water (e.g., Avanzi et al., 2016; Clerx et al., 2022; Eiriksson et al., 2013; Marsh & Woo, 1984,

Page 14 of 80



1985; Schneebeli, 1995; Waldner et al., 2004). The use of dye tracers is destructive, meaning only one
timestep can be captured. Newer advancements utilizing non-destructive methods, such as MRI
(Katsushima et al., 2020), or upward-facing radar, coupled with hyperspectral imaging to visualize the
rain- or meltwater paths in 3D (Donahue et al., 2022; Donahue & Hammonds, 2022), allow for more

continuous monitoring at higher resolutions.

2.3.1. Hydraulic barriers and lateral flow
Snow has such a high permeability that in a freely draining snowpack, the presence of snow wetter than
moist (Table 1) is relatively rare (McClung & Schaerer, 2022). Static pore pressure, a staple of soil
mechanics, is normally irrelevant in snow. To reach the LWC values for very wet or slushy snow, a
mechanism that prevents percolation and causes pooling is nearly always necessary (McClung &
Schaerer, 2022). This also promotes lateral flow (Techel & Pielmeier, 2011). Schlumpf et al. (2024)
distinguish between capillary barriers, where high suction in the layer above allows water to accumulate,
and permeability barriers, where the permeability of a snow layer is lower than the rate of infiltrating
water. Hydraulic barrier is a term that encompasses both (Katsushima et al., 2020).

Permeability barriers are snow layers with a low enough permeability that water cannot easily penetrate
through. The classical permeability barrier is the ice layer, but other configurations exist, e.g., thinner
melt-freeze crusts or tightly packed windblown grains (Clerx et al., 2022). Permeability barriers prevent
water from moving deeper into the snowpack, causing pooling or lateral flow above the layer, depending
on the slope. Water can bypass the barrier either by melting through it, which takes a long time, or flowing
around it, which typically takes much less time. Marsh and Woo (1985) describe the redistributing effect
of ice layers on water flow in snow, as the water is concentrated toward some areas while it is removed
from others. Ice layers are not necessarily laterally persistent, meaning they lead water laterally a short
distance, then channel it deeper (Eiriksson et al., 2013). The lateral extent of ice layers can range from
tens of centimeters for very thin (< 1 mm) layers to 2 — 3 m for slightly thicker layers (Marsh & Woo,
1984). The distance water travels along a hydraulic barrier before reaching the edge or breaking through is
the diversion length (Webb et al., 2018). Webb et al. (2018) found diversion lengths between 2.5 m and
9.5 m in south-facing slopes. Although ice layers primarily are thought to impede the vertical movement
of water, Furbish (1988) found, through modeling, that ice layers might speed up the vertical flow speed
of water through isothermal snow. Matrix flow (see Section 2.3.2), which occurs as unsaturated flow
through snow is slow. Ice layers can block the water from going straight down and lead it laterally instead.

This can concentrate the water into saturated (or nearly saturated) flow fingers, which is much faster than
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unsaturated flow. When the water is diverted to the edge of the ice layer, there can also be so much of it
there that the vertical flow is fast. Ice layers can therefore speed up the time it takes for water to reach the

ground even though it travels a much longer distance.

Capillary barriers can be found in unsaturated snow where a layer with small grains is on top of a layer
with larger grains (Waldner et al., 2004). The smaller pores of the fine-grained upper layer hold the water
in due to capillary forces, preventing water from entering the coarse-grained lower layer (Pietzsch, 2009).
Densities above and below the capillary barrier can be the same (Pietzsch, 2009; Williams et al., 2010),
but greater diversion lengths are observed when the top layer has lower density (Webb et al., 2018). The
larger the difference in grain size, the stronger the barrier is (Avanzi et al., 2016). Webb et al. (2018)
found that the top layer must have a grain diameter smaller than 0.6 mm for a capillary barrier to form,
and that the lateral diversion length increases the smaller the grains in the upper layer are. They found
diversion lengths between 1 m and 25 m in a north-facing stratified snowpack. Avanzi et al. (2016)
observed much more rapid flow in the lower layer (coarse grains) of their percolation experiments. With a
capillary barrier, the water flow rate is affected by ponding in the upper layer, and in the lower layer it is
affected by the speed the water can get through the capillary barrier. Both those factors limit the effect of
surface infiltration rate to an extent. However, with a large enough influx of water, the capillary barrier
can be overcome (Pietzsch, 2009). Capillary barriers do not persist as long as ice layers (Webb et al.,
2018). When the fine-grained upper layer is subjected to liquid water, grain growth accelerates (Figure 4).
As the grain sizes across the barrier become more similar, the capillary forces equalize, and the barrier
disappears. This can occur within days or even hours (Webb et al., 2018). If the snowpack refreezes before
the capillary barrier is disrupted, liquid water ponded at the barrier can form ice layers, turning it into a

permeability barrier (Juras et al., 2017).
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Figure 4. Capillary barrier due to difference in grain size. Webb et al. (2018).

Gravity causes the net movement of water in snow to be downward, but layer-parallel movement can
occur above permeability or capillary barriers (Techel & Pielmeier, 2011). Saturated layers in the snow
can cause lateral flow, as the direction of highest hydraulic conductivity shifts to be slope-parallel
(Marshall & CryoGARS, 2014). Eiriksson et al. (2013) found that water flows laterally downslope along
hydraulic barriers, until it reaches a feature that allows it to break through vertically, then it flows laterally
along the next barrier, taking a stepped path through the snowpack (Figure 5). The diversion lengths of
hydraulic barriers can be in the meter to tens of meters scale, being largest during small melt events in
ripening snowpacks (Webb et al., 2018). Eiriksson et al. (2013) also found that stratified, cold, midwinter
snowpacks promoted lateral flow within the snow, while ripe springtime snowpacks moved more water
along the base of the snowpack. Water can flow along the ground through Hortonian overland flow, where
the permeability of the surface soil is so low that the infiltrating water reaching it is diverted laterally
instead (Eiriksson et al., 2013). Basal ice layers can amplify this process and cause rapid runoff (Juras et
al., 2017). The speed of lateral flow depends on the slope (Gude & Scherer, 1998). The lateral flow
velocities Eiriksson et al. (2013) measured ranged from 1 m h™* to 7 m ht. Both Marshall & CryoGARS
(2014) and Eiriksson et al. (2013) emphasize the importance of lateral snow within the snowpack on the

catchment scale.
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Figure 5. Water being diverted laterally by ice layers and flowing through the snowpack in a step-like pattern. Figure by Tonje
Seelensminde.

2.3.2. Matrix flow
Matrix flow, also referred to as uniform or diffusive flow, is one of the ways liquid water can travel
through the interconnected pore spaces in a snowpack (Figure 6). It is described as a semi-uniform wetting
front, which gradually and evenly wets the entirety of the snowpack, usually starting from the snow
surface (Donahue & Hammonds, 2022). Matrix flow can appear either as a background wetting front
following preferential flow (Donahue & Hammonds, 2022; Marsh & Woo, 1984, 1985; Techel et al.,
2011), or on its own (Brandt et al., 2022; Williams et al., 2010). Homogenous snow promotes matrix flow,
and as the snowpack ripens, especially in uniform, springtime snowpacks made of melt forms, matrix flow
becomes the dominant flow pattern (Brandt et al., 2022; Williams et al., 2010). While the flow is generally
downward due to gravity, capillary forces play a key role, drawing water into small pores first. This means
that, despite it being described and modeled as uniform, true homogeneity rarely occurs in nature
(Waldner et al., 2004), or even in controlled laboratory settings (Techel et al., 2011). When preferential
flow is present (see Section 2.3.3), matrix flow can occur as horizontal spread from the flow fingers into

the surrounding, dry snow, rather than as an even wetting front from above (Waldner et al., 2004). Matrix
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flow occurs as unsaturated flow, which is much slower than saturated flow. According to Marsh and Woo
(1984), the velocity of the wetting front through dry snow is controlled by how quickly liquid water
reaches the front, fills available pore spaces and refreezes, releasing latent heat, until the cold content of
the snow directly below the wetting front is overcome and the snow reaches 0 °C. When the snowpack is

cold, refreezing can slow matrix flow considerably, both vertically and horizontally (Waldner et al., 2004).

Matrix flow

+— Preferential flow

Snowpack

Figure 6. Matrix flow vs preferential flow. Figure by Tonje Selensminde.

2.3.3. Preferential flow
Preferential flow is the heterogenous counterpart to matrix flow, shown in Figure 6. Liquid water is
channeled into preferential flow paths, or flow fingers, which lead it efficiently downward, ahead of a
background wetting front (see Section 2.3.2; Marsh & Woo, 1984). Water-entry capillary pressure head,
the pressure required for water to infiltrate into dry snow, decreases with increased water supply,
increased grain size, and increased pore space (Katsushima et al., 2013). The water supply is higher and
the pores are more saturated during preferential flow, making preferential flow much quicker than matrix
flow (Clerx et al., 2022; Marsh & Woo, 1984). In a deep snowpack, flow fingers generally reach the

ground much earlier than matrix flow. However, in cold, arctic snow, Marsh and Woo (1984) found that
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flow fingers and the background wetting front stayed relatively close, due to refreezing of the flow fingers

at stratigraphic horizons.

As represented in Figure 6 and Figure 7, preferential flow paths lead water vertically until it reaches a
hydraulic barrier, where the flow spreads laterally until it finds its way deeper in a new place (McGurk &
Marsh, 1995; Waldner et al., 2004). These layers can be undetectable in a standard snow pit investigation
(Williams et al., 2010). Preferential flow paths allow for large amounts of water to be transported
vertically though the snowpack (Brandt et al., 2022; Donahue & Hammonds, 2022). Flow fingers make
vertical heat transport more efficient as well (Schneebeli, 1995). Stratified, heterogenous snowpacks
appear to promote preferential flow, but the exact mechanisms are not perfectly understood yet (Brandt et
al., 2022). This makes preferential flow more difficult to model than the more predictable matrix flow
(Waldner et al., 2004).

"""" |
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Figure 7. Photo of flow fingers (Marsh & Woo, 1984).

Snowpack structure and meteorological conditions affect the size and distribution of flow fingers
(Schneebeli, 1995), though the exact details are not fully understood. Katsushima et al. (2020) found that
continued water input increases the number of preferential flow paths, and point to pore size as an
important factor for their formation. Juras et al. (2017) state that flow finger area decreases with grain size
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and increases with water supply rate. Avanzi et al. (2016), on the other hand, found flow finger area to
increase with grain size, but water supply rate showed no clear relation. Preferential flow paths in a warm,
melting snowpack were measured by McGurk and Marsh (1995) to occupy between 3% and 8% of a
cross-sectional area. In an arctic snowpack Marsh and Woo (1984) found the area to be around 22%.
Williams et al. (2010) reported values ranging from 5% to 30%, and up to 95% where water pooled at

hydraulic barriers. In firn, flow fingers are wider, giving the name “piping” (Hirashima et al., 2019).

Colbeck (1979b) argues that once flow fingers form, they persist. Since the snow in the flow fingers is
wetter than the surrounding snow, metamorphism will occur more quickly there, increasing the hydraulic
conductivity and maintaining preferential flow in the same area. Refreezing at the boundaries of the flow
fingers could also reinforce this (Waldner et al., 2004). Flow fingers may be more persistent in PP than in
RG due the rapid metamorphism dendritic crystals experience when they come into contact with liquid
water (Waldner et al., 2004). However, Schneebeli (1995) found that flow fingers in snow subjected to
multiple melt-freeze cycles moved laterally due to refreezing of the first flow fingers. Waldner et al.
(2004) suggested that preferential flow paths may migrate gradually, as pores become saturated and water
needs to find a different way down. Hirashima et al. (2019) found through observations in a cold lab and
modeling that flow fingers migrate, steadily wetting more of the snow until a transition to matrix flow is
reached. With an increased water flux the transition happened more quickly. Translocation only occurred
when they simulated grain growth. Without it, the flow fingers remained stationary. When grain sizes and
densities were high, meaning grain growth was low, as in ripe snowpacks, flow fingers moved little.
Consequently, Hirashima et al. (2019) suggest that grain growth is the driver behind the transition between
preferential flow and matrix flow, as flow fingers migrate over time, gradually making the snowpack more

homogenous.

Juras et al. (2017) performed sprinkling experiments on ripe and non-ripe snow. They found that
preferential flow paths formed quickly in non-ripe snow, increasing in efficiency as sprinkling went on,
while the ripe snow showed signs of matrix flow. Outflow started comparably quickly in both snowpack
types, but in non-ripe snow the rainwater arrived much earlier than in the ripe snow. In ripe snow, the
added rainwater functioned as a piston on the water already in the snowpack, pushing it out first before
rainwater arrived at the outflow. The ripe snowpack had more cumulative runoff than the non-ripe, though
both had more runoff than the input, meaning melting occurred. Refreezing was observed in the non-ripe

snowpack.
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2.4. Slushflows

Slushflows are defined as "rapid mass-movements of water-saturated snow" by Hestnes (1985), a
definition that Varsom (2023) still employs. The origin of the term "slushflow" traces back to Washburn
and Goldthwait (1958, as cited in Hestnes, 1998), and it was officially adopted during the Circum-Arctic
Slushflow Workshop held in Kirovsk, Russia in 1992 (Hestnes, 1998; Hestnes et al., 2012).

Slushflows were thought to predominantly be found in the Arctic, but can also happen in any region with
seasonal snow (Onesti & Hestnes, 1989). The main slushflow season in Norway extends from November
to May (Hestnes et al., 1994; Sidorova et al., 2001). Areas with maritime climates are prone to slushflows
and can experience them throughout the winter due to rain. (Onesti & Hestnes, 1989). The western side of
the mountains of coastal Norway are normally on the windward side when cyclonic fronts pass, therefore
tending to receive more rain and greater amounts of sensible and latent heat from the atmosphere
(Hestnes, 1998). In continental climates, the primary trigger for slushflows is spring melt, with areas
exposed to incoming shortwave radiation from the sun being particularly susceptible (Hestnes, 1998;
Scherer et al., 1998).

Typically releasing from and following streams and drainage channels, slushflows can also release from
open slopes or swamps, resulting in less predictable paths (Hestnes, 1998; Onesti & Hestnes, 1989). The
release areas for slushflows are flatter than other snow avalanches, rarely exceeding 30°, with 15° being
the more normal, and as flat as 2° reported (Gude & Scherer, 1998; Hestnes, 1998). They also have
exceptionally long runouts due to their high water content, often continuing until they reach lakes or fjords
(Decaulne & Semundsson, 2006; Gude & Scherer, 1998). Slushflows, though usually less viscous than
debris flows, can entrain rocks, trees, and other debris, increasing their flow density and thereby
increasing their impact force (Kalland, 2022). If the snowline is at a high altitude, a mass-movement may
initiate as a slushflow and subsequently transform into a debris flow as it continues down to areas without
snow. The deposits from slushflows can often not be told apart from those from debris flows (Hestnes et
al., 2012).

2.4.1. Slushflow release mechanisms
The fundamental conditions necessary for slushflow release involve the accumulation of rain- or
meltwater, which increases the hydraulic pressure gradient within the snowpack until it surpasses a critical
threshold, usually with snowpack LWC exceeding 15%. This is reached when the basal friction and

cohesion of the snowpack are reduced to the point where they cannot hold the weight of the snowpack
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(Gude & Scherer, 1995, 1998; Hestnes, 1998; Hestnes et al., 1994). Several factors contribute to this
process, including the topography, ground conditions, snow depth and structure, and the volume and
intensity of the water input. Typically, an impermeable layer is present, preventing liquid water from
escaping (Hestnes et al., 1994). While permafrost conditions were previously considered necessary, it is
now understood that bare rock, frozen or saturated ground, or in some cases, thick ice layers can fulfill the
same purpose (Gude & Scherer, 1998). Snow depths between 25 cm and 150 cm are optimal for slushflow
release (Gude & Scherer, 1995; Hestnes et al., 1994).

Slushflows are distinct from other types of snow avalanches in that they do not require an external trigger
like a skier or a cornice collapse for their release (Gude & Scherer, 1995). However, there have been
instances where slushflows were initiated by snow avalanches or rocks falling into lakes, creating large
waves that flood into wet snow and form slushflows (Hestnes et al., 2012). Additionally, cornice collapses
and snow avalanches can block streams, leading to water accumulation and slushflow formation
(Decaulne & Semundsson, 2006). Human activity, particularly construction work that alters natural
drainage channels, have also been known to trigger slushflows by causing liquid water to accumulate in

new areas (Hestnes, 1998).

2.4.2. Slushflows and snow type
The type of snow present plays a crucial role in the stability of a snowpack when considering slushflow
hazard. According to Hestnes (1998), new snow and coarse-grained snow (e.g., DH) are prone to
slushflows because of their high porosity. In addition, the presence of DH at the snowpack base increases
the likelihood of large slushflows. Large slushflows can also occur during springtime melting, even
without DH (Hestnes et al., 1994). Conversely, fine-grained snow (e.g., RG) tends to be more stable due
to the higher amount of inter-grain bonds, and the presence of ice layers and MFcr increases stability.
Refreezing of the snowpack limits slushflow occurrences by stabilizing the snowpack and by limiting
meltwater production during the day (Scherer et al., 1998). Solid ice layers can still provide tensile
strength after three days of submersion (Hestnes, 1998; Hestnes et al., 1994). Hestnes et al. (1994)
identified three primary snow categories that slushflows form in. The first is cohesionless new snow in the
early winter. The second is coarse-grained snow, which may include DH at the base, throughout the

winter. The third is stratified snowpacks featuring different snow types and crusts during the spring thaw.

Newer studies find comparable results. Skuset (2018) found snow that has undergone multiple melt-freeze

cycles requires more water to release as a slushflow and Sund et al. (2024) state that MF snowpacks need
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to be completely soaked for slushflows to release. PP and FC/DH are the grain forms most prone to
slushflow release due to their porous nature (Sund et al., 2020, 2024). PP right on impermeable ground is
the snow type that requires the least amount of water to release as a slushflow (Skuset & Sund, 2019;
Sund et al., 2020). When the water supply volume and rate is high enough, the effect of snow type is less
important and slushflows can occur in all grain forms. However, snowpacks consisting of PP or FC/DH

are still likely to produce more slushflows than the less susceptible snowpacks (Sund et al., 2020, 2024).

When it comes to snow strength studies, Techel et al. (2011) found that FC and DH weakened at low
water contents (LWC < 4%), while PP, DF, and small RG did not weaken at that same LWC. Schlumpf et
al. (2024) found that RG and FC start losing shear strength immediately after first wetting. The strength
reduction in the FC layers was significantly higher than the RG layers at the same LWC. They also found
that DF strengthened when wet and attributed this to the strengthening effect of capillary cohesion
outweighing the weakening effect of bond melting, at least for the duration of their experiment (< 2 h).
Over a longer time, Schlumpf et al. (2024) suspected the DF layers would round and densify, and act more
like their RG samples.
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3. Methods

The primary objective of this study was to identify various snow types and measure LWC in the snowpack
during weather conditions favorable for slushflow initiation. Measurements were strategically planned to
capture the snowpack conditions before it became wet, and then during or following significant rain or
melt events in the snow seasons of 2022-2023 and 2023-2024. The secondary objective was to evaluate
the SLF Snow Sensor as a tool for measuring LWC in the field. This involved assessing its use based on
the data collected for the primary objective. In addition, LWC values from the SLF sensor were compared
with those derived from the standard hand wetness test. This comparison aimed to determine the efficacy
of the hand test, which is less labor-intensive. Section 3.1 outlines the methods and tools used in the data
collection process, while Section 3.2 describes how the obtained data was analyzed.

3.1. Data collection

3.1.1. Sampling strategy
An overview of the field locations is provided in Figure 8. The selection of field sites was governed by
several criteria. Firstly, all sites needed to be accessible on short notice. In practice, this meant within 4-5
hours by car and/or less than 3 hours of hiking. The most limiting factor for site selection, both temporally
and spatially, was the weather. The weather forecast was continuously monitored, and when reports
indicated more than ca. 30 mm of rain in a day or sudden increases in temperature, | would get ready to
mobilize. Proximity to weather stations was another consideration, since this would influence the accuracy

of the meteorological data used to estimate precipitation and snowmelt (Section 3.1.3).
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Figure 8. Overview of field locations. Red dots mark field locations. The numbers next to each dot represent experiment numbers.

Snow depth and type were also critical criteria. The ideal snow depth ranged from 50 to 100 cm, allowing

for observation of water flow through the whole snowpack. This is also a good range for slushflow release

(see Section 2.4.1). To find areas with appropriate snow depths, I used the tool Varsom Xgeo, which
shows, among other things, snow depth data on a 1 km by 1 km grid (Varsom, 2024b). Although this

resolution is coarse, it was an adequate indicator for areas with the desired snow depth. To find

information about snow types, the tool Varsom Regobs was used to monitor snowpack observations

(Varsom, 2024a). The observations are point registrations by both professional avalanche workers and

nonexperts. Snowpack observations close-by, registered by avalanche professionals, could give the most

representative indication of actual field conditions. Such data was not always available precisely in the

area of interest. Therefore, snowpack data from Varsom Regobs needed to be considered in combination

with applied knowledge of the formation processes of different snow types (see Section 2.2), to establish a

qualified assumption of what snow type was most likely present.

When narrowing down potential areas, | looked for terrain conducive to water accumulation. This includes
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flat ground, which helps prevent rapid runoff, and impermeable or fully saturated ground, e.g., swamps,
lakes, and frozen ground, to deter water from infiltrating into the soil. A factor that could not be
compromised was choosing safe terrain. Since much of the fieldwork was conducted during periods of
high snow avalanche danger, slushflow hazard, and intense downpour, it was imperative to select a field

site and tent spot away from any potential runout zones.

Balancing these criteria often required compromises, as not all conditions could be met at the same time.
The need for specific snow depths and liquid precipitation confined the search to certain altitude belts.
Too low, there would be no snow on the ground. Too high, precipitation would fall as snow, not rain.
Consequently, proximity to weather stations was often deprioritized. Having access to a cabin or house
was beneficial as it allowed me to go inside and dry my equipment. However, this option was not always
available, so using a tent allowed for a greater degree of flexibility in site selection. Tent-based fieldwork
demands more planning and safety considerations, especially in the weather conditions central to this
study. Despite these challenges, effective field measurements were performed by selecting multiple
potential locations and deciding which to go to prior to departure, based on the latest weather report and

snowpack observations.

An overview of the field experiments is shown in Table 2. The main experiments were 2, 4, 5, 6, and 7,
because they included two measurement series, allowing for analysis on LWC change with time. Of these,
experiments 4 and 5 were taken during warm days with strong melting, and 2, 6, and 7 were done in rainy
conditions. Experiments 1, 3, and 8 only contained a single measurement series. The data from these
experiments could therefore not be part of a temporal analysis, but they were still used for the secondary
objective, comparison with the hand wetness test. During experiment 7, two sub-experiments were
conducted to measure the LWC in a flow finger (experiment 7.1), and to compare the use of dry vs wet

snow density as input to the SLF sensor (experiment 7.2).
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Table 2. Metadata for field experiments.

Experiment | Number of Primary Source of Time between | Distance to Impermeable layer Comment
measurement | snow types | water flux measurement | weather station
series series
1 1 MF, RG 5km Field without impermeable Test of SLF sensor
layer
2 2 IF Rain 18.5h 4 km Swamp
3 1 PP, MF 11 km Field without impermeable No second
layer measurement due to

snow instead of rain

4 2 MFcr, MF, Melt 6h 3 km Swamp

RG, DH

5 2 MF Melt 7h 5 km Swamp + lake

6 2 PP, RGxf Rain 21h 11 km Frozen gravel road

7 2 DF, FC Rain 17 h 400 m Frozen gravel road/basal ice

7.1 1 DF, FC Rain 400 m Frozen gravel road/basal ice Flow finger
measurement

7.2 1 DF, FC Rain 400 m Frozen gravel road/basal ice Dry snow density as
input

8 1 DF, RG, 3km Swamp Comparison between

MF, FC, DH SLF sensor and hand

wetness test.
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3.1.2. Measurement procedure
The start of each experiment consisted of noting down general information about the field location, such
as GPS coordinates, date, and time. Secondly, meteorological data was recorded, including air
temperature, wind speed, wind direction, cloud cover, and relative humidity. Air temperatures were
measured at chest height (ca. 1,5 m) above the snow surface with a Cooper Atkins-DFP450W digital stem
thermometer, which was validated in an ice bath prior to the fieldwork. Relative humidity was measured
using a Skymaster SM-28 Handheld Weather Meter.

Following this, a traditional snow pit investigation was performed, including measuring snow temperature,
layering, hardness, grain shape, and grain size, as described briefly in NVE’s field handbook for snow
observations (NVE, 2022), and more rigorously in Snow, Weather, and Avalanche Guidelines (SWAG)
(American Avalanche Association, 2022), based on the standard methods from Fierz et al. (2009). An
important part of the snow pit investigation was the hand wetness test, described in Table 1. The snow
profiles were excavated to 2 — 3 m width and always went to the ground, since the snow-ground interface

was of particular interest.

After completing the standard snow pit investigation, LWC measurements were conducted using an SLF
Snow Sensor. It uses a capacitive sensor to measure the dielectric permittivity of a 45 x 95 x 17 mm
sample of snow (FPGA Company, 2018). It can measure density, directly, in dry snow. When liquid water
is present, a separate measurement of dry snow density is required to calculate LWC using empirical
calibration equations (see Section 3.2.1). The equations are based on reference measurements of dry snow
density and LWC measured by dilution methods. The SLF sensor can measure LWC in the range 0 — 20
vol. % at an accuracy of + 0.5 vol. % (FPGA Company, 2018).

Due to the lateral variability in snowpack structures and flow patterns, Techel and Pielmeier (2011)
recommend measuring LWC profiles several times with more than half a meter of horizontal distance.
Figure 9 shows an example of the standardized measurement setup employed in this study. It consisted of
three profiles in parallel, as a compromise between efficiency and the desire to acquire as much data as
possible. The LWC columns were spaced > 50 cm apart, usually between 60 — 80 cm. For the SLF sensor
to calculate LWC, snow density is required. A 250 cm?® snow density wedge sampler was used to extract
samples of snow, which were subsequently weighed with a spring scale to calculate density. Two samples
were extracted from each measurement depth, usually from the two snow columns between the LWC
profiles (Figure 9). If the snow got disturbed or a sample in any other way was compromised, | would take

new density samples from the pit sidewalls at the relevant depth. The mean density value was used as
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input for the SLF sensor. The LWC measurements need to be done on a flat surface (FPGA Company,
2018), so | used a shovel to carefully, but efficiently, dig out the snow in the LWC profile to a flat surface
at the required depth. The SLF sensor was placed (not pressed) horizontally on the newly exposed snow
surface, and two measurements were taken in each shovel-sized snow column, slightly spread apart. This

resulted in six LWC measurements per depth.

Figure 9. Field measurements being performed in experiment 5.

Since snow is such a good insulator, air temperatures and internal snowpack temperatures can be quite
different. Once a previously buried snow surface is exposed to the air, the differences in temperature cause
the snow to change rapidly. As multiple of the snowpacks | studied were isotherm, any additional heat
would lead to melting, affecting the LWC measurements. Potential sources for added water between the
moment of exposure and measurement include rain, shortwave radiation from the sun, and longwave

radiation from the surroundings or bodies. Shea and Jamieson (2011) found that body heat from an
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operator could penetrate more than 12 cm into the snowpack in 30 minutes. To minimize the exposure
time of each measuring surface, | left the snow undisturbed as long as possible as a buffer and measured
quickly after exposure. The LWC measurements were taken in this order:

. Extract first density sample, weigh, and calculate density.

. Extract second density sample, weigh, calculate density, and calculate mean density for that depth.

. Put calculated mean density into the SLF sensor.

. Excavate LWC profile 1 to required depth and perform two LWC measurements immediately.

. Excavate LWC profile 2 to required depth and perform two LWC measurements immediately.

. Excavate LWC profile 3 to required depth and perform two LWC measurements immediately.

~N o oA W DN

. Repeat steps 1 — 6 for each depth.

When | came back to the snow pit to do the follow-up LWC measurement series, | removed around 70 —
100 cm of snow, measured horizontally into the pit wall, to access snow that had not been thermally
affected by previous work in the pit. An assumption I make is that snowpack properties remain the same
over short lateral distances. | argue that is a reasonable assumption to make for snow layering, hardness,
grain form, and grain size, since the weather conditions that cause this do not vary significantly over such
short distances in the flat, open terrain | measured in. Percolation patterns and flow fingers, however, do
vary over these distances, potentially leading to discrepancies between measurement series. The density
and LWC measurements are inherently a destructive method, making it impossible to measure the exact
same snow hours later. Having three LWC profiles compensates for some of this lateral variability and

allows me to compare general trends in snow wetness regardless.

Another limitation during the measurements performed in the rain was wetting of the LWC sensor.
According to the instruction manual (FPGA Company, 2018), water droplets should be removed from the
sensor when conducting measurements. This was not always possible, due to the wet nature of the
fieldwork. To limit this error, the SLF sensor was always kept sensor-side down. Additionally, when

winds were calm enough, an umbrella was set up to keep the equipment drier.

Experiment 8 had to be cut slightly short due to equipment malfunction. Blowing snow froze onto the
spring scale used to weigh snow samples, causing the mechanism to get stuck. Attempts to melt the
refrozen snow in the field were only partially successful, as new snowdrift quickly froze the mechanism

again.
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3.1.3. Estimating rain and snowmelt
The amount of added water due to rain was estimated using the tool Varsom Xgeo for all experiments.
The tool provides precipitation data interpolated from the surrounding weather stations (Varsom, 2024b).

During experiment 6, a cylindrical garden rain gauge was also used to measure precipitation.

Snowmelt was also estimated using Varsom Xgeo, in a similar fashion. It uses an energy balance model
and gets wind, cloud cover, radiation, and relative humidity data from a weather forecast model (MEPS-
pp) (Varsom, n.d.). In addition, during experiments 4 and 5, snowmelt was estimated using the graphs in
Figure 10, based on the energy balance model by Skaugen and Saloranta (2015). The correct graph was
chosen by date, latitude, cloud cover, and relative humidity, and the input for each graph is wind speed
and temperature. Experiments 4 and 5 were conducted in a single day, meaning data on air temperature,
wind speed, and relative humidity was gathered regularly. This allowed for a coarse estimate of snowmelt
to be made using Figure 10. A daily value for snowmelt was estimated by using the mean temperature and
wind speed as input. Following this, a minimum value for snowmelt was calculated by multiplying the
daily value with the duration between measurement series and dividing by 24 h. This assumes constant
melting through day and night, which is incorrect, as the melting likely occurred during the day. A final,
more realistic value was calculated based on how much of the day air temperatures remained above 0 °C.

This is still a very rough estimate, and the absolute values must be interpreted with caution.

1.mai at 60N, clear sky, RH=70% 1.mai at 60N, clouded, RH=70%
Qsw,Qlw,Qsh,Qlh at "X": 67, -31, 39, 0 W/m2 Qsw,Qlw,Qsh,Qlh at "X": 37, 37, 39, 0 W/m2
snow meit (mm/day) snow melt (mm/day)
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Figure 10. Snowmelt estimation graphs for a) experiment 4 and b) experiment 5 (Skaugen & Saloranta, 2015).
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3.2. Data analysis
3.2.1. Processing

All LWC data from the SLF sensor and snowpack data from the field notes, such as snow type and hand
wetness, were collected and organized in Excel, and from there, DataFrames in Python. Excel, Geogebra,
and Python were used during data exploration, but all analyses and final plots were made with Python.
Data points that may look like outliers were not removed, due to the unknown effect of lateral variability
in snow. An “outlier” could in fact represent snowpack conditions accurately, and not be the result of

measurement error.

A central processing step was performing a correction to the LWC values. Dry snow density is required as
input for the SLF sensor to calculate LWC (FPGA Company, 2018). The instruction manual suggests
measuring density before the snow gets wet, but this was not always possible, and wet snow density had to
be used. Another option is to use the empirical calibration equations (5) and ( 6 ), supplied in the manual,
to iteratively approach true density and LWC (FPGA Company, 2018).

p = —59.9383€4,,, + 586.514€ 4,
(5)

where: p = Density [kg m~]

€dry = €snow — €air [F m-l]

6 = 0.2715A€3 — 2.6877A¢? + 10.337A¢ (6)

where: 8 = Volumetric liquid water content [%]

A€ = €yer — €dry [F m_l]

This was done as following:

Solve for the lower value of €4,-,, in equation (5 ) using measured p.
Solve for Ae in equation ( 6 ) using measured 6.
Calculate €,,¢r bY €y0r = A€ + €grry-

Calculate an updated p by subtracting mass of water from measured p.

Solve for new value of €g4,-,, using updated density.

o gk~ W Do

Calculate new value of Ae using Ae = €yer — €gry-
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7. Calculate updated 8 using equation (6 ) and Ae from step 6.
8. Repeat steps 4 to 7 until the updated p and 8 values approach a number. In this study, 10

iterations were used.

The maximum range of the SLF sensor is 20% (FPGA Company, 2018), and raw LWC values for slushy
snow went into the hundreds, so to make data management easier, all values above 20% were set to 20%.
In experiments 5, 6, and 7, some measurements were taken in standing water at the base of the snowpack.
These values were all set to 15% for plot clarity (Section 4.1). During the fieldwork, half-classes of hand
wetness (e.g., D — M or M — W) was used in a few cases. During processing, the wettest class was chosen

(e.g., M — W are treated as W), to reduce the number of categories.

3.2.2. Statistical methods
Due to the skewed distribution of the LWC data, the median was used as the measure of central tendency.
Hypothesis testing using permutation was utilized to test whether median LWC at each depth differed
significantly between measurement series. This non-parametric test was chosen because it makes fewer
assumptions about the distribution of the underlying data. Specifically, it does not require the data to come

from a normal distribution and does not assume equal sample size or variance between groups.

For each depth, the difference in median LWC between the first and second timestamp was calculated.
The data from both timestamps were pooled, then randomly resampled without replacement into two
variables, each containing six data points, like the original data. A new median was calculated for this
permutation. This process was repeated 10° times to create a distribution of differences in median. The p-
value was found by calculating the fraction of permutations where the difference in medians was greater
than the observed difference. To check for significant differences in either direction, this test was two-
tailed. A potential weakness to this method is the small sample size of only six data points. The limited

number of unique permutations might affect the power of the test, though the extent is not known.

The same test was also used to determine if median LWC differed significantly between snow samples of

varying hand wetness class. In this case, the potential limitations due to sample size do not apply.
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4. Results

Results from the main experiments of this study (2, 4, 5, 6, and 7) are presented in Section 4.1. While
most experiments were conducted in snowpacks consisting of more than one snow type, they are
presented under the title of the main snow type of interest for that experiment. Results from the
comparison between the hand wetness test and the SLF sensor, using data from all experiments, are
presented in Section 4.2.Additional snowpack data for all experiments can be found in Appendix A: Snow

profiles.

4.1. LWC profiles in slushflow-inducing weather

4.1.1. Ice layer results
Experiment 2 was conducted at Traen, Voss during a rainstorm in late January 2023. The snowpack
consisted of a surface layer of DF from the previous snowfall over primarily MF, separated by a thick ice
layer of around 4 — 5 cm at 10 cm depth (Appendix A2). Figure 11 shows the LWC profiles taken before
(T1, blue) and during (T2, red) the storm. The T1 (Traen 1) measurement series was taken 21:30 28.01.23,
around 30 min after it started raining. The uppermost snow layer was thin, but still hard MFcr. Although
the snow above the ice layer was near 0 °C (Appendix A2), the first measurement at 5 cm was nearly
completely dry (6,, = 0.1%). However, the snow directly above the ice layer (10 cm depth) was already
moist (6,, = 1.9%). The temperature of the snow was slightly subfreezing below the thick ice layer,
indicating a dry snowpack, with the coldest temperature being -1.0 °C at 25 cm depth. The dryness was
confirmed by the LWC measurement, which showed 0% LWC from 20 to 70 cm. The T2 measurement
series was taken 16:00 29.01.23, after 18.5 hours had elapsed. Estimated values for rain from Varsom
Xgeo were 53 mm between 18:00 28.01. and 18:00 29.01., meaning slightly less than 53 mm arrived
between T1 and T2. The snow above the ice layer showed a significant increase in LWC, from 0.1% to
8.5%. Under the ice layer, however, the snow remained dry. The snowpack was not noticeably thinner at

the T2 measurement series.
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LWC experiment 2: Traen 28.01.23
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Figure 11. Comparison of LWC profiles in experiment 2, where the snowpack contained a 4-5 cm thick IF at 10 cm depth,
between DF above and MF below. The first measurement (T1, blue) was taken at 21:30, and the second measurement (T2, red)
was taken at 16:00 the following day. Dots represent median LWC at their respective measurement depths, solid lines indicate
linearly interpolated median LWC, and shaded areas denote the interquartile range. Asterisks (*) mark depths where the
difference in median LWC between T 1 and 2 is statistically significant (p < 0.05). The estimated precipitation and snowmelt
between the measurements was at the most 53 mm.

4.1.2. Melt form results
Experiment 5 was done on a partly cloudy day near Bingen hans Sjur in Luster. The snowpack was
isothermal throughout, and MF grains comprised the entirety of its depth (Appendix A.5). The field site
was set between a lake and a marsh, due to the impermeable nature of the ground conditions. Figure 12
shows both LWC profiles taken 14.05.23, the first at 10:00 (BHS1, blue), and the second at 17:00 (BHS2,
red). For BHS1, the water table could be found between 40 and 45 cm, as the leap in LWC at the bottom
of the profile indicates. 7 hours after the first measurement series, the water table had risen 5 cm, not
allowing for LWC measurements to be taken at 45 cm depth for BHS2. There was an estimated snowmelt
of 26 mm, with a minimum value of 9 mm, and 32 mm melt for the whole day. Showmelt retrieved from
Varsom Xgeo was 29 mm for the whole day. Snowpack depth changed less than 1 cm between BHS1 and

BHS2. Median LWC increased at every depth except at 10 cm, but only four of the depths were
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statistically significantly wetter (Figure 12). The variability was relatively similar for all depths, the IQR
typically spanning 3% — 4% LWC.

LWC experiment 5: Bingen hans Sjur 14.05.23
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Figure 12. Comparison of LWC profiles in experiment 5, where the snowpack consisted of MF. The first measurement (BHS1,
blue) was taken at 10:00, and the second measurement (BHS2, red) was taken at 17:00. Dots represent median LWC at their
respective measurement depths, solid lines indicate linearly interpolated median LWC, and shaded areas denote the interquartile
range. Asterisks (*) mark depths where the difference in median LWC between BHS 1 and 2 is statistically significant (p < 0.05).
LWC values above 15% are shown as 15%. The estimated snowmelt between the measurements was 26 mm.

4.1.3. Depth hoar results
Experiment 4 was conducted on a sunny day at Filefjell. The snowpack was stratified, with layers of RG,
MF, intermittent crusts and ice layers, and a 25 cm thick basal layer of DH (Appendix A.4). The field site
was chosen due to the underlying swamp, but excavation revealed heather, not saturated marshlands,
meaning the impermeability was questionable. Figure 13 shows the two LWC profiles taken 21.04.23, the
first at 11:00 (FF1, blue), and the second at 17:00 (FF2, red). The estimated snowmelt over this 6-hour
timespan was 9 mm, with a minimum value of 3 mm, and 13 mm for the whole day. Snowmelt retrieved
from Varsom Xgeo was 11 mm for the whole day. The snowpack did not get noticeably thinner at the FF2

measurement series. The results show that in general, the snowpack started drier at the surface and wetter
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at the bottom, then shifted to wetter at the surface and drier at the bottom. Though not all the differences
between FF1 and FF2 are statistically significant, the ones that are show this pattern. The profiles show
large variation in LWC, particularly in the upper half, with the FF2 IQR spanning from 1.4% to 10.8%
LWC at 30 cm depth. The temperature was 0 °C everywhere but the top 10 cm, which froze during the
night and was warming at 09:40, when the first temperature profile was taken. As the day went on, the
near-surface temperatures rose to 0 °C and the upper snow layers got softer as they melted. Liquid water
could be seen pooling at stratigraphic boundaries in the top 40 cm of the snowpack, the clearest examples
being at 30 cm depth and 40 cm depth. The DH crystals at the base of the snowpack were recognizable as
DH for both FF1 and FF2 but showed signs of partial melting.

LWC experiment 4: Filefjell 21.04.23
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Figure 13. Comparison of LWC profiles in experiment 4, where the snowpack consisted of MF, RG, intermittent MFcr, and a
thick basal layer of DH. The first measurement (FF1, blue) was taken at 11:00, and the second measurement (FF2, red) was
taken at 17:00. Dots represent median LWC at their respective measurement depths, solid lines indicate linearly interpolated
median LWC, and shaded areas denote the interquartile range. Asterisks (*) mark depths where the difference in median LWC
between FF 1 and 2 is statistically significant (p < 0.05). The estimated snowmelt between the measurements was 9 mm.
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4.1.4. Precipitation particles/decomposing and fragmented particles results
Experiment 6 was done at Rgssesete, Luster, during a storm in mid December, 2023. The snowpack had a
layer of fresh PP on top of RGxf, with a layer of DH at the base (Appendix A.6.). The field location was
set on a gravel parking lot, with the frozen ground acting as an impermeable layer. The temperature at the
bottom of the snowpack was -0.9 °C. Figure 14 shows the LWC profiles taken before (RS1, blue) and
during (RS2, red) the storm. The RS1 measurement was taken 18:00 15.12.23. The whole snowpack was
colder than 0 °C (minimum temp = -2.5 °C) and the LWC measurements also show a completely dry
snowpack. The RS2 measurement was taken 15:00 16.12.23, 21 hours later. According to Varsom Xgeo,
the estimated rain and snowmelt, between 18:00 15.12. and 18:00 16.12., was 39 mm and 3 mm,
respectively. For this experiment, | also used a garden rain gauge to measure precipitation. It was set up at
18:00 15.12. before any rain arrived. At 12:00 the next day it was overflowing, meaning more than 50 mm
of rain. At 15:00, when | started measuring RS2, the rain gauge showed another 12 mm. The snowpack
got ca. 10 cm thinner between RS1 and RS2. Most of the difference in depth came from the surface layer
of PP, which changed from 19 cm to 10 cm. The median volumetric LWC, 8,,,, for RS2 shows very wet
snow (6,, = 12.8%) in the top 5 cm of the snowpack, then much drier snow (6,,, = 1.0%) at 10 cm. RS2
gets gradually drier from 10 cm to 30 cm, but the difference between RS1 and RS2 is not significant there.
The bottom of the snowpack, previously containing DH, was completely saturated, the frozen gravel

acting as a plug, not allowing water to infiltrate into the ground.
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LWC experiment 6: Rgssesete 15.12.23
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Figure 14. Comparison of LWC profiles in experiment 6, where the snowpack consisted of PP over RGxf. The first measurement
(RS1, blue) was taken at 18:00, and the second measurement (RS2, red) was taken at 15:00 the following day. Dots represent
median LWC at their respective measurement depths, solid lines indicate linearly interpolated median LWC, and shaded areas
denote the interquartile range. Asterisks (*) mark depths where the difference in median LWC between RS 1 and 2 is statistically
significant (p < 0.05). LWC values above 15% are shown as 15%. The estimated precipitation and snowmelt between the
measurements was around 40 mm, according to Varsom Xgeo, and at least 62 mm measured with a rain gauge.

Experiment 7 was conducted at Vinje, Voss during a storm in late January 2024. The snowpack contained
a surface layer of refrozen MF, a layer of DF, then a thick layer of FC, and a solid basal layer of ice
(Appendix A.7.). The field site was the gravel floor of a quarry, with the frozen and ice-covered ground
acting as the impermeable layer. Figure 15 shows the LWC profiles taken at the start of the storm (V1,
blue) and during the storm (V2, red). The V1 measurement was taken 23:00 21.01.24. It had already
started raining, so at 5 cm depth the temperature was 0 °C and the snow was wet (6,,, = 6.1%). The
remainder of the snowpack was relatively cold (min temp = -3 °C) and dry (6,,, = 0%). The V2
measurement was taken 16:00 22.01.24, 17 hours later. Estimated precipitation and snowmelt 18:00 22.01.
and 18:00 22.01. was 26 mm and 3 mm, respectively. The snowpack became ca. 5 cm shorter between V1
and V2, primarily due to change of thickness in the upper layers. A temperature profile taken at 15:30

showed 0 °C throughout the snowpack. There were statistically significant increases of LWC at the
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surface, at the base of the snowpack, and at 40 cm depth, The rest of the snow was measured to be dry,

despite the isothermal conditions.

LWC experiment 7: Vinje 21.01.24
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Figure 15. Comparison of LWC profiles in experiment 7, where the snowpack consisted of DF over FC. The first measurement
(V1, blue) was taken at 23:00, and the second measurement (V2, red) was taken at 16:00 the following day. Dots represent
median LWC at their respective measurement depths, solid lines indicate linearly interpolated median LWC, and shaded areas
denote the interquartile range. Asterisks (*) mark depths where the difference in median LWC between V 1 and 2 is statistically
significant (p < 0.05). LWC values above 15% are shown as 15%. The estimated precipitation and snowmelt between the
measurements was nearly 30 mm.

4.1.5. Flow finger observation
The snow measured in experiment 7 (Figure 15) with the SLF sensor was very dry given the amount of
rain during the night and having an isothermal temperature profile. In addition, water was reaching the
base of the snowpack, despite the measurements showing a dry snowpack interior. After excavating a
substantial area when performing experiment 7, it became clear that a network of dimples in the snow
surface indicated the presence of flow fingers (Figure 16). A very rough estimate based on photos taken in
the field puts the average minimum horizontal distance between flow finger dimples between 40 cm and
60 cm, and the diameter of the saturated zone to be around 10 cm. The observed and excavated flow

fingers were vertical and continuous, with wet snow appearing in a column from snow surface to base.
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Wet zones and flow fingers starting below the snow surface due to lateral flow after initial surface

infiltration were not directly observed during experiment 7.

Flow fingers

e A,

Figure 16. Photo of snow profile excavated for experiments 7, 7.1, and 7.2. The photo was taken at 16:53, right after experiment 7
was completed. Flow finger dimples are visible in the background. The marked flow finger dimple was excavated in experiment
7.1.

LWC values from the excavated preferential flow path marked as “experiment 7.1” in Figure 16 can be
seen in Figure 17. V2 (green) is the LWC profile taken in experiment 7 at 16:00 using the standard
method. VFF (purple) shows the LWC profile from the flow finger, measured directly afterwards, at
17:00. VFF shows significantly higher median LWC values than V2, between 9% and 14% for everything

over the water table at 65 cm depth.
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LWC experiment 7.1: Vinje 21.01.24
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Figure 17. Comparison of LWC profiles in experiment 7.1, showing the difference in LWC between a flow finger and the
surrounding snowpack. The surrounding snow (V2, green) was measured at 16:00, and the flow finger (VFF, purple) was
measured at 17:00. The surrounding snowpack consisted of DF over FC, while the snow in the flow finger had already turned
into MF. Dots represent median LWC at their respective measurement depths, solid lines indicate linearly interpolated median
LWC, and shaded areas denote the interquartile range. Asterisks (*) mark depths where the difference in median LWC between
V2 and VFF is statistically significant (p < 0.05). LWC values above 15% are shown as 15%.

4.1.6. Capillary barrier observation
A second observation made during experiment 7 was that certain wet layers that were clearly visible with
the naked eye were not registered using the rigid preset measurement depths. Figure 18 shows two wet
layers that were not detected using the SLF sensor. The lower wet layer appeared right above the
boundary between DF and FC. The upper wet layer appeared within what I had identified as one
homogenous layer of DF. Both these layers can also be seen spanning the width of the profile in Figure

16, attesting to a lateral extent of at least 3 —4 m.
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Figure 18. Photo of wet layers surrounded by dry snow during experiment 7. One of the wet layers appeared at the boundary
between DF and FC. The upper wet layer appeared within the apparently homogenous DF layer.

4.1.7. Dry vs. wet snow density
During experiment 7 | had the option to measure snow density before most of the snow received any
liquid water. In experiment 7.2 (Figure 19), | compare LWC profiles taken shortly after one another, V2
(green) using wet snow density as input and shown with corrected values, and VDSD (purple) using dry
snow density as input. The results show statistically significant differences at each depth except the

surface, 30 cm depth, and the base of the snowpack.
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LWC experiment 7.2: Vinje 21.01.24
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Figure 19. Comparison of LWC profiles in experiment 7.2, showing the difference between using wet or dry snow density as input.
The measurement using wet snow density as input (V2, green) was taken at 16:00, and the measurement using dry snow density as
input (VDSD, purple) was taken at 15:30. Dots represent median LWC at their respective measurement depths, solid lines
indicate linearly interpolated median LWC, and shaded areas denote the interquartile range. Asterisks (*) mark depths where the
difference in median LWC between V 2 and VDSD is statistically significant (p < 0.05). LWC values above 15% are shown as
15%.

4.2. Hand wetness test vs SLF sensor
Figure 20 shows a comparison between LWC values measured using the SLF sensor and hand wetness
levels classified using Table 1. Data from all experiments was included in the analysis. LWC appears to
increase exponentially with hand wetness class. The medians for all groups are statistically significantly

different from each other.
The results from this study are also compared to the values in The International Classification for

Seasonal Snow on the Ground by Fierz et al. (2009) and the results from Techel and Pielmeier (2011) who

used a Snow Fork and a Denoth meter to investigate the same properties.
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Figure 20. Box plot comparing liquid water content estimated with the hand wetness test with measurements from the SLF sensor.
For comparison, the mean values from Fierz et al. (2009) and median values from Techel and Pielmeier (2011) are shown.
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5. Discussion

5.1. Interpretation of field results

5.1.1. Ice layer and melt-freeze crust discussion
The most distinct ice layers in all experiments were a 4 — 5 cm thick ice layer at 10 cm depth in
experiment 2 (Appendix A.2) and a 5 — 6 cm thick layer of basal ice in experiment 7 (Appendix A.7.). The
basal ice in experiment 7 acted as an impermeable layer, causing liquid water to collect at the bottom of
the snowpack and form a water table. The pooling water and fully saturated snow can be seen by greatly
increased LWC at 65 cm depth in Figure 15 and as free-standing water and slush at the bottom of the
snow pit in Figure 16. The ice layer in experiment 2 was also functionally impermeable, as virtually no
liquid water was detected under it even after it had rained 50 mm, as shown in Figure 11. The snow
directly above the ice layer in experiment 2 was classified as very wet, but there was no standing water,
despite the snowpack receiving similar amounts of precipitation as experiment 7 and the ice layer being
much higher in the snowpack. This suggests that the incoming rainwater could not pool atop the ice layer
but flowed laterally away from the field site, potentially being channeled to a flow finger or topographic
depression on the ice layer. There it could have formed a subsurface “lake”, slowly melting through the

ice layer before percolating deeper.

These results match well with how permeability barriers are described in the literature (e.g., Clerx et al.,
2022; Eiriksson et al., 2013; Schlumpf et al., 2024; Techel & Pielmeier, 2011; Webb et al., 2018), where
ice layers, having a much lower permeability than the overlying snow, prevent vertical percolation of
water and cause lateral flow instead. The lateral extent of ice layers can vary, from layers only tens of
centimeters long (Marsh & Woo, 1984, 1985), to meters or tens of meters (Webb et al., 2018). Since the
snow pits excavated during the experiments never covered a horizontal distance more than about five
meters, the lateral extent of the ice layers cannot be determined beyond that. The ice layer in experiment 2
was continuous at least on the meter-scale, and due to its thickness, solidity, and uniformity across the

snow profile | suspect it stayed continuous into the tens of meters.

Thinner ice layers and melt-freeze crusts (MFcr) were observed in multiple experiments. In experiments 2,
4, and 7 the topmost snow in the first measurement was a thin (< 1 cm) MFcr stemming from the cold air
temperatures prior to the melting observed during the experiments (see Appendix A.2, Appendix A.4, and
Appendix A.7. for snow profiles). In all those locations the MFcr was completely broken down by water
at the time of the second measurement. Experiment 4 showed the clearest example of this, where the top

20 cm of snow were knife hard after nighttime freezing and snow temperatures were below 0 °C when
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measuring in the morning. During the day, the top 20 cm softened considerably from melting due to
incoming solar radiation as 6,,, increased by around 3 — 4% at 5 cm and 10 cm depth (Figure 13). The
melting of melt-freeze crusts at the snow surface matches the literature, since the surface receives the
brunt of the added energy from precipitation and radiation (Gude & Scherer, 1998).

The snowpack in experiment 4 had multiple thin layers of MFcr, as well as two IF layers (1.5 cm thick at
60 cm depth and 1 cm thick at 77 cm depth) farther from the snow surface (Appendix A.4). Pooling water
could be seen at the uppermost of these layers, especially at the 1 cm thick MFcr at 40 cm depth. None of

the layers appeared to be fully impermeable, as liquid water could be found both above and below them.

The results as a whole indicate that thin (< 1.5 cm) ice layers and melt-freeze crusts either melt or are not
impermeable enough to prevent water from percolating through, while thick (> 4 cm) layers do prevent
water from reaching the underlying snow, at least for a time. This effect might, however, be constrained to
the snow pit scale of a few meters. At a slightly larger scale, ice layers may concentrate the flow of liquid
water into flow fingers (Marsh & Woo, 1984). In some cases, this could speed up the vertical flow and
allow water to reach the bottom of the snowpack quicker than if there had been no ice layer (Furbish,
1988), as described in Section 2.3.1.

5.1.2. Melt form discussion
Melt forms were the most common snow type in all experiments, being present in all snowpacks prior to
the first LWC measurement (Appendix A: Snow profiles). The only exception is the snow measured in
experiment 6. This may partially be a result of the sampling strategy (Section 3.1.1). Although I aimed to
investigate a variety of snow types, the requirement for warm weather meant MF was the easiest grain
type to find. The two springtime experiments, 4 and 5, had isothermal snowpacks (at least for parts of the
day), again making MF a common grain type. Experiment 4 is discussed in greater detail in Sections 5.1.1

and 5.1.3, so experiment 5 will be the focus of this section.

The snowpack in experiment 5 consisted entirely of MF (Appendix A.5), and revealed a general increase
in LWC between measurements BHS1 and BHS2 (Figure 12). After 7 hours of melting due to solar
radiation, the snowpack also appeared wetter to eye and touch. The largest increases in LWC were at the
surface, where the incoming shortwave radiation caused the most melting, and at the base, where the water
table rose and wetted more snow. In the rest of the snowpack, the increase in LWC was largely consistent.

Pooling of water at the base of the snowpack meant that percolation into the ground was impeded. The
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snowpack was isothermal and could no longer contain its liquid water, making it ripe, according to the
definition by Kinar and Pomeroy (2015a). Much of the snow was at the boundary between the pendular
and funicular regimes, around 8% LWC (Fierz et al., 2009; McClung & Schaerer, 2022). Based on the
findings of Denoth (1980), the transition between pendular and funicular is between 11% and 15% pore
saturation, which can be recalculated to LWC based on the dry snow density (or porosity). The mean dry
density of the snow in BHS2 above the water table was 362 kg m=3, putting the transition between 6.7%
and 9.2% LWC.

My findings of homogenous snow coupled with an even increase in LWC is consistent with the literature.
Juras et al. (2017) found that ripe snowpacks tend to show signs of matrix flow rather than preferential
flow. Brandt et al. (2022) states that homogenous snowpacks promote matrix flow. Multiple sources (e.g.,
Armstrong & Brun, 2008; Brandt et al., 2022; DeWalle & Rango, 2008; Marsh & Woo0, 1984) write that
matrix flow is slower than preferential flow when first wetting the snowpack due to unsaturated flow
being slower, and refreezing at the wetting front causing delay. The rising water table in experiment 5
means the water flow was relatively quick, but the snowpack was already wet at the BHS1 measurement,
meaning there was little refreezing to slow percolation. In addition, hydraulic conductivity increases with
degree of wet snow metamorphism (Gude & Scherer, 1998), and the snow in experiment 5 was at a very

high degree.

Due to the nature of the field site of experiment 5, lateral meltwater flow may have contributed to the rise
in the water table. The snow pit was dug in a topographical depression, at the border between a lake and
swampy ground. Meltwater flowing from the edges of the depression could have raised the lake level.
This means the 5 cm increase of standing water was not necessarily only due to melting of the snow
directly above. Eiriksson et al. (2013) found that lateral flow in a ripe snowpack tends to be along the
ground rather than within the snowpack. Their flow velocities of 1 — 7 m h™ mean that in the 7 hours
between BHS1 and BHS2, water from 7 — 49 m away may have contributed to the pooled water at the

snowpack base.

Another indicator of lateral flow is that the snowpack did not shrink noticeably during the experiment
despite warm temperatures and clear melting. This could, however, also be due to measurement error.
Since the snowpack was not particularly deep, a minor change in depth may be significant, but difficult to
register. The snow-ground boundary may have been incorrectly defined through the water at the base of
the snowpack. Another possibility is that due to the destructive methods implemented, lateral variability in

snow height could make up for the reduced snow depth due to melting. If, e.g., the snow shrank 2 cm, and
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the snow at BHS2 by chance was 2 cm deeper, this would be registered as no change in snow depth.

Many of the snow types measured likely turned into MF over the course of the experiment, but | did not
perform a follow-up snow pit investigation to accurately record it. Metamorphism with liquid water
present leads to the formation of MF (Figure 1). An example is the basal layer of FC during experiment 6
(Appendix A.6.) which was completely submerged in water and had turned to MF when the second

measurements were taken (RS2 in Figure 14).

5.1.3. Depth hoar discussion
The fact that the lower half of the snowpack in experiment 4 was drier during the second measurement
series (FF2 in Figure 13), despite the sunny and warm day was noteworthy and warrants further
discussion. One explanation could be that although the field site was located on a swamp, the ground was
not saturated or impermeable, allowing the liquid water to drain into the soil. This is unlikely, however, as
much of the snowpack had LWC values close to the irreducible levels of 3% (Colbeck, 1986; Yamaguchi
et al., 2010) or between 3% and 6% (Fierz et al., 2009). This means that the snow could not have drained
to become drier, and also means that little water flow occurred in the lower half at all, since the irreducible
water content needs to be satisfied before water can begin to percolate.

A second possibility is refreezing of liquid water, which would effectively lower LWC. However, this
seems unlikely given the warm conditions during the day. The top 20 cm refroze during the night, but
diurnal temperature swings seldom reach deeper than 20 — 30 cm (Birkeland, 1998). Most of the apparent

drying occurred near the ground, where the snow is warmest.

The third, and most likely explanation, is the lateral variability of snow. Due to the destructive nature of
the procedure, it is not the same sample of snow being measured at both timesteps. The FF2 measurement
series were likely taken in drier snow. Another argument in favor of lateral variability is that FF2 was
measured six hours after FF1, and the DH layer at the base was still clearly identifiable as DH. The higher
the LWC, the faster grains undergo metamorphism (DeWalle & Rango, 2008). A dry sample of DH, due
to lateral variability, is therefore more likely to remain as DH, compared to the sample in FF1, which

showed clear signs of melting.

In fact, the observations of DH during the melting phase may have been a stroke of luck, since the large

specific surface area of DH promotes rapid melting. The crystals were still clearly DH, with their
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characteristic cup-like shapes, but some crystals showed rounded edges and slight effects of melting. The
snow grains had not yet turned to MF. The DH crystals were recognizable both at FF1 and FF2, indicating
that at low levels of LWC, DH can persist for multiple hours, and potentially days, as | do not have
information on when they were first wetted or when they at last turned to MF. An example of MF that
may previously have been DH can be seen in the fist hard layer of MF near the bottom of the snowpack in
Appendix A.2.

5.1.4. Precipitation particles/decomposing and fragmented particles discussion
PP and DF are discussed together, due to their similar characteristics and the similarities between
experiment 6 (Figure 14), which had a ~20 cm thick surface layer of PP (Appendix A.6.), and experiment
7 (Figure 15), which had a ~25 cm thick layer of DF nearly at the surface (Appendix A.7.). Both
snowpacks started dry and with subzero snowpack temperatures, apart from the surface during experiment
7, which was already wet due to rain. The pattern of LWC was similar during the second series of
measurements, with a wet or very wet surface layer, slushy snow and standing water at the base, and a

nearly completely dry interior.

Since the base of both snowpacks were saturated at the second timestamp, water clearly found a path
through the snow that was not adequately registered by the standard measurement procedure. This is
discussed further in Section 5.2.1 on flow fingers. An exception to the dry interior is the moist snow at 40

cm depth for V2 in experiment 7 (Figure 15), which is discussed in Section 5.2.1.

Experiment 6 and 7 showed similar increases in water level of around 5 cm at the base of the snowpack.
However, experiment 6 may have received more than twice the amount of rain, and had a thinner
snowpack, meaning less distance for rainwater to travel. This indicates that the basal ice layer found in
experiment 7 was less permeable than the frozen gravel bed of experiment 6. Experiment 7 was also
conducted on frozen gravel, meaning the basal ice could act as an additional water-impeding layer,

compared to experiment 6.
The mean dry snow density of RS2 above the water table was 220 kg m. This puts the transition between
pendular and funicular regimes between 8.4% and 11.4% LWC, according to Denoth (1980). The low

density of this snowpack pushes the transition values higher than for the denser MF (Section 5.1.2).

Experiments 6 and 7 were the only ones where the snowpack got noticeably thinner between measurement
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series. PP and DF are the newest, least dense and settled snow types, and having them on the surface
exposes them to the incoming rain first, shielding the underlying snow, while melting occurred near the
surface. The soft and porous texture of PP and DF promotes rapid changes when exposed to liquid water
and allows for much more settling than snow types that have been on the ground longer. Large cups of DH
may have a similar potential for shrinking, but they tend to be found at the bottom of the snowpack, far
from the incoming rain. This means that preferential flow might cause settling in the places flow fingers
appear, while the surrounding dry snow maintains structural integrity and delays the snowpack from
shrinking.

In experiment 7, a temperature profile taken right before the second LWC series showed 0 °C through the
whole snowpack, indicating the presence of liquid water. Due to the seemingly dry interior, the consistent
readings at 0 °C were unexpected. The thermometer was tested in the air and on skin to see if instrument
error had caused it to stay at 0 °C, but the values seemed reasonable. The temperature profile was taken in
freshly uncovered snow, so thermal influence horizontally into the pit wall, e.g., from operator heating
(Shea & Jamieson, 2011), is assumed to be negligible. The explanation deemed most likely was that the
temperature profile was taken in a preferential flow path, containing wet snow at 0 °C, while the
surrounding snow remained dry. It is theoretically possible that the snow may have been at or right below
the melting point and no liquid water was present, but it is unlikely. In hindsight, taking multiple

temperature profiles would have been desirable.

5.2.  Water movement through the snowpack discussion
Two important factors that appear to influence the vertical movement of liquid water through a snowpack
are the effects of hydraulic barriers and the difference between the flow modes matrix flow and
preferential flow. The effects of permeability barriers in the form of ice layers are discussed in Section

5.1.1, so the following section will focus on capillary barriers.

5.2.1. Capillary barriers discussion
The chief observations of capillary barriers were from experiment 7, where water could be seen pooling in
layers in the snowpack (Figure 18). Both layers spanned the width of the profile as can vaguely be seen in
Figure 16. None of these layers coincided with measurement depths in Figure 15, which exposes a
weakness to the methods of this study. Visibly wet snow was not measured in the main experiments due to

rigid adherence to the decided vertical measurement resolution. The upper layer may, however, have been
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measured in experiment 7.2, with VDSD in Figure 19 showing 6,, = 2% at 20 cm depth.

The lower wet layer observed in Figure 18 was found at the boundary between DF (1 mm grain size)
above, and FC (2 mm grain size) below. This corroborates the observations of capillary barriers at fine-
over-coarse layer boundaries in the literature (e.g., Avanzi et al., 2016; Juras et al., 2017; Pietzsch, 2009;
Waldner et al., 2004; Webb et al., 2018; Williams et al., 2010). However, according to Webb et al. (2018),
the upper layer needs to have a grain size below 0.6 mm for a capillary barrier to form, which my findings
contradict. It is possible that differences in methods can explain the contradicting results. Grain sizes were
identified visually using a gridded snow crystal card in both studies. This is a qualitative estimate based on
relatively few snow crystals and can be performed more thoroughly. Having more photos from the field

could have assisted in this comparison, but dark and wet conditions were an obstacle.

The upper wet layer in Figure 18 formed in, according to the snow pit investigation, a seemingly
homogenous layer of fist hard DF. The presence of a capillary barrier within the DF suggests that it was
not as homogenous as perceived. Small differences in snow hardness, being the main method of layer
identification, are difficult to detect in soft snow. Wet layers that were not identified during snow pit
investigation have been observed by Williams et al. (2010) and Pietzsch (2009) as well.

I suspect that the moist snow at 40 cm depth for V2 in Figure 15 was a capillary barrier in the FC layer,
because all six measurements registered the presence of liquid water at that depth. It is not visible in
Figure 18, which could mean that liquid water is not as visible in FC as in DF, or that the two visible

layers in Figure 18 had higher LWC, making them more visible.

Liquid water could also be seen pooling at layer boundaries during experiment 4. They were found mainly
in the upper 40 cm of the snowpack, where the snowpack got wetter. One such layer was found at a MFcr
forming a permeability barrier at 40 cm depth, and another occurred in the boundary between RG (1 mm
grain size) and MF (2 mm grain size) at around 30 cm depth, matching the findings from experiment 7.
This indicates that heterogenous snow promotes the formation of capillary barriers, especially where a
layer of fine-grained snow lies atop a layer of coarser grains, but seemingly homogenous snow can also

have them, likely due to heterogeneity at an undetectable scale for a standard snow pit investigation.
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5.2.2. Flow finger discussion
The most important results on flow fingers were the ones gathered in experiment 7.1. Depressions in the
snow surface could be seen (Figure 16), marking the location of preferential flow paths. A very rough
estimate of spacing between the flow finger dimples in Figure 16 is 40 — 60 cm. Flow fingers may also
have been spaced differently under the snow surface, but this was not measured. Marsh and Woo (1984)
found the mean distance between the flow fingers in their study to be 13 cm, while Williams et al. (2010)
report values between 3 cm and 50 cm. The diameter of the preferential flow path in experiment 7.1 was
not measured precisely, but a rough estimate puts it at 10 cm. The mean flow finger width from Marsh and
Woo (1984) was 3.6 cm, and according to Williams et al. (2010), values between 1 cm and 40 cm can be
expected, suggesting that preferential flow occurs on multiple scales.

The snow in the flow finger measured in experiment 7.1. was significantly wetter than the surrounding
snow at nearly all depths (Figure 17), and likely occurred in the funicular regime, meaning liquid water
was continuous through the snowpack. This matches the descriptions of saturated, vertical channels with
dry surrounding snow found in the literature (e.g., Katsushima et al., 2020; Marsh & Woo, 1984, 1985;
Schlumpf et al., 2024; Schneebeli, 1995; Waldner et al., 2004).

The flow finger in experiment 7.1 was close to vertical through the whole snowpack, remaining
continuous through the capillary barriers shown in Figure 18. This contradicts the findings of McGurk and
Marsh (1995) and Williams et al. (2010), who found that flow fingers were discontinuous above and
below hydraulic barriers. One possibility is that, as Pietzsch (2009) explains, the high rate of infiltration
overcame the capillary barrier. Another possibility is that this occurred due to chance, that the
breakthrough points that occur in capillary barriers (Katsushima et al., 2020), happened to be quite close.

This is difficult to determine, due to the sample size of only one flow finger.

5.2.3. Modes of flow
Experiment 2 had an evenly wet snowpack above the thick ice layer at 10 cm depth. This could be a
combination of preferential flow paths wetting parts, and matrix flow wetting the rest. Had more
measurements series been taken, this distinction could have been made better. The thick ice layer was an
effective permeability barrier, rerouting water laterally, potentially causing preferential flow outside of the

snow pit.

Experiments 6 and 7 were similar to each other, with rain as the source of water, a uniform increase in
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LWC at the surface and base, and dry snow in between. Preferential flow was the predominant mode of
flow, leading water efficiently to the snowpack base. The background wetting front of matrix flow had not
gone deeper than 5-10 cm during both experiments. The snowpacks had few layers and were relatively
homogenous. This indicates that PP and DF are snow types prone to the formation of preferential flow. It
can also mean that water input rate, being a controlling factor for vertical percolation speed (Clerx et al.,

2022), may matter more than how stratified the snowpacks were.

For the experiments conducted during melting conditions (4 and 5), it was more difficult to immediately
ascertain the mode of flow due to the snowpack being wet already at the first measurement series. The
lower portion of the snowpack in experiment 4, where the DH was, likely experienced little flow, due to
being so close to the irreducible water content. The upper portion got wetter through the day, and liquid
water could be seen pooling at hydraulic barriers. The top 10 cm got statistically significantly wetter in an
even manner, indicating matrix flow. At 20 cm and 30 cm depth, the data spread was large, which |
suspect means the wet values came from preferential flow paths, while the dry measurements were from
the drier surrounding snow. The snowpack in experiment 5 was ripe and the most homogenous of all,
consisting solely of wet MF. The increase in LWC was relatively even throughout the snowpack,
indicating matrix flow. The ripe snow in experiment 5 was likely an efficient transmitter of water, due to
the increase in hydraulic conductivity a snowpack experiences with degree of wet metamorphism (Gude &
Scherer, 1998). The water level rose 5 cm between the series, which could have been partially due to

lateral flow, as discussed in Section 5.1.2.

It is difficult to isolate the effects of snow type, and other distinctions, e.g., degree of stratification or
homogeneity, degree of ripeness, and presence of hydraulic conductivity contrasts, may be equally
relevant. In this regard, the findings of this study match the literature well. Ice layers (experiment 2) can
impede and reroute liquid water (Clerx et al., 2022; Eiriksson et al., 2013; Marsh & Woo, 1985). Non-
ripe, stratified snow with hydraulic barriers (experiments 4) promotes preferential flow (Avanzi et al.,
2016; Juras et al., 2017; Katsushima et al., 2020; Marsh & Woo, 1984; Schlumpf et al., 2024; Schneebeli,
1995; Waldner et al., 2004). Ripe, homogenous snow (experiment 5) promotes matrix flow (Armstrong &
Brun, 2008; Brandt et al., 2022; DeWalle & Rango, 2008; Donahue & Hammonds, 2022; Williams et al.,
2010). However, the non-ripe, relatively homogenous snowpacks of experiments 6 and 7 were the ones
that showed clearest signs of preferential flow, making it difficult to separate the effect of snow

characteristics from the effect of intensity of water input. This could be the basis of a future study.
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5.3.  Implications for slushflows
The main focus of this study has been on factors that promote or impede vertical infiltration of water into
the snowpack. Better understanding of how different snow types and structural characteristics impact the
rate at which water travels through the snowpack can improve predictions on the timing of slushflows. In
this context, the mode of flow plays a pivotal role, as preferential flow (experiments 6 and 7) can
efficiently transport large amounts of water to the base of the snowpack without having to wet the entire
snowpack. Since water effectively bypasses most of the snowpack, this could cause slushflows to release
earlier than expected, particularly if the base of the snowpack consisted of a vulnerable snow type like
depth hoar (Hestnes et al., 1994; Sund et al., 2024). The formation of preferential flow paths might be
controlled more by water supply volume and rate than the snow type present, similar to what Sund et al.

(2020, 2024) suggest about slushflow release.

When assessing snowpack LWC, using a measure of central tendency is appropriate when matrix flow
predominates. However, this approach may oversimplify conditions under preferential flow, potentially
obscuring critical details of the behavior of the snowpack. For regional predictions, generalization and
simplification may be necessary (Sund et al., 2024), though it may lead to loss of detail. Madore et al.

(2022) echo this sentiment, noting that spatial variability in snow complicates regional assessments.

Experiments 5, 6, and 7 demonstrated water pooling at the base of the snowpack, forming or elevating a
water table. This would not have been possible without impermeable ground conditions, such as saturated
ground (experiment 5), frozen ground (experiments 6 and 7), and solid basal ice (experiment 7). This is
reflected in the literature, with impermeable ground conditions being seen as a necessary ingredient for
slushflow release (Gude & Scherer, 1998; Hestnes, 1998; Hestnes et al., 1994; Onesti & Hestnes, 1989;
Sund et al., 2020, 2024).

Despite these conditions, none of the experiments resulted in a rise in the water table beyond
approximately 5 cm, and no slushflows were triggered at the field sites. While the release of slushflows
was not a direct objective of this study and was avoided for safety reasons, these observations suggest that
impermeable ground conditions alone are insufficient for slushflow initiation. This highlights the
significance of lateral flow, particularly at scales larger than the individual snow pits investigated in this
study (Eiriksson et al., 2013). Funneling and focusing water from a larger catchment is much more likely
to form slushflows than only the water from rain or a melting snowpack in a particular spot. Terrain
features and topography that cause funneling and accumulation are important. Valleys are a good example

of this, with water from the sides flowing to the valley floor (Gude & Scherer, 1998).
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The importance of snow type altogether may be questioned, because all snow transitions to MF when in
contact with liquid water, so why should the original grain form matter for slushflows? However, as
indicated by the persistent moist DH observed in experiment 4, the relevance of snow type should not be
dismissed. Perhaps original grain form is of less importance when the accumulation of water goes over
several days, leaving the crystals time to transition to MF. For the rapid and intense water supply rates
typical in this study, there may not be enough time for complete transformation to MF before slushflow
release. This observation aligns with the literature (e.g., Hestnes et al., 1994; Skuset, 2018; Skuset &
Sund, 2019; Sund et al., 2024) which collectively suggest that snow type does indeed influence slushflow
susceptibility.

5.4. Evaluation of the SLF sensor
The secondary objective of this study was to evaluate the SLF sensor as a tool for measuring LWC. By
this, I mean recalling how practical the sensor worked in the field and issues | came across during its use.
In addition, values from the SLF sensor are compared with the traditional hand wetness test. Assessing the
accuracy of the sensor is beyond the scope of this study, but the empirical calibration equations hold up
well (Schlumpf et al., 2024), and the SLF sensor has served well for comparisons with other instruments
(Donahue et al., 2022).

5.4.1. Field experience with the SLF sensor
Overall, the SLF sensor was a practical tool to use. Though I did not compare it to other instruments or
methods than the hand wetness test, the SLF sensor is small, portable, easy to use, and gives precise
values in the field. Many other instruments are larger and more cumbersome, e.g., the Finnish Snow Fork
(Techel & Pielmeier, 2011), or are described as labor intensive and impractical (Kinar & Pomeroy,

2015a). There are, however, some downsides to the SLF sensor.

The requirement for a separate density measurement in order to calculate LWC is both time-consuming
and a potential source of error. The instruction manual suggested performing density measurements before
the snow got wet, e.g., in the morning before temperatures rise (FPGA Company, 2018). This includes
some inherent error, though, because it does not account for structural changes and settling in the
snowpack due to exposure to liquid water. While it may be appropriate for old layers of RG or MF, which

have little room to settle further, a porous layer of PP will change considerably in contact with water.
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Using the density of the unwetted PP would not be the same as a dry sample of the wetted PP. Waldner et

al. (2004) observed significant densification in their snow samples as they got wet.

In this study, the snow was already wet during the first measurement series in some experiments.
Therefore, | opted for the second option listed in the manual (FPGA Company, 2018), the iterative
correction described in Section 3.2.1. The change in LWC was small, ranging between 0.001% to 0.99%
for snow drier than 15 % LWC. The absolute change was largest between 8% and 9%, but as a percentage
was largest for small values and decreased with increasing LWC. This fits quite well with what Donahue
et al. (2022) calculated, with changes ranging from 0.4% to 1.2% and following the same patterns.

Experiment 7.2 was conducted to compare the two options for use of density. While the LWC profiles
showed significant differences at many depths (Figure 19), the magnitude of the difference cannot be
explained by difference in density alone. They were therefore more likely due to horizontal variations in
the snowpack and mismatched measurement depths. In Figure 19, At 10 cm depth, percolating rainwater
could have reached slightly deeper than in the adjacent V2 measurements, and the same could occur at the
60 cm mark, just in the opposite direction. As mentioned in Section 5.2.1, the measurement at 20 cm depth
for VDSD may have been the upper wet layer shown in Figure 18, which was not registered in V2. At 40
cm depth, the opposite may have occurred, with V2 picking up a wet layer and VDSD missing it. This

exemplifies a limitation of mismatched measurements between series, further discussed in Section 5.5.

5.4.2. Comparison with the hand wetness test
Data from all experiments was used in the comparison between wetness estimated using the hand wetness
test and LWC measured with the SLF sensor (Figure 20). The median values from Techel and Pielmeier
(2011) are lower than the ones from this study for each hand wetness class except “dry”, which is defined
as 0,, = 0% by everyone. Their LWC values increase more linearly with each hand wetness class. The
difference is particularly clear for the wetter categories. For very wet snow, when moderately squeezing
the snow releases water, the lowest value measured in this study is higher than their median. A possible
reason for this is differences in the use of the hand wetness test, as it is a subjective test. Fierz et al. (2009)
recommend avalanche workers to compare and calibrate against each other. The guidelines were
standardized by Fierz et al. (2009), so Techel and Pielmeier (2011) used the same method. Techel and
Pielmeier (2011) had four observers, meaning there was more room for inconsistency between operators
compared to the single observer in this study. However, their data spread was similar or lower than mine,

meaning their observers were likely consistent and well calibrated to each other. A second explanation is
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that Techel and Pielmeier (2011) used a Snow Fork to measure LWC, not an SLF sensor. Differences
between how the instruments work may give different results. They did, however, compare the Snow Fork
measurements with a Denoth meter and got similar values. This discrepancy requires further investigation

and is beyond the scope of this study.

However, the median values from this study fit quite well with the values from Fierz et al. (2009) for all
classes, increasing exponentially with hand wetness class. The approximate range shown in Table 1, from
Fierz et al. (2009), matches relatively well with the interquartile range of the measurements in this study,
with the biggest difference in the “very wet” class. The LWC range for very wet snow from Fierz et al.
(2009) is 8%—15%, while the interquartile range from this study is approximately 10%—-13%. The close
alignment in median values between this study and the established standard from Fierz et al. (2009)
indicates that, despite the differences from Techel and Pielmeier (2011), the hand wetness test is an
effective way to get an approximate value for LWC. A clear advantage over the SLF sensor is the speed in
which it can be done. It is best suited for internal comparison with snow measured by the same operator,
but can also be used for external comparison, if one is aware of the qualitative nature of the test. When
looking for absolute values for LWC, the hand wetness test is not nearly accurate enough, making the SLF

sensor a more suitable choice.

5.5. Limitations
In retrospect, higher temporal resolution and higher number of measurement series would have been
beneficial. This would have provided a clearer picture of LWC change with time through the snowpack.
More rapid measurements in the beginning of the wetting phase could catch the formation of flow fingers
better. Measurements over a longer timespan would allow for better analysis of the transition between
preferential flow and matrix flow, and the speed of the wetting front. Having more manpower could be a

solution to this, though that includes a risk of increased error due to differences between operators.

With the resources and time available, however, a few improvements to the fieldwork include taking a
second snow profile at the second timestamp in each experiment, in order to see how other snowpack
parameters, such as grain form, change when wetted. The use of a waterproof camera or mobile phone
would have allowed for the gathering of more photographic data. Photos were quite useful in post-

fieldwork analysis, and wet conditions made it difficult to take as many as desired.

A clear limitation to this study is the destructive nature of the measurement process. Measuring the same
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sample of snow during the second series of measurements was not possible, which introduces the
significant effect of lateral variability in snow. It also made lining up the measurements between series
slightly flawed. In this study, the snow surface was used as the reference point, which means that melting
and settling snow also misaligns the follow-up measurements. Using the ground as the reference point
may have improved this slightly, since most of the melting and settling occurred near the surface. Ideally,

aligning measurements according to layer boundaries might have provided more accuracy.

Employing the median as a measure of central tendency may have oversimplified the data obtained from
the SLF sensor. Median LWC values might not accurately represent the actual conditions within the
snowpack, where significant variability in LWC can exist. It is, nevertheless, an efficient way to get an
understanding of the general patterns that occur.

Proximity to weather stations is another limitation. Exact weather conditions can vary over quite short
distances (Decaulne & Seemundsson, 2006; Hestnes et al., 2012), making meteorological data from
multiple kilometers away unreliable. The discrepancy between modeled and measured precipitation during
experiment 6 exemplifies this. All values of estimated rain or melt are uncertain and need to be considered

critically.

Although the field experiments performed in this study were done under realistic weather conditions for
slushflows, controlled conditions may be better in some regards. A recommended approach for a future
study would be conducting sprinkling experiments with close access to a weather station, removing the
dependency on specific and rare weather events. This would also make the fieldwork itself much easier, as

it could be performed in dry conditions and every single piece of equipment would not need to get wet.
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6. Conclusion

This study has investigated the development of liquid water content in different snow types. This has been
done by measuring liquid water content (LWC) profiles in snow, using an SLF Snow Sensor, before and
during meteorological conditions that are favorable for slushflow release. This includes measurements in
intense rain and during strong melting. The central findings of this study can be summed up restating the

research objectives from Section 1.2.

Research objective 1: Investigate how liquid water develops in different snow types during weather

situations where slushflows can occur.

e Thick ice layers can prevent vertical movement of water, at least locally, while thinner ice layers
and melt-freeze crusts are not impermeable enough to completely halt the vertical flow.

e The differences between preferential flow and matrix flow are important for how water travels
through snow. Water supply rate and volume may influence this.

e Ripe melt forms promote matrix flow.

e Precipitation particles and decomposing and fragmented particles may promote preferential flow
in snow.

e Capillary barriers form in layer boundaries consisting of fine grains over coarse grains. They can
be found in layer boundaries undetected in snow pit investigations.

e Moist depth hoar can persist for multiple hours, if not days, without fully melting or turning into

melt forms.
Research objective 2: Evaluate the SLF Snow Sensor as a tool for measuring LWC in the field.

e The SLF sensor is practical, easy to use and gives good point-measurements of LWC in the field.
However, the need for an additional density measurement increases the workload substantially.

e The hand wetness test is effective for approximate values of LWC, but when more precise values

are needed, the SLF sensor is a more suitable tool
Recommendations for future work:

e Perform sprinkling experiments with varying water input rates in the same snowpack to
investigate the effect of water supply rate and volume. Perform the experiments near a weather
station

e Investigate the rate at which various grain forms transition to melt forms when subjected to

various levels of LWC.
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e Look into the maximum grain size for the upper layer in capillary barriers.
e Investigate the discrepancy in LWC measurements from Techel and Pielmeier (2011) compared to
the values from Fierz et al. (2009) and this study.
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8. Appendices

Appendix A: Snow profiles

Appendix A.1.
Bontveit Thor Parmentier Stability:
Hordalandskysten 24/01/2023 - 16:00 Air Temperature: 2.7°C
Norway Co-ord: 32V 306107E 6693547N Sky Cover: OVC
Elevation: 292 m Slope Angle: 11° Precipitation: RM
Aspect: E Wind Loading: Wind:

Specifics:
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Appendix A.2.

Treen

Voss

Norway
Elevation: 453 m
Aspect: E
Specifics:

-9
1

Thor Parmentier

28/01/2023 - 20:00

Co-ord: 32V 3454 11E 6722241N
Slope Angle: 2°

Wind Loading:

Stability:

Air Temperature: 1.3°C
Sky Cover: OVC
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Precipitation:
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Appendix A.3.

Dalsdalen
Indre Sogn
Norway
Elevation: 201 m
Aspect: S
Specifics:
-10 -?

Thor Parmentier

20/02/2023 - 02:00

Co-ord: 32V 414481E 6819635N
Slope Angle: 5°

Wind Loading:

Stability:

Air Temperature: -2.9°C
Sky Cover: OVC
Precipitation: S5
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Appendix A.4.

Filefjell . Thor Parmentier Stability:
Fv. 53 Tyin Ardal 21/04/2023 - 09:40 Air Temperature: -1.9°C
Norway Co-ord: 32V 4574 25E 6783684N Sky Cover: CLR
Elevation: 974 m Slope Angle: 0° Precipitation: NO
Aspect: Wind Loading: Wind: Calm
Specifics:
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Appendix A.5.

Bingen hans Sjur Thor Parmentier Stability:

Indre Sogn 14/05/2023 - 10:00 Air Temperature: 7.5°C

Norway Co-ord: 32V 436564E 6820218N Sky Cover: FEW

Elevation: 1056 m Slope Angle: 0° Precipitation: NO

Aspect: Wind Loading: Wind: E Light Breeze
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Appendix A.6.

Rassesete Thor Parmentier Stability:
Indre Sogn 15/12/2023 - 17:30 Air Temperature: 0.3°C
Norway Co-ord: 32V 415669E 6813507N Sky Cover: OVC
Elevation: 752 m Slope Angle: 0° Precipitation: NO
Aspect: Wind Loading: Wind:
Specifics:
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Appendix A.7.

Vinje Thor Parmentier Stability:
Voss 21/01/2024 - 23:00 Air Temperature: 0.1°C
Norway Co-ord: 32V 3642 17E 6741552N Sky Cover: OVC
Elevation: 225 m Slope Angle: 0° Precipitation: RL
Aspect: Wind Loading: Wind:
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Appendix A.8.

Filefiell hand test Thor Parmentier Stability:
Jotunheimen 24/02/2024 - 13:30 Air Temperature: 1°C
Norway Co-ord: 32V 457439E 6783699N Sky Cover: BKN
Elevation: 973 m Slope Angle: 0° Precipitation:
Aspect: Wind Loading: Wind: SW Calm
Specifics:
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Appendix B: Declaration of the use of generative artificial intelligence
In this scientific work, generative artificial intelligence (Al) has been used. All data and has been
processed in accordance with the University of Bergen's regulations, and I, as the author of the document,
take full responsibility for its content, claims, and references. An overview of the use of generative Al is

provided below.

The service UiBchat, powered by ChatGPT-4 was used in both the coding and writing processes. During
coding, UiBchat was used for troubleshooting and for providing specific details, e.g., RGBA codes in the
right format for graph colors. In the writing phase, UiBchat was used for brainstorming on thesis structure,
inspiration for phrasing, and as a thesaurus. Note that while UiBchat contributed ideas and suggestions, no

code or text was directly used without substantial alterations.
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