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Objectives of the bachelor's thesis

The topic of the thesis:

Water stable isotopes variability in snowpack
Objectives of the work:

1.) Assessment of the current state of research on the role of the physical proper-
ties of snow in snowmelt runoff, its progression, and extremity during various
types of melting events.

2.) Analysis of the temporal and spatial variability of snow properties in a selected
mountainous locality using measurements of physical characteristics and the
concentration of stable water isotopes in individual snow layers.

Methods, Area of Interest, Data Sources

The first part of the work will focus on a literature review and assessment of the cur-
rent state of research on the role of the physical properties of snow in snowmelt run-
off, its progression, and extremity during various types of melting events, including an
evaluation of past and future changes in these events due to changes in vegetation
and climate.

The analytical part of the work will evaluate the temporal variability of the physical
properties of snow in different horizons within a selected locality using snow profile
analysis on open areas and vegetation. Regular measurements (approximately every
3 weeks) of physical characteristics of individual snow layers (such as height, density,
temperature, snow hardness, etc.) are anticipated, along with the collection of snow
samples from various horizons for subsequent analysis of 2H and 180 isotope con-
tent. Beyond these analyses, there is also the potential to relate the isotopic proper-
ties of the snow to those of meltwater, which will be collected using a snow lysimeter.
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Abstract:

Stable water isotopes are used as a natural tracer for hydrograph separation, allowing
for distinction between various water sources. Snow isotopic composition can be influ-
enced by a number of meteorological, hydrological, and physical processes. A better
understanding of how snow water isotopes change during the snowmelt process can
improve hydrograph separation methods and provide insight into the processes that
influence snowmelt and the resulting runoff. During the winter season of 2024, four
snow pits were conducted at the Pta&i brook in the Sumava Mountains. The physical
properties of the snow, such as snow water equivalent, hardness, grain type and tem-
perature, were measured at approximately 3-week intervals. In addition, samples of
stable water isotopes in the snow, specifically '80/'®O and ?H/'H, were taken from
identified stratigraphic layers. It was found that the snow depth in the open plot was,
on average, 54% higher than in the forest plot, and the snow water equivalent was, on
average, 36% higher in the open plot than in the forest plot. The open plot snowpack
showed greater physical and isotopic stratigraphic heterogeneity as well as increased
depletion in heavy isotopes, in comparison to the forest snowpack. The isotopic sam-
ples from the open site snowpack varied between §'® O = -20.37%o; 3°H = 154.28%0
and 8'80 = -9.79%o; 6°H = -70.09%0, while the forest samples varied between 380 = -
14.67%0; 6°H = -110.86%o0 and d'80 = -9.24%o; d°H = -65.33%0. The stratigraphy of the
open site snowpack remained relatively stable even after the occurrence of rain-on-
snow events. Furthermore, the melting of layers was observed to occur without isotop-
ically affecting adjacent layers below, indicating the occurrence of lateral flow patterns.

Key words: snow water isotopes, snow water equivalent, snow profile, physical prop-
erties of snow



Abstrakt:

Stabilni izotopy jsou pouzivany jako pfirodni stopovaCe umozhujici separaci hy-
drogramu. ProtoZe izotopové slozeni snéhu mudze byt ovlivnéno rliznymi meteoro-
logickymi, hydrologickymi a fyzikalnimi procesy, podrobnéjsi porozuméni tomu, jak se
vyviji pomér stabilnich izotopl ve snéhové pokryvce béhem tani, by mohlo pomoci
lépe odliSit jednotlivé slozky odtoku, ale také porozumét procesum, které snéhovy
odtok ovliviiuji. BEhem zimni sezdny 2024 byly v povodi Ptagiho potoka na Sumavé
provedeny Ctyfi méfeni po pfiblizné tfech tydnech. Ve snéhovych profilech bylo
zméfeno SWE, tvrdost snéhu, typ snéhu a teplota snéhu. Dale byly z kazdé identifiko-
vané vrstvy odebirany vzorky stabilnich izotopu ('80/'8O a 2H/'H). Vyska snéhu na
oteviené ploSe byla v priméru o 54 % vysSi nez v lese a vodni hodnota snéhu na
oteviené ploSe dosahovala v priméru o 36 % vySSich hodnot nez v lese. Snih na
oteviené ploSe vykazoval oproti lesni pokryvce vysSi fyzikalni i izotopovou heterogen-
itu. Ve srovnani se snéhem v lese byla snéhova pokryvka na oteviené plose také vice
ochuzena o téZké izotopy. Na oteviené ploSe se pomér izotopl pohyboval mezi: 5'80
= -20,37%0; &°H = -154,28%0 a 8380 = -9,79%o; 8°H = -70,09%., zatimco v lese byly
hodnoty nasledujici: 380 = -14,67%o; d°H = -110,86%0 a &'%0 = -9,24%0; &°H = -
65,33%o. Izotopové slozeni snéhu na oteviené ploSe bylo v pribéhu méreni relativné
stabilni i pfes zaznamenané destové udalosti ROS. Tani vrchnich vrstev snéhu poté
Casto neovlivnilo izotopové sloZzeni spodnich vrstev. To naznacCuje odtok ze snéhoveé
pokryvky pomoci preferencnich odtokovych cest zvanych lateral flow.

Kli¢ova slova: stabilni izotopy snéhu, vodni hodnota snéhu, snéhovy profil, deuter-
ium, 80
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1 Introduction

Snow is intrinsic to many aspects affecting life around the globe. More than 1/6 of the
global human population relies on snow-covered glaciers and seasonal snow runoff as
a water supply (Barnett et al., 2005). The seasonal snow that accumulates on the
ground during winter acts as a temporary freshwater storage, releasing water at a later
point in the season. Therefore, accumulated snow plays a significant role in ecology
(Hannah et al., 2007), hydropower and agriculture (Barnett et al., 2005). However,
snow processes are also associated with number of natural hazards such as floods
(McCabe et al., 2007), avalanches (Baggi & Schweizer, 2009) and flush flows (Clark &
Seppala, 1988). As climate change alters precipitation patterns such as accumulation
amounts and snow distribution (Marty et al., 2017), rain-on-snow (ROS) events (Benis-
ton et al., 2018) and vegetation structure (Overpeck et al., 1990; Walsh et al., 2019),
runoff volumes are being simultaneously influenced (Veatch et al., 2009; Musselman
et al., 2018). Thus, understanding process that drive snowpack melt and the contribu-
tion of snow to the hydrological cycle is crucial to secure benefits and minimize hazards
associated with snow.

The stable isotopes of the water molecule (5'® O and d?H) have been commonly used
as natural tracers for hydrograph separation (Klaus & McDonnell, 2013). However, the
identification of snow fraction in runoff is facing challenges as snow water isotopes
show great spatial (von Freyberg et al., 2020) and temporal variability (Taylor et al.,
2001). Further, many physical processes have been shown to change isotopic compo-
sition of a snowpack, possibly affecting snow generated runoff. Yet few studies have
focused on the temporal evolution of snowpack stable water isotopes (Evans et al.,
2016). Of the few studies conducted, Juras et al. (2017) demonstrated the temporal
complexity of liquid water percolation through a snowpack, resulting in different runoff
volumes of different fractions of snowmelt and incoming liquid water during ROS
events. Moreover, Zhou et al. (2008) described the changes caused by melt-freeze
cycles, while Taylor et al. (2001) found that snow metamorphism and melt caused
snowpack gradual enrichment in heavier isotopes. Evans et al. (2016) then described
potential effects of snow sublimation on isotopic composition of snow and identified
lateral flow mechanism of meltwater leaving the snowpack, which results in variability
in snow runoff isotopic values during the winter season.

Despite these findings, there are nonetheless gaps in our scientific understanding of
how snow isotopes change over time. The objective of this work is therefore to map
temporal and spatial variations of snow properties and snow stable water isotopes in
detail.



1.1 Objective of the research and research hypothesis

The obijectives of this thesis are as follows:

1) To evaluate the current state of research on the role of the physical properties
of snow in snowmelt runoff, its course, and extremity during different types of
snowmelt events.

2) To analyze the temporal and spatial variability of snow properties at selected
mountainous locations through the measurement of physical characteristics
and the concentration of stable water isotopes in individual snow layers.

This thesis sets out the following research hypothesis:

1) The snowpack under a forest canopy has distinct physical and isotopic proper-
ties compared to the open site snowpack, with considerably lower SWE, and
snow is significantly more enriched in stable water isotopes under the forest
canopy.

2) Temporal isotopic evolution of the snowpack shows a gradual depletion in light
water isotopes during the melting period.

1.2 Structure of the thesis

The first part of the thesis focuses on a literature review of the current state of research
on the physical properties of snow related to snowmelt runoff, and its extremity during
different types of snowmelt events. Additionally, past and future changes in these
events due to vegetation and climate changes are discussed. The second part de-
scribes the methods and results of the research conducted in the Ptaci brook basin in
the Sumava Mountains. In the final part, the results are compared with existing re-
search.



2 Review of the role of snow in runoff generation

2.1 Physics of snow

2.1.1 Water molecule and ice crystal

The physical properties of snow and ice are largely dictated by the molecular structure
of water and by the nature of the hexagonal structure of ice crystals. Water molecules
are made up of by two hydrogens and a single oxygen molecule with different electro-
negativity between its atoms, causing the dipolarity of water molecules. Dipolar water
molecules are attracted to each other by electrostatic forces known as hydrogen
bonds. These bonds contribute to the unique properties of water as adhesivity and its
relatively high melting and boiling point. The strength of hydrogen bounds is the strong-
est in ice and weakest in water vapor (DeWalle & Rango, 2008).

Water molecules have a triangular shape with an angle between H-O-H of about 104.5°
for liquid water and 109° for the hexagonal ice lattice. It is the larger angle between the
molecules giving the ice form of water lower density than its liquid form. The Ice density
around 0°C is about 910-920 kg m3 while commonly used of water density is 1000
kg/m3, which is the density of water at 4°C (DeWalle & Rango, 2008).

2.1.2Formation of snow crystal

Snowflakes typically have a hexagonal symmetric shape due to the molecular structure
of ice lh, which is often referred to as normal ice, occurring in nature. The process of
snow particle formation starts with the freezing of a water droplet. For this process to
occur super-cool water droplets and nuclei bodies of dust or other aerosols are needed.
The initial crystal has a hexagonal shape and tends to grow from its edges forming the
known snowflake shape (DeWalle & Rango, 2008). The shapes of crystals were first
studied by Nakaya (1954) who described the shape’s dependence on temperature and
supersaturation in clouds (Fig.1). This diagram depicts shapes formed in a pressure of
1 013.25 hPa referred to as natural crystals.

As some nuclei bodies are better than others, ice crystals and water droplets both
coexist in the cloud (Libbrecht, 2005). The saturation vapor pressure is higher over the
microscopic water droplets than over the ice crystal, causing water vapor transport to
the crystal and consequently crystal growth (DeWalle & Rango, 2008). Faceting will
first create a simple hexagonal structure; characteristic branches are formed later as
the crystal growth is limited by diffusion (Libbrecht, 2005). The morphology of the ice
crystal and its microscopic shape, plays a role in the characteristics of later accumu-
lated snow (Hu et al., 2024), where less complicated ice crystals result in a snowpack
with decreased hardness. The snow morphology can influence properties of the snow-
pack such as porosity and liquid water content (Hu et al., 2024).

10
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Figure 1: Snow crystal morphology diagram of crystal shape in dependence of tem-
perature and water supersaturation. (Nakaya, 1954; Libbrecht, 2005)

2.1.3Snow metamorphism

Seasonal snow is undergoing a continuous transformation of the size and shape of
crystals (Bouvet et al., 2022) resulting in changes in temperature, density, and liquid
water content of snow and other mechanical properties. These attributes determine the
amount of water stored in snow or the intensity at which the snow is going to melt
(Bouvet et al., 2022).

Metamorphism starts immediately after snow deposition on the ground. The first phase
is the accumulation phase, where layers buried deeper in the snowpack become
denser, increasing SWE (DeWalle & Rango, 2008). With increased solar radiation the
snowpack’s temperature then grows, eventually becoming isothermal, where the tem-
perature over the whole snow profile is 0°C. This process is referred to as the warming
phase (Seibert et al., 2015a). The last snow phase is melting. It occurs when the snow
liquid water capacity of a snowpack is exceeded. At this point, any further input of en-
ergy is used for phase changes accelerating the melting process. Before melting, snow
can hold a significant amount of water. Up to 10% of its SWE can be held by capillary
uplift (Seibert et al., 2015a).
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Throughout the snowpack's existence, snow crystals undergo changes mostly induced
by pressure, humidity, and temperature changes (DeWalle & Rango, 2008). There are
three main metamorphic processes within a snowpack. The first one is equi-tempera-
ture metamorphism (ETM). This type of metamorphism appears when the snowpack
is in a quasi-isothermal condition and the temperature gradient over the profile is weak,
causing water vapor diffusion. Water pressure is higher over convex, high-curvature
surfaces but lower over concave low-curvature surfaces. This gradient causes water
to sublimate over high-curvature surfaces and deposit over low-curvature surfaces,
resulting in the rounded shape of crystals (Bouvet et al., 2022). The process is accom-
panied by the rearrangement of grains that results in a denser, stable snowpack
(Seibert et al., 2015a). Snow grains formed by this type of metamorphism are interna-
tionally classified as “rounded grains” (RG) (Fierz et al., 2009). Commonly, ETM tends
to appear in late winter and spring where air temperature and radiation increase.

Second, basic metamorphism is driven by the vertical temperature gradient commonly
found in shallow snowpacks, since the isolation effect of the snow is still insignificant
(DeWalle & Rango, 2008). This gradient causes higher vapor pressure in the warmer
layer leading to vapor diffusion (DeWalle & Rango, 2008). Since the snowpack tem-
perature is typically higher near the ground and lower at the surface, the vapor flux
leads upwards, causing depletion of mass for crystals located deeper in the snowpack
(Seibert et al., 2015a). On the other hand, vapor migrating up refreezes and creates a
layer known as facet snow (Fierz et al., 2009). Facet snow is notorious for its mechan-
ical instability making it prone to avalanche slides. Weak facet layers can be found on
the bottom of the snowpack (depth hoar) as well as in the middle (facets) or on top
(surface hoar) (Jamieson, 2006).

The last major metamorphic process in seasonal snowpacks is wet-snow metamor-
phism. Smaller grains require less heat to melt than larger grains (DeWalle & Rango,
2008). New liquid water from the smaller grains then refreeze around the large grains
causing them to grow in mass (Seibert et al., 2015b). Another process is due to the
pressure of an adjacent snowpack, where under higher pressure the melting point of
ice grain bonds decreases, leading to melting of the bonds between ice grains. Such
fusion causes mechanical instability but increases snowpack density (DeWalle &
Rango, 2008). Melt-freeze processes like these are tied to the end of the snow season,
occurring typically in spring or later winter, or in perennial snow cover.

12



2.1.4 Effects of snow metamorphism and melt on isotope composition.

Phase changes within a snowpack cause isotope transport and either depletion or en-
richment of the remaining matter. In a snowpack, processes affecting isotope compo-
sition are melting and freezing of water as well as vaporization and exchange of water
with soil (Carroll et al., 2022). In earlier studies, it was proposed that isotope changes
due to metamorphism are tied to the very surface layers of a snowpack (Beria et al.,
2018). Recent studies, however, have shown that metamorphism leads to isotope var-
iance changes throughout the snowpack (Beria et al., 2018).

Studies done on sites in California mountains suggest that isotopic variance had de-
creased during the snow life cycle (Taylor et al., 2001). Fresh snow had the highest
variability in isotope composition whereas late, melting snow generating runoff had the
lowest variability in isotopic composition (Taylor et al., 2001). Events et al. (2016) in
their study on isotope changes affected by water percolation and diffusion suggest that
water pervasive flow induces a downward advection of the isotopic composition. In
contrast, sublimation from the surface cause upward advection of the isotopic compo-
sition. As water percolates through the snowpack, it goes through cycles of refreezing
and melting. Any refreezing that occurs then enriches the solid phase of a snowpack
in heavier isotopes causing the mentioned shift of isotope layers. Processes like diffu-
sion and dispersion lead to rather a homogenous variance of the snowpack composi-
tion (Evans et al., 2016). It is noteworthy that even though the arrangement of heavy
isotope enriched and depleted layers changes in an inertial snowpack, the bulk amount
of 3'80 or d ?H does not change until the liquid water or water vapor leaves the snow-
pack (Evans et al., 2016).

In the case of meltwater leaving, the residual snow is enriched in heavier isotopes, with
a stable water isotope ratio closer to rainwater. Acommon observation is that the snow-
pack is getting enriched in heavier isotopes as the season progresses (Ala-aho et al.,
2017;Taylor et al., 2001). This effect, sometimes referred to as “melt-out-effect” (Beria
et al., 2018), is caused by the preferential melting of isotopically lighter snow, which
then leaves the snowpack enriched in heavier isotopes (Taylor et al., 2001). More im-
portantly, the “melt-out” also causes the melted water to be isotopically heavier as the
season progresses. This effect was demonstrated by Ala-aho et al., (2017), where the
increase of heavier isotopes from beginning to end of snowmelt was 3.5-5.6 %o. Diur-
nal variations are also typical for the isotope composition as high mid-day solar radia-
tion produces meltwater more enriched in heavier isotopes and caused by the abun-
dance of heat, preventing refreezing of meltwater. Therefore, the depletion in heavier
isotopes grows (Taylor et al., 2001). All listed variances are important for any water
origin tracking as they change the “footprint” of snow in streamflow. However, the phys-
ical mechanisms behind the described effects are not fully understood (Beria et al.,
2018).

13



2.2 Snow melt

Snow melting is a complex phenomenon affected not only by environmental features
such as topography, atmospheric conditions, or vegetation but also by the physical
properties of the snowpack (Hotovy & Jenicek, 2020). These properties define how
snowpack reacts to excess energy inputs like radiation, turbulent heat fluxes or latent
heat brought by rain events (Juras et al., 2021). Further, these physical attributes de-
termine the intensity with which meltwater is released from the snowpack or in other
words the amount of released water per unit of energy. The melt rate is then defined
as the snow water equivalent (SWE) lost per unit time (usually a day) (Wurzer et al.,
2016). Melt rate is generally determined by the environment the physical properties of
the snowpack, while the amount of released water is function of prior snow accumula-
tion, measured as peak SWE (Hotovy & Jenicek, 2020).

Since snow melt is a crucial aspect of river regimes, understanding the effects that
snow physical properties hold is essential for fields like agriculture or flood risk man-
agement (Stewart et al., 2004; Thackeray et al., 2019). In the following sections, se-
lected aspects of physical properties of snow are discussed with review of current re-
search and application in modeling. Next, effects induced by the environment like rain
or vegetation cover are discussed.

14



2.2.1Cold content

Before snowmelt can begin, a snowpack must overcome an energy deficit to release
liquid water. This deficit is expressed as a cold content (Cc, [mm]) which is the total
amount of liquid water that would have to refreeze in the snowpack to warm it up to
0°C throughout the vertical profile (DeWalle & Rango, 2008). Before this condition is
met, any snowmelt that occurs on the surface is going to re-freeze in subsequent lay-
ers. It is therefore a key indicator of the snow melt process and more importantly its
timing (Jennings et al., 2018). The relationship is described in Equation 1:

ps-c-d-(273.16 —Ts)

= 1000
e pw - Lf

(1)
Where:
CC- cold content, [mm]
ps - snow density [kg m™]
c - specific heat of ice [ J kg™' K]
d — snowpack depth [m]
Ts — average temperature of snow [K]
pw— density of liquid water [10% kg m=]
Lf - latent heat of fusion [J kg™"]

Cold content is more of a conceptual measure to describe the internal energy of the
snowpack (Mosier et al., 2016). Jennings et al. (2018) in their review gives three basic
estimations used to determine the Cc of the snowpack. The first one is a function of air
temperature described in Allard. (1957). Second is a function of precipitation and air
temperature (Cherkauer et al., 2003). The last method describes Cc as a residual of
the snowpack energy balance used in Andreadis et al. (2009). Temperature-based in-
dex models generally employ the first mentioned method while physics-based models
usually utilize the other two methods (Jennings et al., 2018).

While cold content has been shown to improve melt timing predictions (Mosier et al.,
2016), few studies have been conducted on the factors driving cold content develop-
ment. A study carried out in the Colorado Rocky Mountains by Jennings & Molotch.
(2020) suggests that air temperatures had a small relation to the snowpack cold con-
tent. Snowfall, in contrast, contributed significantly to Cc development (more
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in alpine than in subalpine snow pits). Further, negative energy fluxes were not as
significant in contributing to the Cc as snowfall. This leads Cc to lower in days without
precipitation and increase during days of snow accumulation.

However, especially in sub-alpine regions, Cc is affected by energy fluxes such as
shortwave and longwave radiation and latent heat fluxes. In warming climate condi-
tions, the Cc is expected to decrease, making snow more prone to melting with lower
energy input (Jennings & Molotch, 2020). Another observation showed that peaks of
Cc, precipitation and peak SWE could accurately help to predict snowmelt timing (Jen-
nings et al., 2018).

2.2.2Liquid water content and water holding capacity.

After the snowpack reaches the isothermal temperature of 0 °C, snow meltwater is still
held in the snowpack until the liquid water holding capacity is exceeded (DeWalle &
Rango, 2008). Liquid water holding capacity is the amount of water that can be held
up against the gravity by capillary forces in the porous snowpack (DeWalle & Rango,
2008). In practice, the holding capacity is typicaly around 10% of SWE (Seibert et al.,
2015b). The remaining liquid water will percolate through the snowpack and eventually
reaches the soil, where it either forms basal runoff or infiltrates the soil (DeWalle &
Rango, 2008). The sum of the water held against the gravity and water percolating
through the snowpack is referred to as liquid water content (LWC). LWC can then be
expressed in either volumetric unit or as a mass unit (kg or m3). Both metrics are based
on the rate of liquid water to the amount of snow (Fierz et al., 2009). The liquid water
content is an important measure as it determines how much water is going to be re-
leased by melting. (DeWalle & Rango, 2008).

The liquid water content of snow also influences the snow avalanche formation
(Hirashima et al., 2010), surface albedo (Dietz et al., 2012) and snow melt runoff timing
(Hirashima et al., 2010; Avanzi et al., 2015). The role of LWC in ROS events has been
demonstrated by Wurzer et al. (2016). Where snowpacks with high LWC were ob-
served more prone to generate high runoff by a piston flow mechanism described in
Juras et al. (2016). Although, LWC can tell us a lot about the snowpack, its usage in
research is relatively limited, mainly due to challenges associated with accurately
measuring LWC (Lu, 2012). Existing studies have therefore focused on comparison of
possible methods of LWC measurements (Fierz et al., 2009)
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2.2.3Energy balance

The processes of metamorphism or snow melt are dependent upon the snowpack en-
ergy balance, which describes the exchange of energy between the snowpack, the
atmosphere, and the soil (Seibert et al., 2015b) (Fig. 2). The most significant elements
of the energy balance of the snowpack are net longwave and shortwave radiation,
convective latent heat, and sensible heat (together sometimes referred to as turbulent
heat fluxes). Further, fluxes between soil and snow, and energy supplied by liquid pre-
cipitation, are considered despite their relatively minor contribution to the total energy
balance (DeWalle & Rango, 2008). Most of the exchange is happening on the snow
surface (DeWalle & Rango, 2008). The fluxes are then described as a sum of all com-
ponents, where the fluxes entering the snowpack are considered as positive, while
fluxes leaving the snowpack are considered as negative (Seibert et al., 2015b). Im-
portance and fluctuations of the energy balance components are dependent on topog-
raphy, local climate, vegetation, and weather conditions as well as the time of the day
(Hotovy & Jenicek, 2020). The energy balance can be then described as in (Equation
2).

Qm= QusFQui+QntQetQp+Qq+Qi
(2)
Qns = net shortwave radiant energy exchange (20)
Qni = net longwave radiant energy exchange ()
Qn = convective exchange of sensible heat with the atmosphere ()
Qe = convective exchange of latent heat of vaporization and sublimation with
the atmosphere (%)
Qr = rainfall sensible and latent heat (=0)
Qg = ground heat conduction (+)
Qm = loss of latent heat of fusion due to meltwater leaving the snowpack (<0)

Qi = change in snowpack internal sensible and latent heat storage ()
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Figure 2: Schematic diagram of energy exchange between snowpack and the envi-
ronment (Zhou et al., 2021)

The energy budget represents a physics-based method for modeling snow accumula-
tion and melting. In research, a wide range of approximations is being applied and
different models might be employed (Lackner et al., 2022). Since measurement of all
fluxes can be challenging in the field conditions (Seibert et al., 2015b), alternative tem-
perature-index approaches are often used to substitute for energy balance (Rango &
Martinec, 1995; JenicCek et al., 2017;lsmail et al., 2023). A number have been con-
ducted using enhanced degree-day model. For example, Hock. (1999) added direct
solar radiation in clear sky conditions. Pellicciotti et al. (2005) used temperature-based
model enhanced for LW radiation to model glacier melting and Ismail et al. (2023) was
quantifying a physic-based factors such as snow albedo and cloud cover into a de-
greed-day factor. Limitation of a degree-day approach is that although it is effective
proxy on longer time periods its accuracy decreases with shorter time steps, particu-
larly in sub-day time steps (Hock, 1999). There for the degree-day method is the most
effective for periods exceeding 10days (Hock, 1999).

In a scale of one day, meteorological events such as liquid precipitation can alter the
significance of different heat and radiant fluxes (Garvelmann et al., 2014; Li et al.,
2019). In study conducted by Wurzer et al. (2016) it was shown that cloudy conditions,
during rain-on-snow events (ROS) resulted in increase of longwave radiation as well
as turbulent heat exchange. Studies done at Ptagi brook in Sumava Mountains, by
Hotovy & Jenicek. (2020) showed that energy required for melting was predominantly
supplied from longwave radiation for the snowpack located under a forest canopy. Fur-
ther, the work suggests that while significance of ROS events might be negligible for
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long time periods, in a day-scale energy balance, ROS can represent up to 29% of the
energy budget (Hotovy & Jenicek, 2020).

2.3 Rain-on-snow

The term rain-on-snow (ROS) is used to describe a situation where liquid rain falls on
a frozen snowpack (DeWalle & Rango, 2008). Such events are often referred to in the
context of flooding, landslides, wet avalanche formations, slush flows and other geo-
hazards (Brandt et al., 2022; Juras et al., 2017). This phenomenon is caused by the
potential of incoming liquid rain to rapidly release a large amount of water from the
snowpack that is higher than the initial rainfall amount, as well as its ability to change
the snowpack stability (Juras et al., 2017).

ROS events have profound, costly and sometimes fatal consequences on human lives.
A good example could be a flood in Canadian Alberta, where a large flooding in 2013
caused an evacuation of thousands of inhabitants and cost millions of dollars (Pomeroy
et al., 2016). Due to these effects and costs of rain-on-snow, the phenomena is in
particular focus of the hydrological community and even have been added to the twenty
tree unsolved problems in hydrology (Bléschl et al., 2019). Further, projections of future
climate in temperate regions predict that the frequency of ROS is going to increase as
a result of rising air temperatures at higher elevations (Surfleet & Tullos, 2013).

The substantial amount of runoff generated by a ROS event is a bulk of rainwater
and meltwater released by the snowpack. Snow melt can contribute about half of the
subsequent runoff as reported in a study done at the Main River watershed by Sui et
al. (2010), where snow melt contributed from 24% up to 64% of the exceptional run-
off. Similar results were published by Wayand et al. (2015). Further, snow melt was
reported to accompany 84% of ROS events, that generated excess snowpack runoff
in the Swiss Alps (Wurzer et al., 2016).

2.3.1The energy fluxes during ROS

The energy contribution to the melting differs and usually only a small amount of energy
is supplied by the warm rainwater (Hotovy & Jenicek, 2020). In studies done by Garvel-
mann et al. (2014) and Warzer et al. (2016) authors suggest that the main energy flux
came from long-wave radiation, induced by cloud coverage and turbulent heat ex-
change. The share of these fluxes also varies with local meteorological conditions.
Garvelmann et al. (2014) reported that during ROS events, snow melt on open sites
was mostly induced by the turbulent heat exchange whereas in forest covered sites,
the long wave radiation and turbulent fluxes held a same share. Similar results were
observed at forest sites in Czech Sumava in Hotovy & Jenicek. (2020) or by Li et al.
(2019) in USA where the main contribution in western USA was net radiation, but in
eastern USA both net radiation and turbulent heat flux contributed equally.
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2.3.2 Snowpack runoff during a ROS event

Although ROS events are associated with increased runoff, only a handful of ROS
events result in an increased or very high runoff. The snowpack can hold up a consid-
erable amount of water (Seibert et al., 2015b), thus it often acts like a barrier reducing,
or even preventing runoff completely. A study conducted in north-west USA reports half
of the largest ROS events did not lead to flooding (Wayand et al., 2015).Additionally,
Kattelmann et al. (1987b) reported that forest covered catchment did not generate any
additional runoff in response to ROS events. Snow therefore plays an ambiguous role
in runoff generation. On one hand snowpack can release additional water in addition
to the rain and on the other, it can mitigate or even prevent runoff completely. Addition-
ally, snow cover commonly creates a time lag, between rainfall and the termination of
water in the catchment. (Wirzer et al., 2016; Wayand et al., 2015).

The quantity of released water is typically contingent upon the snowpack characteris-
tics such as cold content, initial liquid water content, snow depth and spatial extent of
prior snowpack as well as meteorological conditions such as temperature and intensity
of the rain (Wirzer et al., 2016). Snowpacks with low cold content or isothermal snow-
packs tend to generate higher runoff in proportion to initial rainfall as the energy is used
to melting rather than warming of the snowpack by refreezing (Beria et al., 2018; Juras
et al., 2021). The variables of the snowpack affecting the snowpack response to ROS
were extensively studied by Juras et al. (2021) where authors identified the main pre-
conditions affecting snow response to ROS events. The combination of shallow snow-
packs in with high rain volumes was likely to generate high runoff. Conversely, deep
and extended snowpacks exposed to rain under cold temperatures were likely to gen-
erate moderate runoff and, in some cases, no runoff at all. A study conducted by
Wiirzer et al. (2016) in the Swiss Alps concluded that the highest excess runoffs from
a snowpack were generated within a short time after the rainfall, by a snowpack with
high liquid water content. Wet snowpack can start to release liquid water stored in
snowpacks pores (i.e. liquid water content) as incoming rainwater pushes it out. This
effect can be described as a piston flow mechanism (Juras et al., 2016). Piston flow
causes the water stored in the snow prior to the rain fall to leave the snowpack with
subsequent release of meltwater. The received rainwater would then leave the snow-
pack last (Klaus & McDonnell, 2013). This effect has an impact especially for isotope
hydrograph separation as rainwater and water stored in the snowpack have different
isotopic compositions and mixing is not occurring (Klaus & McDonnell, 2013).
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2.4 Effects of the forest canopy

It is established that forest cover has an impact on the snow accumulation, ablation
and melting of snow as well as on its physical properties. Thus, the volume and ripe-
ness of the snowpack in forest sites and open areas differs significantly. The forest
presence, composition and stage therefore hold a key role in the snowpack ripening
process, timing and the amount of runoff generated by snow in forested catchments
(Hotovy & Jenicek, 2020). Disturbances and changes in forest canopy composition
have caused a major difference in runoff timing and intensity (Bartik et al., 2019; Lang-
hammer et al., 2015). Understanding the effects that forest canopy has on snow melt
is there for important to accurately estimate water storage and flood modeling (Hock,
2003).

Open sites have been shown in many studies to accumulate on average up to 40%
more snow than forested sites (Varhola et al., 2010). This is due to the tree effects of
the forest cover. A) the tree canopy intercepts up to 60% of the snowfall. B) Three
shading causes the change in incoming radiation (Hotovy & Jenicek, 2020) C) Forest
prevents wind transport of snow, altering the redistribution of snow volume. (Varhola et
al., 2010; Essery et al., 2003). These processes are rather complicated to model as
they contain variables such as forest cover interception peculiarities or the large
amount of data necessary that are difficult to measure (Hotovy & Jenicek, 2020).

2.4.1 Snow accumulation and distribution

Generally, accumulation under the tree canopy is lower as the snowfall gets intercepted
and subsequently sublimated back into the atmosphere or melt (Essery et al., 2003).
However, the relationship between the number of trees and snow accumulation is not
linear. The three branches can intercept a certain amount of snowfall (Varhola et al.,
2010). A study done in Idaho by Connaughton. (1933b) revealed that during small or
mild snowfall years, forested sites accumulated 27.5% less snow than open sites. Yet,
in average precipitation year, the difference between open and forested sites was only
4.3%. Similar results were obtained by Jost et al. (2007). The forest composition also
plays a crucial role in peak snow accumulation. Deciduous forests generally accumu-
late more snow than coniferous forests. Winter effective leaf area index (LAIl) seems
to have a significant role as shown in Pomeroy et al. (2002) where low LAl sites like
deciduous sites had a similar accumulation to open sites.

Clear cuts and meadows also alter the snow distribution by acting as a wind barrier.
Snow accumulations are known to peak as the wind reaches the tree barrier and snow
falls out of suspension. Many observations were made of snow average accumulation
peaking in meadows or clearcuts in diameter smaller than three times the heigh of
surrounding trees. Conversely, large areas show smaller accumulation than adjacent
forests, as they are affected by wind transportation (Swanson,1988; Gelfan et al.,
2004). Further, forest density plays an important role as it was observed by Veatch et
al. (2009), where the highest accumulation was found in forest with canopy density
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reaching from 25 to 40%. Snow depth in these sites was larger than the one observed
either in open sites or densely forested sites.

2.4.2 Forest canopy Effect on snow energy balance

The forest composition is also crucial to the snowpack energy balance since the differ-
ences in energy fluxes between open areas and forests cause different snowmelt rates
(Hotovy & Jenicek, 2020). Canopy shading from shortwave radiation (SWR) can lead
to a longer-lasting snow cover while longwave radiation (LWR) emitted by trees can
cause the opposite effect (Lundquist et al., 2013;Gouttevin et al., 2015). Further, trees
act like a barrier for the wind, reducing the effect of turbulent fluxes in the snowpack
energy balance. The last important effect of forest cover on the energy balance is de-
bris material such as sticks, needles etc. that accumulate on the snow surface, chang-
ing its albedo (Gouttevin et al., 2015). The forest canopy effect on energy balance is
there for a complex issue with great importance for snowmelt modeling attracting at-
tention of many researchers (Essery et al., 2003;Gouttevin et al., 2015;Gelfan et al.,
2004; Veatch et al., 2009).

In the scale of a whole snow season, the SWR and LWR are predominant fluxes dic-
tating the melt intensity (Gelfan et al., 2004; Varhola et al., 2010). The specific contri-
butions of LWR and SWR in forest sites and open areas were studied by (Hotovy &
Jenicek, 2020). This extensive study conducted in the Sumava mountains compared
radiation balance between forest sites with different stages of the forest disturbance
caused by the bark beetle (healthy and disturbed) and open area over a three-year
period. The results showed that forest sites disposed 7% of the amount of SWR of the
open areas. Further, the forest site had a higher positive contribution of net LWR than
the open site, where the net LWR came out negative. Snowmelt intensity was however
higher at open sites as the LWR on forest site could not put up for the SWR. The forest
disturbed by mountain bark beetle showed a 50% increase in modeled snowmelt rate
in the 3-year period. When put to comparison, snowmelt intensities for healthy forest,
disturbed and open sites were 3,3 mm/day 5,9 mm/day and 13,9 mm/day respectively.
The study therefore showed the importance of LWR in snow ablation, even in open
sites, where the LWR balance is negative. The process of snow ablation variance in
open and forested sites were further studied by Brooks, et al. (2014) using stable water
isotopes and will be further discussed in following section.

2.4 .3 Forest canopy effect on stable water isotopes

Snowpacks under a forest canopy tend to be isotopically enriched due to canopy in-
terception and subsequent evaporation that causes kinetic fractionation (Beria et al.,
2018). The amount of enrichment is relative to the time of snow residence in the forest
canopy as well as the prior snowfall size (Claassen & Downey, 1995). However, not a
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lot of work has been done to fully understand changes in snow isotope variance caused
by forest canopy composition (Beria et al., 2018).

Authors of Biederman et al. (2014) were comparing a freshly exposed site due to
Mountain pine beetle (MPB) and a healthy forest site in the US Rocky Mountains. The
exposed site was expected to show a higher peak SWE than the forested site, but the
SWEs showed equal values. Investigation of isotope composition has shown that at
the MPB-affected site the snowpack was isotopically enriched similarly to the forest
snowpack, showing signs of kinetic fractionation (sublimation). Authors conclude that
the newly exposed snowpack received more direct sun radiation, thus the sublimation
was enhanced and equal in mass lost to the sublimation of snow intercepted by the
forest canopy. Isotope variation provided insight on the snow processes, that would be
hard to detect by only snow volume monitoring (Beria et al., 2018).

2.5 Snowpack runoff and climate change

2.5.1Less snow, earlier snowmelt

Snow is one of the most rapidly changing hydrosphere components due to climate
change (Musselman et al., 2017). Because of the tight connection between air temper-
ature and the precipitation phase, more precipitation is expected to fall in the form of
rain instead of snow (Jenicek, Seibert, et al., 2018; Ishida et al., 2019). Rising air tem-
peratures have historically reduced snowpack volume and persistence as they cause
later snow accumulation and earlier snowmelt (Musselman et al., 2017). For example,
a study focusing on snowpack change done in the western USA by Zeng et al. (2018)
has shown that the mean peak SWE in the most affected catchments decreased on
average by 41% between the years 1982 and 2016. Moreover, most of the hydrological
projections of the climate change impact conclude that peak snowpack runoff would
shift 30-40 days towards winter, in Europe and the USA (Stewart et al., 2004; Zeng et
al., 2018). In line with these findings, simulations for Czech mountain catchments pro-
ject a decrease in peak SWE by 30% to 70% by the end of the 21st century. Further-
more, snowmelt season was shown to occur 3-4 weeks earlier in winter. The overall
decrease in snow accumulation will affect soil and groundwater storage. Since the
snowpack acts like a water storage, the decrease in winter snowpack could be asso-
ciated with decreasing summer low-flows in rivers (Moran-Tejeda et al., 2013; Jenicek
et al., 2021). With climate change, the effect of snowmelt water sourcing catchments
runoff might decrease in higher elevations and even completely disappear in lower
elevations.

2.5.2 The variety of snow accumulation

Snow drought can be caused either by high air temperatures or low precipitation, or a
combination of both factors (Jenicek et al., 2021). On a global scale, the most control-
ling factor is the air temperature near the earth’s surface. Temperature increase then
has the largest impact in regions where winter temperatures are already close to zero
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(Thackeray et al., 2019). A similar impact could be observed in times of year like fall or
spring as the temperatures are also close to zero (Thackeray et al., 2019). Therefore,
mid-latitude snow cover appeared to be the most sensitive to climate warming with an
approximate loss of 1.9 x 106km? of snow per every Celsius degree temperature in-
crease outside the tropics (Mudryk et al., 2017; Thackeray et al., 2019). Climate pro-
jections suggest conspicuous changes in precipitation patterns, with unresolved out-
comes for central Europe as both increased and decreased precipitation could be ex-
pected. Further, an increase in precipitation might occur in winter while summer pre-
cipitation is expected to decrease. This increased winter precipitation is likely to fall out
in the form of rain rather than snow fall. (Thackeray et al., 2019).

In snow accumulation changes, elevation plays a key role as air temperature change
becomes less important above a certain threshold elevation, and precipitation be-
comes the predominant aspect of snow accumulation (Jenicek, Seibert, et al., 2018).
In a study Marty et al. (2017) of catchments in Switzerland, it has been shown that
snow accumulation might decrease by 50% at elevations higher than 3000m a.s.l. and
almost no snow cover might form under elevations lower than 1200m a.s.l. by the end
of the 215t century. Similar results were obtained by Moran-Tejeda et al. (2013), where
the authors determined that snow accumulation is mainly influenced by air tempera-
tures up to 1500 m + 120 above average sea level. Above this threshold line, precipi-
tation is the determining factor of snow accumulation. With rising temperatures, this
line is expected to climb up.

Hydrological responses to climate changes are particularly complex as they can show
more variance, compared to input climate projections (Jenicek et al., 2021). For central
Europe, climate models often disagree in projections of the future changes in precipi-
tation (Svoboda et al., 2016). This is particularly important as the increase in total pre-
cipitation could buffer the impacts of decreasing SWE (Marshall et al., 2020; Jenicek
et al., 2021). In a study done in the western United States by Marshall et al. (2020) the
authors suggest that the increased snowfall intensities could probably buffer the de-
crease in snowpack in the continental parts of the USA. In contrast, maritime regions
will suffer from the decreased snowpack as precipitation is expected to decrease. An
indication of a similar effect was found in Czech mountain catchments. Jenicek et al.
(2021) suggest decreased in snowfall might be partially compensated by the increased
liquid precipitation in the winter.
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3 Material and methods

3.1 Study area description

The research was conducted at an experimental site of Charles University within a
Ptaci brook catchment, which is part of the Vydra river system. The site is situated in
bohemian forest (Sumava National Park) on the border between Czechia and Ger-
many. Data was collected from snow pits located in forest plot and open plot (Fig.5).
Both plots are positioned in a flat terrain of approximate elevation of 1140m a.s.l. Over
the winter of 2024 four field measurements were carried out with intervals of roughly 3
weeks (February-March). The Ptaci brook catchment is an experimental area man-
aged by Charles University, offering a well monitored environment for hydrological or
environmental research.

Site location

Forest

Brook

Contour 5m

Basin border

0,5 1km

L J

Figure 3: Geographical Location of the study area (DIBAVOD, ZABAGED®, Corine-
landcover)

The catchment has an average elevation of 1201 m a.s.l. characterized by predomi-
nantly gentle, low slope terrain. Approximately 70% of the area features slopes of less
than 7°, while half of the area has slopes under 5°. This flat terrain is particularly evident
in north-eastern regions of the watershed, where the snow pits site is located. In con-
trast, the south and eastern part exhibits more indented terrain.

3.1.1 Climatic conditions

The study area is strongly influenced by the south-westerly wind flow, which is rein-
forced by the orographic effect of the windward side of the Sumava mountains. As a
result, the area is one of the most precipitation-rich locations in Czechia. The amount
of precipitation in the wettest summer month (June) is approximately (120 mm). Ac-
cording to the time series (1961-2023) the driest months are October and April. The
average air temperature of the warmest month does not exceed 22°C, while only 1-2
months usually reach an average air temperature higher than 10°C. The average
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annual precipitation at Filippova Hut station is 1200 mm. At the study site, the average
annual temperature is 4°C and -2 to -5°C during the cold season (Hotovy & Jenicek,
2020). The mean precipitation in the cold season (November -April) is about 400 mm,
most of which falls as snow. Snow accumulation typically begins in November and
snow cover lasts until March or mid-May, while snowmelt runoff typically represents
about 30-40% of catchment runoff (Hotovy & Jenicek, 2020). Mean snow depths are
generally higher than 80cm from December to April.
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Figure 4: Annual cycle of average air temperature and precipitation sums at Chu-
ranov Station (data: CHMU)

3.1.2 Site description

The forest cover of the catchment is mainly formed by Norway Spruce (Picea abies)
dominated coniferous forest. Forests in the area have undergone a vast disturbance
caused by the Bark beetle (/ps typographus). Forest cover is therefore variant,
formed by healthy forests, disturbed areas with dead trees as well as regenerating ar-
eas with young vegetation. The changing forest cover affects the snowpack as it al-
ters wind redistribution and snowmelt (Hotovy & Jenicek, 2020). Therefore, the forest
plot has been selected in a healthy forest with a connected forest canopy and rare
floor vegetation. Forest snow pits were conducted far enough in the forest to prevent
snow deposited from wind redistribution to affect the snow profiles.
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B ) forest site

I b) open site

Figure 5: Location of forest site and open site (orthophoto CUZK, authors photography)

The open site as depicted in (Fig. 5) is a small opening of diameter approximately 15m.
Surrounding trees do not cause a significant shading of direct radiation. Since the area
is relatively small, surrounding trees prevent wind redistribution that could otherwise
cause inconsistency in the snow stratigraphy data. The slope in both plots is negligible,
preventing the occurrence of a major lateral flow of water within the snowpack. The
approximate elevation of both plots is 1132 m a.s.l.

3.2 Methods

3.2.1 Theory of stable water isotopes in snowpack

Isotopes are variants of the same atom, differentiating by the number of neutrons in
their nuclei. Stable water isotopes are often used as a natural tracer for hydrograph
separation (Klaus & McDonnell, 2013). In natural form, hydrogen exists in two forms
("H and 2H also referred to as deuterium). Oxygen then exists in three forms ('O, 7O,
180). The isotopes referred to as lighter or depleted in heavier isotopes such as ?H or
1860 are more common in nature with relative occurrence of 99,76% for 2H and 99,98%
for 18O (Sharp, 2017). The isotope values in samples are expressed as the ratio R of
the concentrations ?H/'H or '80/'80. These ratios are standardized to the Vianna
Standard Mean Ocean Water (VSMOW?2) (Beria et al., 2018), which is a standard ratio
of water isotopes defined for the ocean. VSMOW?2 then acts as a benchmark to which
the isotopic composition is compared to either as enriched or depleted in heavier iso-
topes. The & ratio is then given in (%o) calculated by Equation 3:
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Rsample — Rvsmow

6180 or §2H = ( ) -1000

Rvsmow

3)

Where Rsample is the isotopic ratio of the water and Rvsmow is the ratio of the Vienna
standard. If the & is greater than 0, the sample is referred to as enriched in comparison
to the Vianna standard. Similarly, if the d is smaller than 0 the sample is depleted. As
most precipitation originates from ocean evaporation, the meteorological water tends
to show negative values of d. This is caused by different chemical and physical prop-
erties caused by different masses of isotopes, which result in preferential sampling of
different isotopes in phase changes e.g. fractionation. As a result, water has a unique
isotopic composition, revealing the processes that it went through which allowing us to
track its origin (Beria et al., 2018).

There are two types of fractionations, namely equilibrium and kinetic fractionations. A
typical example of equilibrium fractionation is condensation. Condensation is a process
of equilibrium fractionation where the condensate ends up enriched in the heavier iso-
topes compared to the remaining water vapor with the similar ratio of §'80 and 62H. An
example of the kinetic (non-equilibrium) process is evaporation, where the vapor ends
up being isotopically depleted in heavier isotopes, which remain in the liquid phase. In
contrast to equilibrium fractionation, the phase change effect of evaporation is stronger
for changes in 8?H compared to 580, resulting differential enrichment in 5°H and §'80
in the remaining phase (liquid). (Beria et al., 2018).

As the 3% H and d &'80 are part of the same molecule and both modified by mass
dependent on the fractionation process, the relation of 8> H and §'80 is almost linear
and can be described as a global meteoric water line (GMWL) (Craig, 1961) in Equa-
tion 4:

52 H=8-5180 + 10
(4)

The interception of GMWL is referred to as d-excess (deuterium-excess factor) and is
used to distinguish between equilibrium and nonequilibrium processes (Beria et al.,
2018; Galewsky et al., 2016). However, the GMWL is a product of samples originating
from locations all around the world, therefore they might not be representative in a
specific locality, depending on the source of precipitation water. Local meteoric water-
line (LMWL ) is used to describe the relationship of 8 H and 5'80 at a given site. Water
samples that undergo equilibrium (e.g. condensation) fractionation processes are lo-
cated along the LMWL, meanwhile, water undergoing non-equilibrium processes such
as evaporation or sublimation, usually show higher values of 8'80 to 8%H in the remain-
ing phase (liquid or ice), thus resulting in a different slope of the line as shown in (Fig.6).
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Backtracking the local evaporation line provides an estimate of the initial isotope ratio
(Beria et al., 2018;Rose, 2003).
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Figure 6: Conceptual representation of possible sample positions in the dual isotope
space (formed by &°H and §'80) for snow and rainfall samples from an entire hydro-
logical year (Beria et al., 2018).

The isotopic ratio is largely determined by the temperature of condensation or cloud
condensation temperature. The higher the temperature, the more is the precipitation
enriched in heavy isotopes (Beria et al., 2018; Dody et al., 2013). Another factor affect-
ing the isotope ratio is the distance that the molecule travels in an air mass, as with
greater distance from the ocean, precipitation becomes more depleted in heavier iso-
topes (Valdhasova, 2020;Cane & Clark, 1999). Another effect can be observed during
rain, where at the beginning the heavier isotopes fallout from the cloud as rain or snow
leading the precipitation to become continually more depleted in heavier isotopes. This
effect is referred to as rain-out-effect (Beria et al., 2018; Schurch et al., 2003). A similar
scenario can be observed with elevation gradients where precipitation falling out at
lower elevations tends to be more enriched in heavier isotopes than precipitation at
higher elevations (Beria et al., 2018).
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3.2.2Snow pits and snow properties measurements

In the winter season of 2024 together four trips have been made over the span of three
months. These measurements were conducted on 22 February, 1 January, 16 January
and 1 March. Snow samples for 8°H and &'80 analysis were collected from each iden-
tified layer of a snow pit and set in bottles of 50ml that were kept in a fridge to prevent
water evaporation. These samples were later analyzed at the Institute for Hydrody-
namics of the Czech Academy of Sciences using PICCARO L2130-I laser spectrome-
ter.

In addition, measurements of snow hardness, snow grain type, grain size, and snow
profile temperature as well as snow water equivalent (SWE) for the whole profile and
every identified layer were conducted. All measures followed the methodology of inter-
national classification for seasonal snow on the ground (ICSSG) (Fierz et al., 2009).
These snow pit data were later visualized using niViz open-source software.

Snow density and SWE were measured with a cylinder of cross-sectional area of
50cm? and a digital weight. The SWE was calculated as shown in (Equation 5):

SWE =200 - m
(®)

Where SWE is the snow water equivalent in mm and m is the mass of the snow. The
mass is multiplied by 200 to determine the snow water equivalent for 1 m?, given the
area of the measuring cylinder is 50 cm?. Using SWE, the density of each layer could
then be calculated as described in (Equation 6)

SWE=p-h-10
(6)

Where SWE is the snow water equivalent in mm, p is the snow density in g/cm?, and h
is the snow layer height in centimeters. The overall snow density was calculated as the
weighted average of the densities of individual layers, weighted by the height of the
layers.

3.2.3 Meteorological data

In addition, to field measurements, meteorological data are also available from mete-
orological stations in the catchment. At the Ptaci potok, a Snowpack Analyzer (SPA)
and snow pillow are installed, measuring the snowpack SWE. The SPA device is then
used to measure the depth, water content, density of the snow, and the content of the
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liquid and solid phases within the snow cover (JeniCek et al., 2017). Further winter
precipitation using a heated gauge is measured at the meteorological station in Mo-
drava which is located roughly 5km from the study site. The incoming and reflected
shortwave and longwave radiation is measured using a CNR4 Net. This device con-
sists of two pyranometers (the first is oriented upward, and the second is oriented
downward) and two pyrgeometers (with the same configuration as pyranometers). This
configuration makes it possible to measure the global and reflected radiation for albedo
calculation (Jenicek et al., 2017).

Data provided by these stations occasionally yield data indicating an error of measure-
ment, these data were deleted and might appear missing in produced graphs.
Timeseries and other graphs were produced using Microsoft Excel.

4 Results

4.1 Snow season in the Ptaci brook catchment

The winter season of 2023/2024 in the Sumava Mts. was relatively long but predomi-
nantly snow-poor, with few exceptions. Initial snowfall occurred in mid to late October,
with snow depth remaining modest (around 20cm) through early November. The first
significant snowfall was observed in late November forming the first substantial snow-
pack. An unusually high accumulation period came in late December, where the period
of heavy snowfall set the highest snow depth for December since the start of monitoring
(snow depths of 85cm). January snowpack showed a considerable fluctuation in snow
depth and snow water equivalent, indicating changing atmospheric conditions that are
displayed in (Fig.8) and (Fig.9). In January, periods of snow accumulation were often
followed by rain and subsequent snowpack loss. The observed precipitation and thaw-
ing caused increased water levels and floodings in the region (Lipina,2024). Further,
snow height decreased while SWE has shown a fluctuating nature, seemingly not
reaching values below approximately 150mm until 16 February (Fig.8).

From March onward we observed a gradual decline of the snowpack. By early April,
snow levels had diminished to approximately 40 cm. This reduction aligns with the
onset of the melting period, typical of the seasonal transition from winter to spring.

During the monitored period, about two significant ROS events occurred (Fig.8). The
ROS events align with peaking SWE and subsequent loss of SWE (found between
measurements of 1 February and measurement of 16 February.
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Figure 7: Snow depth measured at a climate station located in the Ptaci brook catch-
ment in the winter season 2023/24 (red line) compared to 2009-2022 average (5 day
moving average) snow depth (grey area) (data: KFGG).
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Figure 9: Air temperature measured by the meteorological station at the study site
and SWE, measured by a snow pillow at the study site. (data: KFGG)

4.2 Spatial and temporal variability of snowpack characteris-
tics
4.2.1 Snow depth and snow water equivalent variability

During the winter season of 2024, four measurements of physical properties (SWE,
snow depth, snow hardness) were conducted in an open site and forest site. The open
area exhibited higher values of snow depth and SWE. Snow depths in both the forest
and open site were decreasing almost linearly during the spam of the measurements.
The open area's initial snow depth was 75cm at the first measurement, later decreasing
to 65cm 55¢cm, and 40cm for the 2™ 3™, and 4% snow pit respectively. Physically meas-
ured snow depths were in equilibrium with data measured by the station (Fig.7). Local
variabilities in snow depth may be caused by wind redistribution. A similar linear de-
crease in snow depth could be observed in forest snow pits where snow depths were
35cm, 31cm, and 15cm for the 15t, 24, and 3@ measurements respectively. In the forest
site, all snowmelted by 1 March. Snow height data suggest an overall steady decline
in snow depth with a similar rate for the forest and the open plot.

Different processes were observed in snow water equivalent, where while SWE at the
forest site was steadily declining, the open area was showing a significant fluctuation
in SWE (Fig.8). The values of SWE for forest site and open site measured by the sta-
tion are shown in (Table 1). In this case, only physical measurement data was available
for forest sites and therefore it is not clear whether SWE fluctuations appeared at the
forest site as well as at the open site. Open site SWE data, physically measured during
field trips, does not follow the data measured by the station (Table 1). The field meas-
urements show proportionally higher SWE than the data acquired from the station. The
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difference in values measured by the station and during field measurement could be
due to a digital weight error or simply a mistake made during the measurement. How-
ever, field data follows a trend set by the station data, showing a small increase be-
tween 22 January and 16 March and decrease later. When comparing open area data
from the station to field data from the forest plot, it appears that the forest showed a
steady decline in SWE while the open area went through periods of accumulation and
loss of SWE. This could be explained by shortwave radiation shading provided by
trees, making the forest snowpack less responsive to SWR melting, and simultane-
ously by forest canopy interception of either snow or rain precipitation, preventing liquid
water from reaching the snowpack. Since only a little snow precipitation was observed
in the span of the measurements (Fig.8) the fluctuating SWE in the open plot could
then be a result of frequent rains, increasing the SWE of a snow pit during the period
of water residency in the snowpack.

date SWE forest SWE open (SPA) SWE open area
22.1 114 150 194

1.2 94 157 312

16.2 60 158 214

13 0 94 210

Table 1: The development of SWE [mm] in open areas and forest areas, SPA repre-
sents the values measured by The SPA station.

4.2.2 The variability of snow stratigraphy

Using a magnifying glass, snow grain types and sizes were identified in each snow pit.
SWE measurements were also carried out for each layer, enabling density estimation.
Due to errors in measurements, some layers are missing density values.

Snow pits located in the open plot showed higher variability in snow grain sizes and
types of metamorphism resulting in higher grain type variability. Whereas forest cov-
ered profiles were generally more homogenous indicating steady conditions, probably
induced by the atmospheric shading of the forest. In both profiles, the highest variability
of snow grain size was observed in the top layer of the snowpack representing the
interface between snow and the atmosphere, as shown in (Table 2). Both the forest
and the open area snowpack have shown a predominant presence of equi-temperature
metamorphism (ETM) and wet-snow metamorphism.
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Figure 10: Open plot snow stratigraphy profiles on a) 22" January, b) 15t February
show the density (SWE) (green line) of every layer, temperature (red line), grain type,
and snow hardness based on (ICSSG) (Fierz et al., 2009). The profiles were visual-
ized using niViz software (niviz, 2023)

The first snow pit in the open area shown in (Fig.10a) showed significant stratification
and a strong temperature gradient throughout the snowpack (although later in the sea-
son the snowpack turned to quasi-isothermal) reaching the lowest temperature of -4,6
°C with 15cm snow depth while the temperature of the surface (depth 3cm) was -0,1
°C. This strong temperature gradient between the upper layers indicates cold condi-
tions preceding the field measurement visible in (Fig.9). Facet crystals, formed due to
the strong gradient, were identified in the top layer. More homogenous layers can be
observed between the snow depth of 25cm and the base. A small loss of density at
20cm might indicate an upward advection of water vapor caused by the gradient. The
melt-freeze layer at the bottom suggests a positive energy flux from the underlying soil
(the temperature of the soil was 0,8 °C).

Snow profiles conducted from 1 February all showed a quasi-isothermal state with
minimal deviation from 0 °C occurring in the middle layers. The 2" profile (Fig.10b)
shows a melted form of snow present in upper layers and new melt-freeze layers in
depths of 42cm and 23cm. These melt-freeze layers are possibly results of water orig-
inating from either snowmelt or ROS events refreezing in the lower layers of a snow-
pack.
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Figure 11: Open plot snow stratigraphy profiles on c) 16" February, and d) 1t March
show the density (SWE) (green) of every layer, temperature (red), grain type, and
snow hardness based on (ICSSG) (Fierz et al., 2009). The profiles were visualized
using niViz software (niviz,2023).

On 16 February the profile exhibited a decrease in the upper layer while a stable
rounded grain base layer persisted (Fig.11c). The melt-freeze layer was still intact in
snow depth of 28 cm. From the snow profile on 1 March a similar trend of surface snow
ablation was observed with a persistent base layer of rounded crystal at the bottom.
Further, upper layers exhibited high densities (SWE) on 16 February and 1 March pro-
files indicating storage of melt and rainwater in those layers. Between the 3rd and 4th
measurements snow height gain of 8cm was recorded by the station possibly resulting
in the top layer of the last profile with lower hardness and higher density.

Forest stratigraphy profiles (Fig.12) were less diverse showing a maximum of 3 strati-
graphic layers at snow height maximum, recorded on 22 January. Moreover, the 16
February profile only reached a snow depth of 15cm, with only two stratigraphic layers,
therefore, only 22 January and 16 February snow pits are visualized in (Fig.12). All
detailed structure profiles can be found in the appendices section.
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The layers present on 22 January showed similar trends as layers in the open plot,
with a stable, drier, rounded grain layer found at the bottom of the snowpack in both
locations. Similarly, throughout the observed period, the upper layers showed signs of
a high temperature gradient metamorphism later turning into wet snow melting layer.
The absence of some layers in the forest snowpack compared to the open plot snow-
pack may therefore be caused by the interception of the forest canopy and subsequent
melting of the intercepted snow before reaching the snowpack. Another observed dif-
ference in the forest snowpack was the on average higher temperature of the snow-
pack, with the lowest recorded values of -1,3 °C on 22 January. Possibly due to the
tree’'s emittance of LWR as well as the forest preventing other turbulent heat ex-
changes between the snowpack and atmosphere (Hotovy & Jenicek, 2020).
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Figure 12: Forest plot snow stratigraphy profiles on 22" January (left) , and 1 Febru-
ary (right) show density (green) of every layer, temperature (red), grain type, and
snow hardness based on (ICSSG) (Fierz et al., 2009). The profiles were visualized
using niViz software (niviz, 2023).
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4.2.3 Variability of stable water isotopes in snowpack

During the winter season of 2023/2024, together 26 samples of snow were analyzed.
Additionally, precipitation and stream water were analyzed for stable water isotopes
serving as a reference (Fig.12). The local meteoric water line (LMWL) was derived
from measured precipitation values 3°H and &'80 (Fig.13). LMWL is then given:

&2H = 7,59 x 5180 + 4,8
(7)

The LMWL closely follows the global meteoric water line (GMWL), which is indicated
by the black line in Figure 13, suggesting that evaporation has not occurred during
sample transportation and storage before the analysis. Local precipitation follows
GMWL closely with slight deviation, possibly explained by local climatic influences. Ad-
ditionally, precipitation is broadly spread along the LMWL showing high isotopic vari-
ance of local precipitation. Lower values of precipitation 8?°H and 6'80 could represent
snowfall mixing in the precipitation collector while the higher values belong to rain pre-
cipitation. Snow samples from the forest plot seem to show a smaller variance in heavy
isotope enrichment. These forest snow samples are located slightly to the right side of
the LMWL and GMWL, possibly undergoing more evaporation or sublimation caused
by the forest canopy interception. In contrast, stream water collected from Ptaci brook
shows a little spread alongside the LMWL as the stream water is a mixture of all de-
picted sources. Further, the position of spring water values above both lines indicate
minimal effect of evaporation.
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open plot snow
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Figure 13: Isotopic composition of the snow, stream and precipitation samples col-
lected in the season 2024. Black line represents global meteoric water line (GMWL),
red line represents local meteoric water line (LMWL)
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Atotal of seven samples were obtained from the snowpack under a forest canopy while
19 samples were collected from the open area. The forest samples exhibited stable,
increased enrichment in heavier isotopes and decreased variability of 'O and &°H
(Fig.14). The enrichment in heavier isotopes may be the result of the interception of
precipitation by the forest canopy, where the snow is subject to sublimation before
reaching the snowpack. Similarly, this may be attributed to the higher temperature of
the forest snowpack, allowing for melting and outflow of the meltwater. The reduced
variability of forest snowpack may also be result of a small number of identified layers
(3 layers at recorded snow maximum).

The weighted average values of forest snowpack (weighted by identified layer thick-
ness) were found to be 5'80=-12,64%. and &°H= -94,057%. at the initial measurement
conducted on 22 January. The isotopic values of the samples from 16 February, the
final measurement before complete snowmelt of the forest snowpack, were 3'80=-
10,09%0 and &%H= -72,911%.. These results demonstrate a consistent depletion of
lighter isotopes throughout the forest snow ripening process

In contrast, the open area showed higher variability in stable water isotopes (Fig.14),
with a gradual depletion in lighter isotopes observed between 22 January and 16 Feb-
ruary. A notable decline in variability was observed between 1 February to 16 February
(Fig.14), which is likely due to a substantial ROS event that occurred 7-8 February,
followed by an overall isotopic enrichment of the profile (Table 2).

The isotopically light layer at the base of the snow pit on 1 March, with values of 8180
= -20.37%o0 and d2H = -154.28%o, labelled as G in (Fig. 15a), increases the variability
shown in the boxplot (Fig.14). This layer displays an unusual depletion in heavier iso-
topes in comparison to adjacent layers and layers in other profiles. A potential expla-
nation for the sudden occurrence of this layer is the local topography of the open plot,
where earlier snow accumulated in a local depression possibly due to wind redistribu-
tion. This likely resulted in the formation of an isotopically distinct layer not observed in
other profiles. When considering only the adjacent layers of the 1 March snow profile,
the trend indicates a continuous homogenization of the snowpack's isotopic values
alongside a consistent depletion in heavier isotopes.

weighted average

180/2H 22.January 1.February 16.February 1.March
open area 6180 -13,489 -14,239 -12,06 -15,76
forest area 6180 -12,647 -10,108 -10,094
open area 62H -98,663 -104,69 -88,47 -117,04
forest area &62H -94,057 -72,061 -72,911

Table 2: Weighted average of isotopes 180 and 2H for each snow pit on an open plot
and forest plot.
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Figure 14: Box plot diagrams of the variability of isotope ratios 82H and 6180 of
snow cover for open area and forest areas. The boxes show the 25- and 75-quartile,
median values and maximum and minimum values.

4.2.4 Temporal isotopic evolution of snowpack

The open plot isotopic profiles displayed notable variability and changes, predomi-
nantly within the middle layer of the snowpack, while the upper layers and the base of
the snowpack remained stable. Snowpack loss was the most notable in the middle
layer, which demonstrated settling and melt as well as subsequent outflow of meltwa-
ter. Furthermore, the disappearance of some upper layers was observed, seemingly
without impact on layers below, indicating the formation of preferential path flows paths.
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The snow profile conducted on 22 January, demonstrated stratigraphy formed by an
isotopically heavier layer on the base of the snowpack, marked F in (Fig.15a), This
layer is likely formed by an early snowfall recorded at the beginning of snow accumu-
lation. The isotopically heavier base layer may be typical as the early season snow
accumulation occurs at higher atmospheric temperatures than the mid-season snow-
fall, and isotope values correlate with seasonal temperatures (Rozanski et al.,
1992;Evans et al., 2016). This isotopically heavier layer is then followed by isotopically
lighter layer labeled E, which is likely result of one of the cold accumulation periods,
visible in (Fig.8). This layer is followed by another temporally persistent layer D with
high 8'80 and high &2H. Layers located near the surface demonstrated higher variance
in isotopic stratigraphy. The thin layer, labelled C characterized by low §'80 and &°H,
is located 53cm above the base of the snowpack. This layer is notable for its increased
hardness as observed in the physical snow profile (Fig.10). Given that layer C is not
observed in other profiles, it may be a result of local snowpack variability. Layer B,
found 56cm above the base, is enriched in heavier isotopes compared to layer C as
well as to layer A, which forms a surface layer of the 22 January snowpack.

From the second profile conducted on 1 February, loss of the layer A and C is evident
while layer E appears to have migrated upwards. Notable is intact isotopic composition
of layers B and D exhibiting only minor changes to their 8'80 and &?H in response to
the melting of the layer A above. The elevated position of layer E higher from the base
(now located at 22cm) may be attributed to local topography, where a local depression
may have accumulated more snow during the formation of layer F. Similarly, this effect
could have been caused by an upward advection induced by snow surface sublimation,
which has been suggested to shift the isotopic composition of the snowpack upward
(Evans et al., 2016; Gustafson et al., 2010). The occurrence of sublimation may had
been possible, given approximately five days of below-zero temperatures with in-
creased net global radiation (Fig.15c) indicating suitable conditions for sublimation (Be-
ria et al., 2018; Earman et al., 2006) . Additionally, the intact layer B indicates that the
water produced by the melting of layer A bypassed the underlying layers B and D,
potentially refreezing approximately 44 cm above the base and enriching layer D with
lighter isotopes. This may be possible due to the below-zero temperatures (0.1 °C)
observed at this snow depth, which is bordered by melt-freeze layers (Fig.15a). The
highest recorded 6'®0 value was -11.32%o0 and the 8*H value was -80.91%. in layer D,
which bordered by a melt-freeze layer from below, possibly representing a melt front
percolating through the adjacent isothermal snowpack.
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The upper melt-freeze layer is then observed to disappear on 16 February, which is
likely due to the progressive warming of the snowpack, allowing melt front to progress
to the second 'lower' melt-freeze layer. Additionally, the disappearance of layer E is
evident. This may be result of two potential mechanisms: preferential flow tubes or
refreezing, which would result in isotopic the visible isotopic enrichment.

Of note are again the intact layers B, D, and F, despite the loss of snow cover and the
ROS events that occurred roughly on 7 and 8 February. The loss of snow cover is more
evident in layer D than in the surface layers. The snow cover became increasingly
homogeneous between 16 February and 1 March, with isotopic values demonstrating
rapid increase. This correlates with the wet snow metamorphism observed in the phys-
ical profiles (Fig.11d). The last snow pit revealed an unexpected new, isotopically light,
layer at the base of the snowpack, which had not been observed in the previous snow
profiles (marked as G in Fig.15a). This layer was probably formed at an earlier point in
the season, given that it is found at the very base of the 1 March snowpack. The layer
was not observed in other profiles, indicating significant local variability in the open plot
snowpack. Moreover, the isotopically lighter layer suggests that the melting of the up-
per layers did not affect some of the layers below as matrix percolation and refreezing
would result in isotopic enrichment of this layer. Comparison with lysimeter data could
then provide further insight into the isotopic composition of water leaving the snowpack.
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Figure 15: a) The development of isotope ratios 2H/1H and 180/160 in the snow
cover during the winter season of 2024. The height of individual profiles in the graphs
corresponds proportionally to the height from the base of the snowpack. The Dotet
line indicates a major change in snow hardness, and dashed lines show melt-freeze
layers b) Development of temperatures and ROS events during the spam of the
measurements. c) Net global radiation with temperatures (data KFGG).
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The forest snowpack showed reduced isotopic variance with an enrichment in heavier
isotopes in comparison to the snow profiles of the open plots, as ilustrated in (Figure
15). Furthermore, a more linear increase in isotope values was also observed in the
forest snowpack. The forest snowpack showed a stable base layer at the bottom of the
snowpack, similar to layer F observed in the open plot snowpack. This layer remained
relatively intact until 1 February. This isotopically stable layer is consistent with the
base layer observed in the physical snow profile, which also exhibited a minimal met-
amorphic process in comparison to the adjacent upper layers.

The lowest recorded values of 8180=14.67%0 62H=-110.86%0 (Figure 16) were ob-
served in the second snow pit on 1 February. This may indicate the refreezing of sur-
face meltwater, which is enriched in lighter isotopes, in the lower layer or simply by
spatial variability. In contrast to the open plot isotopic profiles, the forest snowpack
composition appears to be influenced by liquid precipitation or the melting of the sur-
face layers. This indicates more uniform percolation of water through the snowpack.
These fractionation processes then resulted in a continuous homogenization and en-
richment in heavier isotopes, with the highest values recorded in the last snow cover
on 1 March of 5'80= -9.24 5?H= -65.33. Such isotopic evolution is known as the melt-
out effect (Beria et al., 2018).
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Figure 16: Temporal changes in stable water isotopes 30 and &2H in the forest
snowpack during season 2024.
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5 Discussion

5.1 Measurement errors and uncertainties

The findings of this study are potentially subject to uncertainties originating from sev-
eral sources. General uncertainties could stem from measurement device accuracy
and error, or human factors and observer bias. The selected methods for field meas-
urements and data analysis may also introduce a certain degree of uncertainty. Further,
the experience and expertise of the researcher are crucial, especially given the sub-
jective nature of certain measures, such as grain type identification, which may be
prone to error

Although snow profiles were conducted on the same plot, the specific local topography
was not taken into account during the selection of the snow pit. That could have caused
different stratigraphy or anomalies in different snow pits. Further, forest edges around
the open site may have had a strong influence on snow depths and SWE distribution,
as every snow pit on the open plot was at a different distance from the surrounding
forest edges. Thus, it could be assumed that surrounding vegetation held a factor in
represented data. A comparison with the SPA Snowpack Analyzer station revealed that
some physical measurements yielded different snow depths and SWE results than
data acquired from the mentioned station, despite their location in the same forest
opening. The snow isotopes were sampled from each identified layer of the snowpack,
which may have enhanced the correlation between physical and isotopic data. To en-
sure the independence between the physical and isotopic data, samples could be
taken in short regular intervals along the snow profile as done in Evans et al. (2016).

The field measurements are time-consuming and labor-intensive, which makes it chal-
lenging to conduct more frequent measurements, which could give more of an inside
to the physical and isotopic evolution of the snowpack. The continuity and interpreta-
tion of the results are therefore affected by the time interval between the field meas-
urements where different atmospheric conditions could have influenced the snowpack
in distinct ways and with different degrees of relevance for the snowpack.

Furthermore, the precipitation data used in this study originates from a nearby mete-
orological station situated in Modrava, located 5km from the research plot found at an
elevation of 1000m above sea level (about 100m meters below the study site). Despite
the short distance between the Modrava and our study site, the meteorological condi-
tions may differ at the study site due to different elevations and topography features.
Thus, the depicted ROS events and amounts of precipitation may not be in equilibrium
at the study site. To address this issue, other measures and variables, such as re-
search site atmospheric temperatures were used to mitigate the impact of these differ-
ences in the data. This procedure should ensure no snow precipitation was recorded
as a ROS event or vice versa.
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5.2 The spatial and temporal variability in show depth and SWE

The snow physical properties such as snow depth, SWE, grain types, and temperature,
were recorded in snow pits located in the open site and the forested site. The forest
and open plot snow pits demonstrated a significant difference in almost all mentioned
measures. The open site snow pits were reaching snow depths on average 54% higher
than the forest sites. Similar results are commonly observed in other studies where
sites in a forest opening often accumulate up to 40% more snow than the forested site
(Pomeroy et al., 1998; Winkler & Moore, 2006; Jost et al., 2007;). Connaughton
(1933b) further reported that the snow depth difference between forest and open sites
was amplified in a precipitation low year, where during a light snowfall year forest site
accumulated 27,5% less snow than open areas, compared to 4,5% in an average year.
This may indicate that snow interception by the canopy played a major role in snow
accumulation in the 2024 season. Similar results were obtained for SWE, where open
site SWE were on average 36% higher than SWE observed in the forest site. Nearly
the same difference in the same area in the Sumava mountains was described by
Jenicek, Pevna, et al. (2018) where the SWE in forest sites was on average 40% lower
than in the open areas.

Forest plot further showed a linear decline from the first recorded SWE to the complete
melt. While on the open plot, both SPA and physically measured data showed more of
a fluctuating development, with obvious peaks and consistent minimal values, which
did not drop below the initial value (150 mm) until after 16 February. The explanation
is likely a snowpack's ability to temporarily store high amounts of water (up to 70%)
(Juras et al., 2017). Further Juras et al. (2017) found that a ripe snowpack can withhold
substantially more rainwater than a non-ripe snowpack but with higher subsequent
meltwater release. Similar water storage patterns were observed by Wirzer et al.
(2016). The observed SWE fluctuations should therefore be the result of temporary
rainwater residence in the snowpack, followed by another ROS event, increasing the
snowpack SWE again until the tipping point on the 10" of February, when a continuous
decrease of SWE started.

Kattelmann, (1987) then observed that forest snowpacks generated smaller or even
no outflow in reaction to ROS events. This could be a result of forest shading of turbu-
lent heat exchanges (Reba et al., 2009; Hotovy & Jenicek, 2020) as well as canopy
interception, which generally referred to be up to 50% of the precipitation (Carlyle-
Moses & Gash, 2011).
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5.3 Physical snow profiles

During the monitored period, a variety of snow profiles with comparable structures were
observed beneath the forest canopy and in the open area. The shallower snowpack in
the forest plot displayed a smaller amount of physical stratigraphic layers and compar-
atively weaker vertical temperature gradient. Not a lot of studies have focused on the
variability of physical stratigraphic layers between the forest and the open site. Study
conducted by Bouchard et al. (2022) showed contrasting results to our findings. The
authors of this study observed higher temperature gradients and greater stratigraphic
variability under the forest canopy, than in small forest openings in eastern Canada. A
similar conclusion was reached in Teich et al. (2019), who reported an increased het-
erogeneity in stratigraphy on the forest plots affected by MTB outbreak.

Low variability of distinct layers under the forest canopy could be a consequence of a
low snowfall winter, resulting in less snowfall intercepted by the forest canopy as snow
unloading from the branches has been observed as one of the crucial factors increas-
ing forest snow heterogeneity (Teich et al., 2019). During rain-on-snow events, melt-
freeze layers were observed in the open plot snowpack. A similar observation was
made in eastern Canada by Bouchard et al. (2022). These melt-freeze layers, then
probably altered the rain and meltwater percolation in the open snowpacks as seen in
isotope profiles (Fig.15a).

5.4 Snow stable water isotopes

Snow stable water isotope samples from the open plot showed higher variability than
samples taken from the plot under the forest canopy. Samples from the open plot var-
ied between 8" O =-20,37%o; 8°H=154,28%0 and &' 0=-9,79%o; 5°H=-70,09%. In the
forest the values varied between §'® O= -14,67%o; 8°H=-110,86%0 and &' O=-9,24%o;
0?H=-65,33%0. These values are within the range of §'® O and °H measured by Holko
et al. (2013) in northern Slovakia.

Forest snowpack samples were on average -6,3%o higher in 8'® O than open plot sam-
ples and -46,84%o higher in 8°H than on open plot samples. Observations of forest
snowpack being more enriched in heavier isotopes were also made by Koeniger et al.
(2008), von Freyberg et al. (2020), and Claassen & Downey. (1995). Koeniger et al.
(2008) explained the isotopically heavier snow by interception by the forest canopy and
subsequent sublimation associated with isotopic enrichment of the remaining snow. An
alternative explanation could be isotopic enrichment of canopy intercepted rain enter-
ing the snowpack (Beria et al., 2018; Murakami, 2006). Although our results are in
general agreement with Koeniger et al. (2008) and von Freyberg et al. (2020), our
study found an isotopic difference between the snowpack on open site and the forest
site significantly higher than that of von Freyberg et al. (2020) (e.g. 2.3 %o in 8'80 and
13.4 %o in 82H), possibly due to generally higher temperatures in the Sumava mountain
range during our sampling period. In contrast a study done by Pershin et al. (2023) in
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west Siberia found no significant enrichment in heavier isotopes in forest snowpack,
due to unsuitable sublimation conditions. This underlines the spatial and temporal var-
iability of the drivers controlling the isotopic fractionation. Study by von Freyberg et al.
(2020) hypothesized that, as the results of different studies results seem to show a
similar trend, with more experimental data, it might be possible to generalize the iso-
topic enrichment across catchments with similar vegetation and atmospheric condi-
tions might be possible.

5.5 Snow isotopes profiles evolution

The isotopic profiles demonstrated a different developmental on the open plot com-
pared to the forest. The forest snowpack exhibited a more linear process homogeniza-
tion and isotopic enrichment during the melting season. This is likely due to the ab-
sence of melt-freeze layers, which alter the meltwater percolation (Bouchard et al.,
2022), as well as the more stable climate provided by the forest canopy (Hotovy &
Jenicek, 2020). In the open plot, the snow profiles showed high 5'80 and &°H concen-
tration at the base followed by the isotopically lighter layer and then a layering of rela-
tively enriched snow. Similar observations were also made by Evans et al. (2016) and
Zhou et al. (2008). This structure may be a common phenomenon, as precipitation
isotopic values correlate with temperatures (Beria et al., 2018). With the progression
of the season, samples demonstrated lower variation and an increase in isotopic val-
ues (if the last base layer, found on 1 March, is excluded due to its local character).
The Process of decreasing heterogeneity and increasing enrichment in heavier iso-
topes was also observed in Koeniger et al. (2008) or Zhou et al. (2008).

At the open study site, the isotopic stratigraphy demonstrated a notable degree of sta-
bility, even after occurrence of ROS events, fluctuations of SWE, and relatively high
temperatures during the observed ablation periods. Some layers remained intact, while
adjacent layers above melted. This implies the formation of preferential pathways in
the upper snowpack, while in the deeper snowpack melt-freeze, layers may border the
melt front, preventing the additional melt or rainwater from interfering with layers below
(Fig. 15a). These observations are similar to those reported by Evans et al. (2016), in
which authors further propose that initial showpack runoff isotopes, recorded earlier in
the season, often represent the upper layers of the snowpack. This results in the snow-
pack runoff having inverse values of the snowpack's original stratigraphy. Further, Ei-
riksson et al. (2013) explained the phenomenon of rainwater leaving the snowpack
without altering the isotopic composition by lateral flow mechanism. Lateral flow typi-
cally occurs in hillslope snowpacks. Given the relatively flat topography of Ptaci brook
study site, the observed flow paths can be attributed to lateral lensing, a form of pref-
erential flow (Evans et al., 2016). Furthermore, the occurrence of the isotopically light-
est recorded layer on 1 March at the base of the snowpack supports this hypothesis.
The usage of lysimeter data could provide more insight into the isotopic composition
of snowpack runoff.
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6

Conclusion

The thesis provided a comprehensive review of the current scientific literature and re-
search on the physical snow properties related to snowmelt and runoff as well as re-
search methods including the use of stable water isotopes. Additionally, the impacts of
climate change and vegetation change on ROS events were examined. Based on the
field measurements, we observed the evolution of physical and isotopic stratigraphic
layers of snowpack found in the open and forest study plots. Our analysis led us to the
following conclusions:

The first initial hypothesis was confirmed, namely that the SWE is higher on
the open plot as well as that the forest plot snowpack has on average higher
isotopic values of 818 O and 62H. The forest snowpack showed more of a lin-
ear homogenization of isotopic composition.

The SWE on the open plot was, on average, 36 % higher than that observed
in the forest plot, with a similarly lower snow depth (54% higher at the open
plot). Furthermore, the open area snowpack showed higher stratigraphical het-
erogeneity.

The snow stable water isotopes §'80 and 3°H. showed greater variability at
the open site than at the forest site. At the open site, the isotopic values var-
ied between 5'80 =-20,37%o; 5°H=154,28%0 and &'80=-9,79%o; 5°H=-70,09%o
while at the forest site they isotopic values varied between 5'80= -14,67%o;
5?H=-110,86%0 and 5'80=-9,24%o; 5°H=-65,33%o

In the open site snowpack, the presence of isotopically persistent layers was
observed even after the occurrence of rain events and the melting of approxi-
mately half of the initial snowpack. This indicates the occurrence of preferen-
tial flow paths in the snowpack, such as lateral lensing.
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10 Appendices

Appendix 1: Snow profiles on the open site

7/29/24, 9:40 PM 0S_22_1(1).caaml
Location: Open site 22 January Date / Time: 2024-01-22 12:16 +02:00
Observer: Altitude: -- m Air temp.:

Profilenr: Exposition: n/a / Slope: 0° Cloudiness:
Coordinates: -- Wind:

Snow height: 75 cm Avg. density: - Avg. ram resistance:

Hasty Pit: No
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Height [cm]

Location: Open site 1 February

Observer: Altitude: -- m

Profilenr: Exposition: n/a
Coordinates: --

Snow height: 65 cm (SWE: 262 kg/m?) Avg. density: 403 kg/m?®

Hasty Pit: No

Remarks:

Date / Time: 2024-02-01 12:00 +02:00
Air temp.:

Cloudiness:

Wind:

Avg. ram resistance:
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7/29/24, 9:40 PM S0O_16_2.caaml

Location: Open site 16 February Date / Time: 2024-02-16 10:37 +02:00
Observer: Altitude: -- m Air temp.:
Profilenr: Exposition: n/a Cloudiness:
Coordinates: -- Wind:
Snow height: 51 cm (SWE: 202 kg/m?) Avg. density: 396 kg/m?® Avg. ram resistance:
Hasty Pit: No
Remarks:
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7/29/24, 9:40 PM SO_1_3.caaml

Height [cm]

Location: Open site 1 March

Observer: Altitude: -- m

Profilenr: Exposition: n/a
Coordinates: --

Snow height: 40 cm (SWE: 159 kg/m?) Avg. density: 398 kg/m*

Hasty Pit: No

Remarks:

Date / Time: 2024-03-01 13:07 +02:00
Air temp.:
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Wind:
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Appendix 2:

Height [cm)]

Forest snow profiles:

7/29/24, 10:16 PM SL_2.caaml
Location: Forest site 22 January Date / Time: 2024-01-22 12:00 +02:00
Observer: Altitude: - m Air temp.:
Profilenr: Exposition: n/a Cloudiness:
Coordinates: -- Wind:
Snow height: 38 cm (SWE: 114 kg/m?*) Avg. density: 300 kg/m? Avg. ram resistance:
Hasty Pit: No
Remarks:
® Rounded grains (RG) O Faceted crystals (FC)
Hand hardness index o F E R p
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7/29/24, 10:19 PM

Height [cm]

niViz: Interactive Snow Profiles Visualizer

Location: Fores site 1 February
Observer:

Snow height: 31 cm (SWE: 90 kg/m?)

Altitude: -- m
Exposition:
Coordinates: --

Avg. density: 290 kg/m®

Date / Time: 2024-02-01 12:10 +02:00
Air temp.:

Cloudiness:

Wind:

Avg. ram resistance:

® Rounded grains (RG) © Melf forms (MF)
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7/29/24,10:19 PM

Height [cm]

niViz: Interactive Snow Profiles Visualizer

Location: Forest site 16 February

Observer: Altitude: -- m
Exposition:
Coordinates: --

Snow height: 15 cm Avg. density: --

Date / Time: 2024-02-16 12:13 +02:00
Air temp.:
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Wind:

Avg. ram resistance:
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