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Abstract 

This thesis focuses on methods of investigation rain on snow events and validation 

of water behavior in snow at three locations in the Czech Republic. Experiments 

were carried out in winter 2019 where rain simulator was used to get a vision what 

kind of flow paths can rain on snow event caused in snowpack. Three approaches of 

analyses have been created in this work to analyze water behavior in snow from 

photos taken during experiments. The first “Localization analysis” classifies data 

from photos and provides a fundamental view on water regimes induced after 

experiments in coordinate system. Next analysis determines photos reliability by 

created indexes where comparison of heights of all photos, distortion and lysimeter 

desk determination have been composed together to point out on weak points in the 

photographing technique and to suggest new methods of conducting rain on snow 

experiments. The third analysis uses R interface and tests new developed package 

“bluesnow” as a tool for visualizing snow after dye tracer experiments. Approaches 

of bluesnow and localization analyses have been put together to validate water flow 

paths in snow with combination of altered snow properties after experiments at each 

experimental site. At Luisino Údolí site horizontal formation of flow patterns was 

recorded with heterogeneous properties of snow. Luisino Údolí was typical with 

preferential flow paths and lateral flow regime. Kubova Huť 1 site was evaluated 

with heterogenous properties of snow as well as Luisino Údolí, with prevailing of 

flow patterns in horizontal direction mainly with lateral flow. The third Kubova Huť 2 

site was studied during spring and more homogenous properties were recorded. 

Uniform character of snowpack could not retain water and prevailing of vertical flow 

caused release of water with matrix flow regime. New suggested methods of rain on 

snow investigations implements newly designed tipping buckets which are evaluated 

in this thesis as well.  

Keywords: Rain-on-snow, experiments, rainfall simulator 

Abstrakt  

Tato práce se zabývá metodami a vyhodnocením dešťových experimentů 

s dopadem na pohyb vody ve sněhové pokrývce ve třech lokalitách v České 

republice. Experimenty probíhaly v zimě roku 2019, kde se využíval simulátor deště, 

který poskytl pohled na rozliv vody po dešti. V této práci jsou vytvořeny tři přístupy 

analýzy fotek po experimentech. První přístup klasifikuje data a poskytuje 

fundamentální pohled na utvoření režimu proudění ve sněhu v koordinačním 



 

 

systému. Další typ analýzy porovnával spolehlivost fotek, na základě indexů, kde 

probíhalo porovnání zkreslení, variace výšky sněhu v profilu a lokalizace lysimetru. 

Zjištěné nedostatky daly za základ vzniku nové metodě probíhání experimentů. Třetí 

pohled analýzy byl proveden v prostředí R, který testoval nový balík „Bluesnow“, 

vyvinut pro analýzu fotek po experimentech. Přístupy lokalizace a bluesnow byly 

použity pro vyhodnocení chování vody ve sněhové pokrývce, na každé lokalitě 

v kombinaci se studiem stavu sněhu před a po vykonání experimentů. Lokalita 

Luisino Údolí, byla typická s dominancí horizontální formací pohybu vody po 

experimentech, které se vyznačovalo laterálním režimem s preferenčními cestami, 

díky heterogenním vlastnostem sněhu. Lokalita Kubova Huť 1, měla také 

heterogenní charakter typický se změnami vlastností sněhu ve stádiu před 

experimenty a po experimentech. Tyto změny vlastností daly vzniknout převážně 

horizontální orientaci pohybu vody s již zmíněnými preferenčními cesty a laterálním 

prouděním. Třetí lokalita Kubova Huť 2, měřena v jarních podmínkách, vykazovala 

homogenní vlastnosti sněhu ve všech ohledech. Dominantní byl na rozdíl od všech 

experimentů, vertikální vliv tvoření pohybu vody ve sněhu, kde pohyb vody určovala 

gravitace po zaplnění veškerých pórů částic tvořící pokrývku. Tyto faktory vedou 

k nízké schopnosti akumulace vody. Nově navržená metodika rovněž počítá 

s implementací nového designu měrného překlopného systému, který byl v této 

práci navržen ve třech fází kalibrace.   

Klíčová slova: Déšť na sníh, experiment, simulátor deště 
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1 Introduction 

Water behavior in snow is being investigated from many points of view (Würzer et al., 

2017) to predict its abilities and examine its positive impacts and beneficial functions 

as well as negative ones, such as the potential to cause floods, landslides or 

avalanches. Snow with its properties is one of the main elements of water 

conservation in the mild climate. It influences water distribution and contributes to 

water supplies for the summer season where drier summer caused by climate change 

affects water capacities. Water distribution in the central Europe is dependent on the 

rain fall events that are being influenced by the climate change (Jacob et al., 2014). 

Different principles of rainfall distribution are recorded and being examined from many 

sides to predict hydrological impacts. SINGH ET AL. (1997) stated that rain on snow 

(ROS) events have larger potential to cause floods than the regular spring snowmelt. 

Presence of liquid water impacts the mechanical strength of the snow cover and can 

increase risks related to triggering avalanches, faster melting and slush flow. 

However, ROS events tend to occur more often than the snowfall during the winter 

season, influencing the snow cover stability as well as hydrological behavior for the 

other seasons (Pan et al., 2018). The middle Europe’s dependency on precipitation 

is crucial and ROS events research could help understand water distribution for drier 

seasons to prevent the lack of water. Snow knowledge is therefore impactful for water 

scarcity prevention and has not yet been fully explored. 

In this thesis rain on snow effects are studied to describe water flow induced by the 

ROS events. ROS events were simulated on experimental sites during winter 2019. 

Snow properties in all experimental sites were compared in pre and post experimental 

conditions to specify the changes being driven by the ROS event and water movement 

in snow was validated. However, main goal of this thesis is to examine the methods 

of sprinkling experiments to provide more reliable data which are used for hydrological 

model predictions. The potential to increase the input data precision is expected to 

enhance further modeling of water behavior in snow as well as improve the 

hydrological understanding. Improvement of experimental ROS simulation methods 

should lead to other potential ways of advancement in this field of study to provide 

better and more cohesive methods for rain on snow research.  
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2 Goals 

The main goal is to evaluate data from the sprinkling experiments on snow performed 

during winter 2019 and to propose new methods improving precision of data for further 

modeling. This is categorized as follows: 

• Analysis of the changes of snow properties affected by rain 

• Analysis of flow paths in snow 

• Validation of water regimes in snow 

• Definition of photo uncertainties  

• Enhancement of methods of snow experiments  

• Designment of tailored made tipping buckets for snowpack runoff  

This thesis should cover all the categories for the further examination of ROS 

experiments to provide understanding of water behavior in snow.  
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3 Literature review 

3.1 Snowstorm  

According to NATIONAL SNOW AND ICE DATA CENTER (2019), snowstorm can 

occur under specific conditions in the atmosphere where each storm can produce a 

different type of snowfall and snow does not fall everywhere equally. Even during the 

same storm, contribution of snow is not the same as in other neighborhoods where 

depth of snow varies. This unequal distribution of snow is caused primarily by wind 

during the snowfall event and by melting afterwards. Snow on ground is then defined 

as a snowpack where other properties of snow are examined. 

3.2 Snowpack 

Snowpack is made of individual snowfall events which produce a stratified deposit, 

where each layer has its own properties that affect the liquid water movement in the 

snow afterwards. Layers are distinct in texture and hydraulic properties, which means 

that a snowpack can store various volumes of liquid water (Singh et al., 1997). 

Snowpack is a complex penetrable medium with properties being changed in time by 

the influence of climate conditions, such as pressure, temperature, wind, and 

precipitation during a period of the year (De Michele et al., 2013). 

Within a snowpack, transfer of heat is caused by number of different processes. 

Predominantly, conduction through the structure of snowpack by interconnected snow 

crystals, but also by pressure pumping, conduction through the interstitial air space, 

and vapor transport driven by temperature gradients. The low thermal conductivity of 

air makes snow an excellent insulator for  the underlying soil, where temperature is 

usually 0°C or close to 0°C (Burns et al., 2014). This is possible because the soil is 

generally not frozen when the first snow covers the ground. Wintertime snowpack also 

plays its own role, providing a cover for hibernating animals and vegetation (Seibert 

et al., 2014). During the snowmelt period, which is ordinary in spring, most snowmelt 

water infiltrates into the soil. A perceptible redistribution of the infiltrated water is 

observed. Water transfers into soil moisture, recharges groundwater storage, 

contributes to evapotranspiration or produces streamflow (Webb et al., 2018). The 

depth of accumulated snow usually increases with increasing elevation and the 

accompanying increase in the numbers of snowfall deposition events and decrease 

in melt and evaporation. This happens when vegetation, relief, wind and other factors 

are omitted (Pomeroy and Gray, 1995). It is related to the snow elevation line which 
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represents snow season occurrence (the snow cover due to elevation as a boundary 

between accumulation and ablation zone of snow) (Kormos et al., 2014). However, 

this distribution is not permanent and shifting of this line due to the climate change 

has been reported (Hammond et al., 2018). 

3.2.1 Metamorphism 

Whenever snow layers reach 0 °C, additional energy flux to the snow surface imparts 

to rising water content. Snowmelt will continue to occur whenever the cold content of 

the snowpack exceeds 0 °C or until the snow has fully melted (Pan et al., 2018). 

In dry snowpack grains are rounded when temperature is just below melting point due 

to vapor sublimation on the surface. Molecules of water in vapor settle on empty sites 

of grains. Small temperature gradient generates slow growth rates of grains that lead 

to coupling of grain particles that are bonded and create stable snow. Large 

temperature gradient is associated with large growth and rounded particles reform the 

shape and recrystallize in faceted forms because vapor transfer is faster than 

snowpack with the smaller temperature gradient. When large temperature gradient 

comes, grains grow into faceted forms and bonds are weakened among particles. 

Metamorphism within wet snow significantly depends on liquid water content (LWC). 

Low water content around 0 – 3% causes grain clusters that are characterized by 

strong bonds because of a surface energy is lowered from the liquid to the solid form. 

Because cluster grain has weak bonds, snowpack is becoming less stable. No 

temperature gradient is found in the wet snowpack along the profile, but it can be 

found among particles. Smaller grains are typical with lower temperature which 

causes heat flow between larger and smaller grains. The process of the heat flow 

through the snowpack is responsible for balancing temperatures between different 

grain sizes and causes melting of smaller grains that are consumed by bigger grains. 

With large LWC close to 15%, particle bonds significantly decrease and stable 

snowpack turns into slush (Colbeck, 1986). 

The melting phase period depends on the energy equation (1) that can be expressed 

with three forms by DINGMAN (2015). 

Warming phase: The absorbed energy raises the average snowpack temperature to 

isothermal at 0 ℃. 



6 

 

Ripening phase: The absorbed energy causes the melting of snow, but the meltwater 

is retained in the pores by surface tension forces. At the end of this phase, retained 

water maximum can be seen in the snowpack and the snowpack is “ripe”. 

Output phase: Water output occurs, which then appears as runoff, infiltration or 

evaporation.  

Ripening is a process where snowpack reaches a state where it yields meltwater, 

including heating snow to 0°C. When the snow is ripe and air temperature is higher 

than 0°C, snowmelt occurs, otherwise positive energy first brings down snow to the 

freezing point (Singh et al., 2011). 

3.2.2 Energy balance  

Energy balance equation is one of the determining approaches of the snowmelt. In 

fact, snowmelt is the last phase of the metamorphism process.   

The snowmelt depends on the amount of energy provided to the snowpack for 

melting. The energy balance describes the fundamental approach for understanding 

all the fluxes between atmosphere, soil and snow and puts them in relation together 

(Seibert et al., 2014). In other words, the snow energy balance indicates the amount 

of energy needed to contribute towards melting (Mazurkiewicz et al., 2008). It is 

described by DEWALLE AND RANGO (2008) as  

 𝑄𝑖 = 𝑄𝑛𝑠 + 𝑄𝑛𝑙 + 𝑄ℎ + 𝑄𝑒 + 𝑄𝑟 + 𝑄𝑔 + 𝑄𝑚 (1) 

where:  

• 𝑄𝑖 =  Internal sensible and latent heat storage change in snowpack. (±)  

• 𝑄𝑛𝑠 =  Net shortwave radiant energy exchange (≥0) 

• 𝑄𝑛𝑙 =  Net longwave radiant energy exchange (±) 

• 𝑄ℎ =  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 due to meltwater creating the runoff from the 

snowpack (≤0) 
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All these exchange energy expressions are understood as energy fluxes density 

expressed as energy exchange per unit surface area per unit time [W m−2] (Seibert et 

al., 2014). 

3.3 Snowpack properties 

Properties of snowpack being constantly changed have strong influence on storage 

and release capacities of the snowpack (Kinar and Pomeroy, 2015). 

Snowpack properties (grain properties, ice layers or capillary barriers) are influencing 

ingredients of liquid water propagation through the snow. Liquid water in the 

snowpack is usually used as the key factor of further predictions for snow melting and 

avalanche release. Wet snow tends to appear when liquid water arrives at the snow 

base (Katsushima et al., 2013). To quantify water stored in a snowpack, bulk density 

combined with snow depth is used. In snowpack, the bulk density is defined by 

strongly non-linear behavior due to the occurrence of both dry and wet conditions of 

the snow (De Michele et al., 2013). Snowpack properties influence the liquid water 

storage and release.  

3.3.1 Grain size and shape 

Snow texture, grain shape and size are important parameters where all components 

influencing water movement in snowpack (Techel et al., 2008).  

Grain size of the snow influences the permeability depending on the pore size 

parameter. The grain (particle) size parameter is constantly shaped or influenced by 

metamorphism driven by temperature, LWC, ROS, wind, topography and settling of 

the snowpack. Grain size parameter at the wet snow stadium is described as (grain 

clusters, melt-freeze particles, slush (Figure 1)) and for dry snow as (faceted or 

rounded (Figure 1)). Particle growth rate decreases for dry snow when snow density 

increases. However, the particle growth rate increases with a temperature gradient, 

which is an element composed of air and ground temperature (Colbeck, 1986). 
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Figure 1: Examples of grain types. A) Slush, B) Melt freeze crust, C) Plates, D) Faceted rounded 
particles. Adapted from FIERZ ET AL. (2009) 

Due to natural disruptive forces and conditions named before influencing the grain 

size and shape, an international classification was created. (Fierz et al., 2009) 

Table 1: Main morphological grain shape classes, adapted from FIERZ ET AL. (2009) 

 

3.3.2 Snow Water Equivalent (SWE) 

The snow water equivalent (SWE) is defined as the water stored in snow that can 

potentially contribute to the runoff, if the mass of snow melted completely (Fierz et al., 

2009). In other words, SWE is the depth of the water in the snowpack that needs to 

be melted instantaneously (Perez et al., 2017). 

Relation of SWE and the bulk density is as follows: 

 𝑆𝑊𝐸 =  ℎ𝑠

𝜌𝑏

𝜌𝑤
 (2) 
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where: 

Snow depth [ℎ], 𝜌𝑏 bulk snow density and 𝜌𝑤 is density of water. The SWE equation 

is then a nonlinear function of ℎ𝑠 (Sturm et al., 2010).  

3.3.3 Liquid water content (LWC) 

LWC in snow originates from melt, rain or combination of both. LWC of the snowpack 

describes the wetness of the snow expressed as the liquid water accumulated in the 

snow pores. The snow wetness can be an indicator of melting and snow stability. An 

increase of the liquid water content in the snowpack can lead to beginning of 

snowpack runoff in a catchment. The higher is the wetness found in snow, the more 

important of a factor faster melting is. In combination with ROS and temperatures 

above the freezing point, LWC plays an important role in predictions of floods and 

other related events (Perez et al., 2017). Measurements of LWC are described as 

either a volume or mass fraction. Liquid water moves if residual water content is 

exceeded. It is the water that can be held by surface forces against the capillarity. 

Depending on the type of snow, residual water content corresponds commonly to a 

volume fraction of about 3 – 6 % (Fierz et al., 2009). 

LWC is calculated as follows. 

 𝜃𝑣 =  𝜃𝑚 ∗  
𝜌𝑠

𝜌𝑤
 (3) 

where:  

• 𝜃𝑣 = volumetric liquid-water content in m3 of liquid water per m3 of snow. 

• 𝜃𝑚 = LWC based on mass, kg of liquid water per kg of snow. 

• 𝜌𝑠 = snowpack bulk density, kg m-3. 

• 𝜌𝑤 = liquid-water density = 103 kg m-3. 

Wetness categories are determined by FIERZ ET AL. (2009)  
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Table 2: LWC classification, adapted from FIERZ ET AL. (2009) 

 

3.4 Liquid water propagation through the snowpack 

3.4.1 Rain on snow (ROS) 

Rain on snow (ROS) events can accelerate snowmelt and have the potential to 

generate floods. They are also a very important factor for water movement in the 

snow. ROS as a crucial point of the flooding potential has been reported for many 

catchments during the high water level events in the US, Europe, and around the 

globe in the past (Würzer et al., 2017). 

ROS events from the past have shown that the snowpack under ROS conditions can 

either release runoff directly or delay it considerably. The delay is described as the 

result of refreezing of liquid water and water transport which is influenced by snow 

structure (grain properties, ice layers or capillary barriers) (Würzer et al., 2017).  

ROS in open areas has higher potential to cause runoff than in forested fields. It has 

been found that snowmelt in forested areas during ROS events was much lower than 

in open areas. Absence of vegetation is therefore very important for further predictions 
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of the ROS events impacts the snowpack stability as well as other known components 

like slope temperature etc. (Mazurkiewicz et al., 2008). 

Raising temperature due to the climate change has the potential to increase the 

frequency of ROS, especially in high elevation areas (Würzer et al., 2017). Higher 

temperatures have impact on the presence of snow during the season and liquid form 

of precipitation is observed in winter. This climate impact results at the precipitation 

distribution. Recent studies have revealed that liquid precipitation will occur more 

often during winter. The changes in precipitation distribution depend on the location. 

In Northern Europe, higher intensities of rain are predicted, whereas the South is 

predicted to have fewer precipitation events (Jacob et al., 2014). However, the 

distribution of ROS events and their response to climatic changes are uncertain and 

not properly studied (Pan et al., 2018). 

3.4.2 Water movement in snowpack 

Hydrological predictions of water movement are interpreted by mathematical models 

that have been widely used (Hirashima et al., 2014). Models vary in a need of the 

hydrological impact as well as in use for other predictions. For instance, SNOWPACK 

is a physical one-dimensional model to provide avalanche warning predictions. Model 

calculates partial differential equations governing the mass, energy and momentum 

conservation within the snowpack. Input data to SNOWPACK are obtained from fully 

automated weather stations (Bartelt and Lehning, 2002). SNOWPACK requires air 

temperature, relative humidity and the wind speed as an input parameter. Valid results 

can be modeled when accurate input parameters are measured (Lehning et al., 2002). 

Many studies have implemented SNOWPACK model to their research (Wever et al., 

2016), (Avanzi et al., 2016) as well as (Hirashima et al., 2010). Other models for the 

purpose of this work are omitted.  

Models have rarely been validated for natural snowpacks and their accuracy and 

impact in liquid water processes remain unknown yet not highly studied (Hirashima et 

al., 2019). The accuracy of models is the crucial element of modeling and the input 

data play an important role. Experiments WÜRZER ET AL. (2017), KATSUSHIMA ET 

Al. (2013) better help to understand the water storage and release in the snowpack 

but more experiments are needed to provide reliable data for models. 

For understanding liquid water movement in snow, various field studies have been 

conducted by spreading water-soluble dye on the snow surface and studying the end 
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conditions by excavating pits in the snow after rain and creating the snow profile 

analysis. Experiments have shown that irregularity in infiltration during ROS occurs 

with high variations. As mentioned before, presence of liquid water in snow weakens 

the bond among grains and alters the snow texture. This results in lower mechanical 

strength of the snowpack (Singh et al., 1997). The dye tracer experiments have 

demonstrated water regimes in the snowpack as well as existence of PF (preferential 

flow paths) paths in snow (Waldner et al., 2004).  

Flow regimes 

Even though more regimes might be determined in literature, most referred regimes 

are described in this work.  

Matrix flow (MF) 

Matrix flow (MF) is an even liquid water movement reaching very slow velocities and 

solutes through the medium while occupying most of the pore spaces in snowpack 

(Figure 2). Snowpack with MF has more uniform and homogeneous texture than the 

snowpack where another flow regime is observed (Avanzi et al., 2016). MF tends to 

dominate in ripe, isothermal snow. Unlike PF, MF does not concentrate runoff quickly 

with intense peaks. (Hirashima et al., 2019). 

 

Figure 2: MF regime, adapted online from CORNELL UNIVERSITY DEPARTMENT OF BIOLOGICAL & 
ENVIRONMENTAL ENGINEERING (2020) 

Preferential flow (PF) 

PF occurs when small variations in seemingly homogenous snow lead to small 

dissimilarity in hydraulic conductivity. In vertical flow profile, water penetrates through 
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the snow deeper and faster resulting in isothermal conditions at greater depth than 

during homogenous wetting (Figure 3). The infiltration velocity ranges from 0.01 to 

0.1 m s-1 (Techel et al., 2008). The snowpack runoff and speed of the PF is defined 

by distribution and size of preferential flow paths, which are dependent on the snow 

structure. (Würzer et al., 2017). 

Four general types of PF have been classified: burrow flow, crack flow, finger flow 

(FF) and Lateral flow (LF) (Wang et al., 2018). LF and FF are the selected flow 

regimes described for the purpose of this thesis. 

 

Figure 3: PF regime, adapted online from CORNELL UNIVERSITY DEPARTMENT OF BIOLOGICAL & 
ENVIRONMENTAL ENGINEERING (2020) 

Finger flow (FF) 

PF refers to the heterogeneity of the porous media where FF is a type of PF vertically 

driven by the gravity develop owing to the infiltration of snow meltwater or rain into a 

dry snow (Katsushima et al., 2020). When FF develops, the water breaks into the 

porous media through fingers rather than uniformly through the entire layer (Wang et 

al., 2018). 

Lateral flow (LF) 

LF works on the base of capillary barriers impeding vertical water flux to form. It occurs 

at the layer interface between two types of different snow when pressure differences 

exist. Once pressure equilibrium across the borderline is established, water flow may 

pass this barrier and (most likely) preferential flow is formed (Techel et al., 2008).  
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Transformation of the flow regimes 

COLBECK (1973) claimed that the flow paths are persistent because liquid water can 

accelerate grain growth and the unsaturated hydraulic conductivity is locally increased 

within PF paths. On the other hand, WALDNER ET AL. (2004) stated that COLBECK 

(1973) did not consider refreezing, which predominantly occurs in dry snow when 

temperature is close to the freezing point. Due to the accelerated grain growth and 

the reduction of small pore sizes, the presence of liquid water increases the probability 

of the matrix flow regime occurrence. The remaining pore spaces in combination with 

the transfer of water from the preferential paths into the surrounding matrix cause a 

gradual translocation of the preferential paths. PF regime is likely to be persistent and 

tends to be used for further melting. However, PF is also influenced by freezing 

processes that might lead to MF, lesser pore spaces and reduced permeability among 

subsequent melt phases leading to favorable conditions for new preferential paths at 

different locations in the snowpack (Waldner et al., 2004). 

Preferential flow paths form when the pressure in the MF exceeds the water entry 

(ROS, condensation, melt) pressure of the layer below (Wever et al., 2016) 

Layering is formed as a microstructural transition inside the snowpack. The small 

vertical extend of layers can impact processes in the snowpack significantly on the 

large scale. Layers can reduce the storage capacity of the snowpack in deeper parts 

of the snow along the profile and water can refreeze, form or flow along the layer. This 

movement of water can be addressed to the LF, where percolation through the 

snowpack is more typical for PF regime. Layers tend to be formed in both regimes 

(Wever et al., 2016). 

3.5 Catchment reaction to ROS events 

The potential to generate floods during ROS depends not only on the magnitude of 

rainfall but also on the areal extent of the earlier snow cover with its properties and 

the spatial - temporal interaction between these snowpack properties and 

meteorological aspects (Würzer and Jonas, 2018). Due to findings of WÜRZER 

AND JONAS (2018) study, factors like large snow ‐ covered fraction, spatially 

homogeneous snowpack properties, prolonged rainfall events, and a strong rise in 

air temperature produce a higher probability of snowpack runoff occurring 

synchronously within the catchment, which in turn favors higher overall runoff rates. 
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In spring and autumn tendency of floods generated by ROS is likely to rise due to 

the snowpack’s homogeneous conditions on a local scale.  

ROS events can result in different scales variously. Based on the WÜRZER ET AL., 

(2016) study conducted on the point scale, correlation between high initial LWC 

values and runoff excess for point scale can vary in comparison with the catchment 

scale. This means that locations at the point scale may not necessarily transfer into 

catchment level findings. In this example, spatially heterogeneous snowpack 

properties add additional complexity to the problem and may dilute, or even reverse 

effects that hold true for individual locations due to partial snow cover and 

asynchronous timing of runoff from different parts of a catchment (Würzer and 

Jonas, 2018).  

3.5.1 Future scenarios of the watershed reactions on the ROS events  

On the large scale, ROS events can cause different patterns in the hydrological 

distribution due to the climate change. As the seasonality changes, magnitude and 

frequency of ROS floods in the future can vary. This has been studied by SEZEN ET 

AL. (2020). In their research the CemaNeige GR6J lumped conceptual model was 

applied for the simulation of ROS floods in combination with the results of five 

GCM/RCM models for the RCP4.5 climate scenario. For catchments located at 

higher elevations with mountain climate characteristics, the strength of seasonality 

of ROS events could decrease in the future. This means that ROS floods may occur 

more frequently in the periods of the year. A shift in the time of occurrence of ROS 

floods could be expected as well as more ROS floods can be witnessed in the 

future. Moreover, the magnitudes of the most severe ROS floods could increase. 

3.6 Dye tracer experiments  

Water movement in the snowpack, and especially preferential flow of liquid water 

through snow can have a distinct impact on timing and amount of snowpack runoff 

(Würzer and Jonas, 2018). These aspects have been examined using dye tracers 

many times, where brilliant blue dye is sprinkled on snow and excavation is done to 

observe water movement formation in the snowpack (Schneebeli, 1995; Würzer et 

al., 2017). From these experiments it can be concluded that penetration during an 

infiltration event in snow is the prevalent pattern in melting snow covers (Schneebeli, 

1995). Through the application of a brilliant blue dye to the surface of a snowpack 

and later snow pit excavation as conducted in STÄHLI ET AL., (2004) study, dye 
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tracers allow visualization of flow paths and formation of structurally different layers 

(Waldner et al., 2004; Williams et al., 2010). Many approaches have been examined 

to visualize the water movement in the snowpack after sprinkling experiments and 

the subsequent visualization of images after dye application leads to conclusions of 

understanding the nature of water flow in the snowpack (Schneebeli, 1995). An 

innovative approach of visualizing the water behavior in snowpack after sprinkling 

experiments was conducted by WILLIAMS ET AL., (2010). In their study a snow 

guillotine was used. This instrument consists of a metal and PVC framework with a 

blade that slices uniform cross-sections (about 1 m ð 1 m) at 1 cm intervals. Digital 

images are taken of each cross-section after the blade has removed a uniform 

section from the snowpack. Application of image processing techniques allows 

collection of three-dimensional (3D) data on dye presence that provides information 

on meltwater flow through a snowpack. 

3.7 Snow monitoring techniques  

In general, two approaches exist, ground and distance techniques. To measure the 

snow on ground, many manual techniques are available, such as a widely used snow 

probe for determining the depth of the snow. During the snowfall event, weather 

stations are used to get information of the falling fresh snow, which are usually 

equipped with a snow stake that can be read by an observer without entering the 

surrounding area of the station and not affecting the snowpack. (Doesken and Judson, 

1997). On the other hand, distance techniques are techniques that measure snow 

usually from the orbit, but can also measure from different, farther locations. 

Depending on what data we need to obtain, we choose the measuring technique. In 

this chapter some important techniques will be mentioned and many of them will be 

omitted for the purpose of the thesis.  

3.7.1 Ground base measurements  

Permanent monitoring 

Snow pillow 

Snow pillows are envelopes of stainless steel usually shaped as and rectangle or a 

square, containing an antifreeze solution. The principle of the snow pillow is that the 

loaded snow is sensed either by a pressure transducer or by the fluid level in a 

standpipe. These apparatuses transform the weight of the snow to an electrical 
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reading of the SWE. The precipitation gauge measures all precipitations events in any 

form, while temperature is obtained by the sensor (DeWalle and Rango, 2008). 

Network monitoring  

In the Czech Republic, Czech Hydrometeorological Institute (CHMI) maintains and 

collects data from the network of the automatic snow pillow stations. Stations are 

equipped by the snow pillow and are able to measure snow depth (Figure 4) and SWE 

(Figure 5) (both examples are from the same station). Sites are technically 

constructed with laser and ultrasonic sensors. Data are stored on-line 

<http://portal.chmi.cz/files/portal/docs/poboc/PR/grafy/snih-lnk.html> and uploaded 

on the webpage of the institute (CHMI©, 2017) 

 

Figure 4: Snow depth collected from the CHMI snow pillow network station. Derived from CHMI© (2020) 

 

Figure 5: Calculated SWE from the snow pillow network station. Taken from CHMI© (2020) 

In the United States, SNOTEL is used to collect snowpack and climate data in remote 

regions, predominantly in the western parts of USA (Burns et al., 2014). Data from 

the SNOTEL are collected and relayed using the meteor burst communications 

technology to National Weather and Climate center in Portland, where data are 

stored. SNOTEL sites are equipped with a pressure-sensing snow pillow, a sonic 

depth sensor, an air-temperature sensor and storage precipitation gauge. The 

http://portal.chmi.cz/files/portal/docs/poboc/PR/grafy/snih-lnk.html
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SNOTEL can hold additional sensors that could be used for other environmental 

problems (DeWalle and Rango, 2008). 

3.7.2 Remote sensing/scanning of the snowpack  

Visual satellite images 

Images of the planet Earth are continuously transmitted from the satellites that collect 

data from the terrain of the surface. Because snow is an excellent reflector of sunlight 

in the absence of clouds, images enable us to see snow covered areas. This 

technology is problematic in many aspects of measuring specific properties of snow. 

Forested regions and mainly coniferous forests complicate this method to obtain 

ground floor data with snow on it (Doesken and Judson, 1997). 

Gamma radiation  

The use of gamma radiation to measure SWE is based on the natural terrestrial 

radiation by the mass of water in the overlying snow. The radiation is emitted from (K, 

U, Th) elements. The intensity of radiation is recorded using a gamma radiation 

spectrometer, which is installed on an airplane (DeWalle and Rango, 2008). The 

greater the SWE the less the emission of radiation into the atmosphere. This 

technology has been used to estimate potential flood risk from the snowmelt in the 

northern parts of the US (Doesken and Judson, 1997).  

Visible and near infrared imagery  

In this way a multispectral scanner subsystem on satellite is used for mapping the 

snow areas. Snow extent mapping used to be performed manually using 

photointerpretive devices. More recently, digital mapping of the snow cover has been 

the preferred way using the red band at 0.63–0.69 μm. This method is problematic 

because of the poor observational frequency (DeWalle and Rango, 2008).  

Mapping data of the snow on surface can be obtained from satellites (Landsat, Terra 

and others) with sensors like MODIS, or AMSR. The geospatial information of terrain 

and snow cover can provide space for investigating the ROS patterns and underlying 

physiography driven by the climate change. For instance, frequency and distribution 

of ROS events by remote sensing was examined by PAN ET AL. (2018).  
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4 Methods 

4.1 ROS experiments description 

Experimental sites descriptions 

ROS experiments took place in the Czech Republic with data from the 2019 season. 

There were 4 established experimental sites in 2018 but only 3 sites were loaded 

enough of snow to be able to conduct sprinkling experiments on. The experiments 

were carrying out in 2019 winter season at three sites. The involved sites of 

experiments were Luisino Údolí and two more sites close to each other in Kubova Huť 

village (Figure 6). Horní Němčice site was not involved in the experiments though. 

Luisino Údolí was examined on 2nd of January, first of Kubova Huť site 14th – 15th 

January and the second experimental site of Kubova Huť lately on 15th – 16th March. 

All sites where experiments were carried out have been abbreviated in this work as 

follows: Luisino Údolí – LU, Kubova Huť (January) – KH1 and Kubova Huť (March) – 

KH2.  

For investigation, sites are variously equipped. For example, LU was with 

meteorological station to measure snowfalls and temperature in soil and in the air in 

two meters above the surface. All the sites of experiments have a lysimeter board 

installed where water infiltration to the soil is prevented and information of snowmelt 

recorded. Hence, flow is drained by channel and from the known area of the lysimeter 

desk a discharge is gauged by the tipping bucket at the end of the system.  
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Figure 6: Locations of the experimental sites 

At the experimental sites a ROS event simulator was used (explained later) where 

stations had been prepared before the winter season. When a station got prepared a 

precision localization method was used to determine spatial distribution of all the 

objects on site. This method consists of marking every object of the station into layout 

(Figure 7) that is used in the winter season for the placement of the ROS simulator. It 

is essential the simulator is placed right above the lysimeter desk as well as operating 

on site without affecting the snow. Only undisturbed snow can provide solid data of 

the water behavior in the snowpack.  
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Figure 7: An example of the localization method used at the Horní Němčice site. 

ROS simulations 

ROS simulation data were obtained by the ROS experimental team and processing 

them has been done in this thesis without author’s presence on the experiments in 

terrain.  

The experiments consist of simulating the rainfall-runoff mechanisms where physical 

processes are investigated. For the snowpack examination purposes, a ROS event 
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simulator was used to imitate rainfall. Similar device yet refined as in WÜRZER ET 

AL. (2017) was applied to the experiments. Adjustable variations of intensities of 

rainfalls lasting certain time are generated by this device. Simulator’s construction has 

a solid frame with nozzles hang up on the ceiling. Via nozzles a rain is simulated and 

then infiltrated into the snowpack below. Water going through the snow cover 

continues via the desk of the lysimeter to the channel. Water is seized and outflowing 

to the tipping bucket that collects data of water released from the snowpack. The 

tipping bucket is connected to the logger that can count automatically every minute 

operated. During the simulations, temperature of snow, water and air are measured.  

After simulation process 

Snow affected by the simulated rain is examined by excavating pits in snow. This 

provides information how much water has been accumulated, water regimes in the 

snowpack or release. Usually 5 slices were cut out of the snowpack after simulations 

where each slice showed water accumulation or water fluid paths. However, it is 

necessary to point out that the profile analysis was not done in this segment nor for 

each slice of the snowpack. Procedure of the profile analysis was conducted always 

twice for each site (before and after experiments).  

4.2 Pre and post experimental properties investigation 

Altered properties of snow are detailly investigated for the purpose of the water 

regime determination through the snowpack. Data of changed properties can help to 

understand the water storage of the snow or can point out to the estimations of 

water release. To model properties of the snowpack, snow profiles are visualized 

before and after the ROS experiments. Properties under investigation are 

• Temperature 

• Stratigraphy / structure 

• LWC / Denoth density 

• Density  

Because ROS simulations are man - made simulations. Surrounding environment of 

the examined snowpack and experimental site is affected and properties of the snow 

could be as well. It is necessary to take this factor into account. Energy exchange 

fluxes were minimized or influenced by the ROS experiments with an impact to the 

energy balance equation. Energy fluxes were minimized such as turbulent heat 
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exchange due to the tarpaulin cover of the simulator, ground heat flux due to the 

lysimeter board and shortwave radiation was reduced by the tent walls. The simulation 

process also provided energy to the snowpack by different temperature of the dye 

tracer.  

To proceed to the properties investigation the profile analysis had to be done on site 

first as the main source of information for this purpose.  

4.2.1 Snow profile analysis 

The snow profile analysis is suitable method to obtain data for the snowpack 

modeling, especially the modeling water movement in snow. The most widespread 

way that is used for snow profile analysis is when a pit is dug in the snow and then 

every layer is observed. After the pit has been dug and flattened the data are collected 

from the top to the ground. The profile is measured by a ruler or measuring scales 

and the area of the profile is established. Layers are observed and recorded in the 

profile. Temperature data are measured every 5 - 10 cm (density measurement 

depends on what situation is modeled) to obtain a temperature gradient along the 

profile. This procedure continues with grain size analysis where we take samples from 

every specific layer or we collect grain size in specific interval usually every 5 cm 

along the excavated profile. Size of the particles are observed on the crystal card 

equipped with a grid scale. To be more exact we use magnificent glass to determine 

on the crystal card the class of the grain. The determination of the grain size 

parameter is very subjective, depending on the observer (Fierz et al., 2009). Other 

properties are measured in the profile as well. LWC is measured by Denoth meter 

that works on the base of permittivity of snow using snow density. In this way the 

undisturbed snow is measured (Denoth, 1994).  

Sampling method in the profile analysis can result in unexpected changes. For 

instance, as the water flow induced by the ROS experiment penetrates through the 

snow the flow can divert by layering as well as can refreeze (there are also other 

possibilities of water behavior). The sampling method does not have to match to the 

reaction of ROS precisely because it does not cover the examined profile entirely. For 

example, profile analysis could not have taken in account all diverted flow paths that 

were possibly formed, because a sample could have been taken from part of the 

profile where not desired data were situated. Thus, samplings can influence the 

overall impression of the studied property under investigation. Nevertheless, 
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investigation of properties was focused on precise sampling method, but it is 

necessary to mention that this method can lead to inaccuracies. 

 

Figure 8: The SLF Snow Sensor based on the Denoth Meter capable of measuring density of snow and 

liquid water content. Adapted online from FPGA COMPANY © (2020) 

The SLF Snow Sensor measures the density or the liquid water content (LWC) of 

snow by a sensor that generates an electrical field permeating the snow. (FPGA 

COMPANY, © 2020) 

The profile analysis could be done in different approach to obtain data effectively 

depending what is needed to be examined and what data are modeled afterwards. 

Nevertheless, this is the common approach that has also been used to collect data 

from the experimental sites.   

Visualization itself was partially carried out by the online interface (https://niviz.org/). 

Kubova Huť sites obtained post-experimental data the second day of the experiments. 

4.3 Photo analyses 

Photo analyses are supposed to give some detailed information of the water behavior 

through the snowpack after the ROS simulations to determine what kind of flow paths 

and how much water was released from the snowpack. Photo analysis in this work is 

segregated into three related explorations. The first one “The reliability analysis” the 

second “Water movement localization” and “Bluesnow analysis”. All types of analyses 

https://niviz.org/
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are used to validate the photo inputs from the ROS experiments. All photos processed 

by all the approaches were taken by supervisor of this thesis. 

4.3.1 Water movement localization analysis 

The water movement localization analysis (in this work sometimes referred as only 

“localization analysis”) was performed in the way of classifying each picture and of 

assigning pictures into a group where the picture was originated from. Photos had to 

be horizontally leveled for the purpose of the side scales to be readable correctly and 

leveled photos were studied one by one where water outflow spots were noted. 

Because distortion on the top of the snowpack was caused by the position of the 

camera and by wide angle lens, another approach has been done. This approach 

recounts the distortion for the purpose of locating the snowpack into a representable 

system where water regimes in the snowpack after ROS could be examined. Thus, 

distortion is found when both rules indicate different values even though pictures have 

been horizontally leveled. To count with distortion, first differences at the bottom had 

to be flatten (wrong placement of scales). The difference at the bottom is then 

compared with the top values of the snowpack. If different values have been found 

(different bottom and top values after flattening), a recalculation was implemented into 

the flow paths localization after ROS. This recalculation takes the difference between 

bottom and top (if there is any) and proportionally gives new values towards the top 

distortion. However, this distortion recalculation is oriented only on the right scale so 

the values on the left scale stay the same even if the distortion was found. All localized 

records of water behavior induced by the ROS after experiments is compressed into 

tables of coordinates per each site.  

It is clear now that the values of the snow depth have less reliability due to many 

aspects making it very difficult to cope data from photos into a comprehensive format. 

And if the left scale was placed wrong the recalculation could not have been sufficient. 

4.3.2 Bluesnow analysis  

The bluesnow analysis as the water movement localization analysis processes the 

pictures from the ROS experiments. The main difference is that the Bluesnow 

analysis uses a package developed in the R interface written by Ing. Johanna 

Bloecher for identifying water movement in the snowpack, caused by the dye tracer 

during ROS experiments. Bluesnow package is located online at 
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<https://rdrr.io/github/Jorub/bluesnow/>. The input to the package is an image to be 

processed by every pixel.  

Blue – snow package is composed of four main functions.  

• BB_filter: This function uses RGB thresholds to allocate one of four colors to 

each pixel (white, dark blue, medium blue or light blue). Grey shadows are 

assigned white. 

• BB_fraction: A function that takes the BB_filter outputs and calculates the 

proportion of total blue pixels, dark blue, medium blue and light blue pixels. 

• BB_hor_distribution: Takes the result of BB_filter and returns a vector with 

fractions over the length of an image. This shows the horizontal distribution 

of the blue accumulations of water in the snowpack. 

• BB_vert_distribution: A function that processes the outputs of BB_filter and 

returns a vector with fractions over the depth of an image. 

BB_vert_distribution is than a visualization of the vertical flow pattern in the 

snowpack. 

Prevailing formation of flow paths after the Bluesnow analysis is calculated as 

vertical and horizontal distribution of blue fraction processed by every excavation of 

the snowpack as an input. Where mean of (H / V) distribution of blue fraction per 

each excavation is calculated with conditional function where values higher than the 

mean are represented by “TRUES”. Number of “TRUES” is then divided by number 

of all blue fraction values times by one hundred. This shows the percentual 

prevailing formation as domination in horizontal or vertical formation of fluid paths 

after ROS. This method compares values of certain excavation and does not 

compare all excavations together.  

4.3.3 Photos reliability analysis 

Information from photos were prone to lack of certainty according to the side scales. 

Because of the uncertainties discovered during the analyses, uncertainty classes had 

to be made. Uncertainties were not caused by only different values of the side scales, 

but also by distortion found in the photos and by difficulties of finding the lysimeter 

desk. The validation of reliability of photos is very subjective and depending on author 

because it is on author to distinguish uncertainty of the photos. 

https://rdrr.io/github/Jorub/bluesnow/
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• First category of the uncertainty class is the lysimeter desk determination. 

Locating the lysimeter desk is necessary for the purpose of the ROS 

experiments. Any other procedure without knowing the location of the 

lysimeter desk is valuated as erroneous. Lysimeter desk was sometimes 

difficult to distinguish from the snow and sometimes obstructing by the bottom 

meter. Scale of uncertainty (from 1 to 3, where 3 represents high uncertainty 

and 1 high certainty) had to be used to interpret certainty of the lysimeter desk 

determination.  

• The second category of uncertainty was created to represent height 

uncertainties. This class of height uncertainty computed average snow depth 

and differences in height of snow excavation in photos from the same site. For 

instance, an average value of snow height (that was measured while ROS 

experiments were carrying out) and height of snow for each profile were 

compared for every photo. Because height of snow varied unexpectedly in 

every picture. Differences between average height and height of each 

excavated pit were evaluated as the bigger the difference in height for each 

snowpack, in comparison with the average depth of snow, the bigger the 

unsureness of the height. In the other words, the bigger the dispersion 

between average height and profile excavation height, the bigger the 

unsureness. This level of uncertainty was represented in a scale from 1 to 5, 

where 5 interprets high uncertainty in height of snow and 1 high certainty.  

These classes of certainty show reliability of each photo evaluated in the reliability 

analysis. Photos with high uncertainty index (validation of the uncertainty by both 

methods) are less representable than the pictures where the aspect of the lysimeter 

desk and height dispersion play lower role. Each excavation of snowpack indicates 

uncertainty of the further localization of layering, leaking water or water movement in 

the snowpack after the ROS experiments.   
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4.4 Tipping buckets calibration 

An old tipping bucket (TB) device was used in all the examined cases of the 

experiments where snow melt was drained from the lysimeter desk to the TB. TB that 

was used for the ROS experiments followed standard mechanisms of measuring the 

outflow. However, TB was evaluated as a weak point of the experiments and 

implementation of a new design was decided. New design of the tipping buckets is 

different in the parameters of the construction, but the common principle remained 

same as it was before. The principle of the TB is to measure the outflow where two 

buckets overturn when the volume is filled. The volume of buckets is controlled by the 

bolts and number of tips is recorded. Thus, outflow is measured by the known volume 

of the bucket by knowing number of overturns (Figure 9) (Molini et al., 2005).  

 

Figure 9: Tipping bucket scheme, adapted from MOLINI ET AL. (2005) 

The calibration was focused on improving and implementing new TBs where 

validation of their measurement error was established. Parameters of tipping buckets 

were tested with their influence on the measuring precision. 

The laboratory calibration was done in three tests to determine what design is the 

best for implementing. All the calibration sets were tested with static and dynamic 

approach. As both calibration methods are commonly used (Calder and Kidd, 1978). 

Dynamic calibration method 

Dynamic method is a technique where 1 liter per minute was executed through the 

TB system and errors were reported. The dynamic approach consists of counting 
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number of tips and measuring the rest of the 1 liter seized in the bucket. The rest of 

the water represents how precise the tipping bucket is.  

Static calibration method 

The static method checked overturning of the TB where each overturn was studied, 

and errors reported. In static calibration each bucket was filled slowly by a burette, 

checking for defects in design. Hence static calibration represents the filling ability of 

the bucket and bucket’s capacity. Dynamic calibration is a simulation of the process 

when both buckets are working. Secondly, signs of a bad design have been noted 

and new proposals of innovations implemented into calibration process as a result of 

an improvement.  
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5 Results and discussion 

5.1 Snowpack properties changes in profile 

At the KH1 and LU site, no evidence of water outflow from the snowpack was 

reported. 

5.1.1 LU site profile visualization  

Structure profile 

 

Figure 10: Structure profiles at Luisino údolí site, A) pre – experimental structure profile, B) Post – 

experimental structure profile. (Grain size [E] - plot, F - grain shape, ρ - density) 
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The biggest change in structure occurs in the very upper layer where much larger 

particles were observed (Figure 10). Particles were refrozen after the experiments 

coupling into much larger parameters. Grain size did not vary dramatically but the 

particle shape was slightly different after experiments. 

Altered properties of pre and post experimental conditions 

 

Figure 11: Altered properties at the Luisino údolí site, A) Temperature profile in pre and post – 
experimental stadium, B) Density profile in pre and post – experimental stadium, C) LWC only for the 
post experimental condition due to no measured data in pre – experimental condition. 

Temperature  

Pre – experimental temperature examination provided colder temperature along the 

snowpack profile where post – experimental profile indicates changes in the energy 

balance expressed by warmer temperatures. Rainfall sensible and latent heat are 

dominant fluxes to have impact on the deflection in the post experimental conditions. 

This is mainly seen at the top of the profile. Temperatures intersect in both cases 

along the profile around 60 cm of depth of the snow cover (Figure 11, A). 
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Density  

Density comparison shows variations on the top of the snowpack where snow tends 

to be distinctive denser. Central depths of snow are typical with decent changes in 

snow that are overlapping and getting closer to each other in both density conditions. 

Snow in post – experimental condition indicates to be denser except in two cases at 

around 40 cm and at 10 cm snow depth (Figure 11, B).  

Denoth density / LWC 

LWC profile is displayed just for the post – experimental profile with no comparison to 

the pre – experimental profiles. It is so because of the 0% of LWC measured in profile 

in the pre – experimental stadium.  

LWC of the examined profiles is calculated from the air snow emissivity, where pre 

and post – experimental emissivity was measured as the part of the ROS 

experiments. LWC is a product of subtraction of post – experimental air emissivity 

with pre – experimental values of the emissivity in condition function where post-

experimental emissivity is higher than the pre-experimental data. 

LWC of the post – experimental profile is higher at the top of the snowpack as quite 

similar, to the deflection in the density comparison (Figure 11, B) where values 

consolidate in the middle of the snowpack after top variations. LWC refers to some 

new liquid water added to the snowpack after ROS experiments where rain was 

simulated. LWC is therefore higher at the top because rain has higher potential to 

cause higher concentration in the top layers of the snowpack before it penetrates 

deeper (Figure 11, C).   
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5.1.2 KH1 profile visualization 

Structure profile 

 

Figure 12: Structure profiles at Kubova Huť 1 site, A) pre – experimental structure profile, B) Post – 
experimental structure profile. (Grain size [E] - plot, F - grain shape, ρ - density) 

Post – experimental structure profile indicates more fluctuations in grain size where 

the top of the snowpack evidences larger grain parameters. Most of the grain shapes 

remained the same after experiments or tended to be similar to the pre – experimental 

condition. Post – experimental profile close to the bottom shows fluctuations in the 

grain size as the pre – experimental profile was typical with smaller particle sizes 

(Figure 12). Larger grain size can lead to the capillary barrier effect. Although, the 

capillary barrier also depends on snow condition.  
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Profile changes by individual properties 

 

Figure 13: Altered properties at the Kubova Huť 1 site, A) Temperature profile in pre and post – 
experimental stadium, B) Density profile in pre and post – experimental stadium. 

Temperature  

Temperature changed through the snowpack towards 0 °C in both cases similarly with 

no significant changes except in the upper layers where at first glance clear warmer 

temperature was captured around 55 – 65 cm due to the changes in energy balance 

(Figure 13, A). Rain on snow caused a reaction in the energy balance of the snowpack 

where rainfall sensible and latent heat influenced the upper part of the snowpack 

profile. 

Density  

The upper part of the post – experimental snowpack was denser than the pre-

experimental. Both experimental density profiles meet around 55 cm depth of snow. 

Middle part of the density profile provided similar values for both samples but the snow 

after experiment tends to be denser. The lower part of the density profile showed 

some changes where denser snow for the post – experimental profile can be seen 

with no significant variations (Figure 13, B). 

LWC 

In January at the KH1 site 0% of LWC was recorded in both pre and post – 

experimental cases.   
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5.1.3 KH2 profile visualization 

Structure profiles 

 

Figure 14: Structure profiles at Kubova Huť 2 site A) pre – experimental structure profile, B) Post-
experimental structure profile. (Grain size [E] - plot, F - grain shape, ρ - density) 

Grain size varied after experiments towards smaller dimensions. Grain shape did not 

change and was the same for every layer of sampling during the profile analysis. 

Therefore, snowpack with homogenous structure was registered in both conditions 

(Figure 14). Smaller grain size could be explained as the already melting phase 

influenced the diameter of the grain towards smaller values.   
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Profile changes by individual properties 

 

Figure 15: Altered properties at the Kubova Huť 2 site, A) Density profile in pre and post – experimental 
stadium, B) LWC profile in pre and post – experimental condition.  

Temperature  

Due to the lack of data of the profile analysis for the temperature profile, no 

visualization has been carried out.  

Density 

Density comparison is quite similar for both pre and post – experimental phases 

(Figure 15, A). Snowpack is more uniform and post-experimental profile has more 

less the same values along the profile as the pre-experimental. Post- experimental 

profile is slightly denser and does not have any fluctuations. 

LWC 

LWC of the KH2 experimental site is varying through the snowpack with some 

changes in both conditions, where LWC tends to be higher in the upper part of the 

snowpack. After crossing at 15 cm height in profile, post-experimental profile had 

lower LWC than the pre – experimental. On the other hand, higher LWC is seen in 

the upper part of the snowpack in the post – experimental condition. ROS experiments 

contributed to more liquid water in the snowpack especially on the top of the snowpack 

after experiments (Figure 15, B). LWC of the KH2 site corresponds to the ripening 

phase of the snowpack  
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5.2 Water behavior in snowpack after experiments 

Water movement localization analysis 

Photo analysis composes data into tables from the pictures taken during the 

experiments where tables describe water propagation through the snowpack. This 

description of the propagation represents the water accumulation after the ROS 

experiments per each site.  

Bluesnow analysis 

Blue snow visualization provides more complex data of the images. Each photo of 

the excavation is processed and water movement in the snowpack determined as it 

has been done with the localization analysis. The bluesnow analysis calculates the 

pixels of “brilliant blue”, this source of information is then used to determine 

horizontal and vertical distribution of blue in photos.  

Photos of LU, KH1, KH2 

All photos as an input for further analysis per each site 

 

Figure 16: Bulk photo of the Luisino Údolí site. A) Snow pit excavation in 3-4 cm from the lysimeter desk, 
B) 20 cm, C) 35 cm, D) 60 cm, E) 75 cm from the lysimeter desk, F) Diverted flow paths out of the 
lysimeter desk. 
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Figure 17: Bulk photo of the Kubova Huť 1. A) Snow pit excavation in 6-9,5 cm from the lysimeter desk, 
B) 16-17 cm, C) 51-53 cm, D) 66-69 cm, E) 80-83 cm from the lysimeter desk. 

 

Figure 18: Bulk photo of Kubova Huť 2. 1) Snow pit excavation in 0-5 cm from the lysimeter edge, 2) 15-
10 cm, 3) 45-48 cm, 4) 65 cm, 5) 100 cm from the lysimeter edge. 

Table 3: Dimensions of all photos in pixels over length of the photo and depth. A) photos from Luisino 
Údolí, B) photos from Kubova Huť 1, C) photos from Kubova huť 2 

 

Horizontal presence of fluid paths in snowpack expressed by blue fraction 

Horizontal blue fraction distribution composes dimensions of pixels over the length.
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Figure 19: Horizontal distribution of fraction of brilliant blue calculated from filtered photos per each excavation. A) Luisino Údolí, B) Kubova Huť1, C) Kubova Huť 2
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Vertical presence of fluid paths in snowpack expressed by blue fraction 

 

Figure 20: Vertical distribution of brilliant blue over the depth of all photos per each excavation. A) 

Luisino Údol, B) Kubova Huť 1, C) Kubova Huť 2. 

In (Table 3) all photos dimensions are presented, both horizontal (Figure 19) and 

vertical (Figure 20) distributions of blue fraction correspond to the length and depth 

values of photos. Moreover, this influences further calculations with bluesnow as the 

number of pixels affects the proportion of pixels with blue fraction. Each photo has 

different number of pixels due to fact of analyzing crop photos. Dimensions in pixels 
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could seem to be indefinite but they are used despite this fact, because all photos 

were cut. Thus, each photo has different number of pixels in depth and length 

dimensions caused by the shape of the profile. The shape of the profile is not a 

square or a rectangle so automatically white color filled these gaps in cropped 

photos and adjusted the number of pixels in the cropped photos to create 

rectangular shaped photo. This can be demonstrated in (Figure 45), where 

dimensions of the cropped profile are [108 cm length and 110 cm snow depth], it 

seems that the snowpack is more vertically oriented than horizontally, in spite the 

(Table 3), where numbers of length and depth [1397, 1295] referring to more 

horizontal orientation than the vertical. This is caused by the fact, that the shape of 

the snowpack is shifted towards the right side and length values increased to form 

the cropped photo. Cropped photos fill blind spots (caused by the shifting) with white 

pixels influencing the bluesnow calculations and distribution. For this purpose, no 

relative scale was used to interpret pixels because it would be hard and not precise 

to determine what is 100% in the length and depths distribution of pixels or 

addressing the actual coordinates of the snowpack because of the shifting of the 

profile. 

Prevailing formation of paths induced by the ROS 

 

Figure 21: Calculated prevailing formation of flow paths in the snowpack per each excavation in 
percent. A) at Luisino Údolí site, B) at Kubova Huť 1 site, C) Kubova Huť 2 site 

Calculated prevailing of formation of flow paths in the snowpack refers to the 
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each excavation in percent. This calculation is used for horizontal and vertical blue 

fraction pixels where one formation predominates in comparison. Basically, if denser 

blue fraction is found in horizontal formation horizontal formation will have higher 

values in the prevailing formation of flow paths because it has more values above 

the mean of blue fraction over the length of photo than over the depth. The 

formation of flow paths is calculated in percent not creating per each excavation 

100% but only describing preference of formation over length or depth of photo 

above mean values(Figure 21). This is influenced by the pixels dimension of photos 

(Table 3). For instance, different number of pixels in length can help to dense the 

filtered blue fraction in horizontal direction or to cause the opposite. Nonetheless, 

photos tend to have similar format of pixels per each photo and the prevailing 

formation and all the bluesnow calculations are only influenced by small variations in 

pixels.  

5.2.1 Flow patterns at the LU site 1 

Localization of water movement  

Table 4: Detection of accumulated water per each excavation A – E, at the Luisino Údolí site 

 

Snow pit excavations after the experiments are composed together to coherently 

provide a look where the water accumulated most and how was the snowpack 

influenced after experiments.  

Table 4 for LU site shows the response of the ROS experiments. This table focuses 

on the localization of water accumulated in snowpack induced by the ROS. Layers 

represent type of water movement that was typical for this site. Each layer is recorded 

and monitored for the further investigation. Localization of the infiltrated water is 

expressed by two numbers (examples: 105 – 103.5 = height range in profile, 12 – 

116.5 = horizontal location range in profile) first number shows height of the layer in 

 
1 Graphical representations of all the excavated profiles are listed one by one in the 
appendix section. 
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snowpack from the left side in the excavated profile and the second one represents 

the final height of the reported layer. The same approach is used at the horizontal 

localization (first number indicates the beginning of the layer horizontally where the 

second number stands for the end of the layer). For better understanding of the main 

layers (water accumulation recorded in the table), snow pit photos are graphically 

represented. 

Filter of blue fraction 

The blue fraction distribution refers to the range of blue created by the filter of the 

bluesnow. Fraction of blue in each pixel represents water accumulation in the 

snowpack, the darker the color got the higher concentration of water after the 

experiments is assumed.  

Most water after ROS experiments was stored in the profile excavation (E) as it 

refers 5.11% of all blue fraction mainly represented by medium blue color range. 

The most soaked example is the excavation (B) with its 0.55 % of dark blue fraction 

(Figure 41, LU site). 

Formation of horizontal flow paths 

Horizontal formation of flow paths induced by the ROS experiments depicted in 

(Figure 19, A) shows all the excavated profiles of the LU site. Horizontal formation of 

fluid paths gets more intense at every excavated profile as the horizontal distribution 

of blue fraction refers to the fraction of blue pixels in the whole image over the length 

of image. In this example cases with more accumulated water represent higher 

values of the horizontal distribution. Only the (D) and (E) illustrations have 

deviations in the horizontal water behavior in the middle parts of the chart depicted 

with values reaching 0.14 - 0.15 of blue fraction. This means more water 

accumulated in this part of the image. For better understanding of horizontal flow 

paths in the snowpack (Figure 22) depicts horizontal distribution of blue fraction and 

the filtered image together. Notice that the x axis values of had to be reversed as 

opposed to the (Figure 19, A). This is caused by the bluesnow package and 

horizontal calculations. Same approach can be done with vertical distribution of blue 

fraction and image together.  
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Figure 22: Example of Horizontal distribution of the excavation (D) with comparison of filtered photo 
from the same (D) excavation at the Luisino Údolí site, referring to most of the accumulation 

horizontally 

Horizontal distribution of water induced by the ROS experiments predominates the 

vertical formation of flow at the LU site as shown in the (Figure 21, A) in all 

excavations.  

Formation of vertical flow paths 

Vertical flow formation of all the LU site excavations is depicted in (Figure 20, A). 

Most of the water was stored in the upper layers of snowpack after the ROS 

experiments. The accumulation of water is shifted by each excavation deeper as the 

first excavation (A) tends to store water in the top few layers and the last 

excavations (D) and (E) form the accumulation deeper over the profile, approx. at 

about one third of the upper profile.  
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5.2.2 Flow patterns at the KH1 site  

Localization of water movement  

Table 5: Detection of accumulated water per each excavation A – E, at the Kubova Huť 1 site 

 

According to the photos of snow pit excavations after experiments snowpack shows 

in the upper part an influence of the ROS experiments. Most of the water was stored 

in the last excavation.  

Preferential paths are represented in (Localization of water movement  

Table 5) by (PP) abbreviation. Dots are expressed by one localization number and 

(D) abbreviation. Propagation through the snowpack formed 4 main layers (L) where 

some layers are not solid but fragmented into few smaller layers as a dashed line. 

Width of these layers is shortened by the blind spots where no flowing occurred. 

Fragmenting can escalate at understanding the table where the beginning and the 

end of the layer has bigger extension than the width of the layer itself.  

Graphical representation of layers that are fragmented in profile is represented by 

slash lines. The more the layer is fragmented, the more is the representation line 

shattered. See appendix chapters (8.2 and 8.3). 

Filter of blue fraction 

Distribution of blue fraction shows that the excavated profile (B) is slightly less water 

soaked than the previous excavated profile. With exception of this case, snowpack 

of the KH1 site tends to accumulate more water at each excavation. Dark blue has 

the highest values for the last excavation as well as the excavation (E) accumulated 

the most water at all (10.33%) (Figure 41, B). 

Formation of horizontal flow paths 

Horizontal distribution of all the blue fraction pixels is spread along all the entire 

length of pictures (Figure 19, B). As the Excavation (E) shows the highest depiction 
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of blue fraction. Excavation (B) has most of the fluctuations in the horizontal 

distribution of blue fraction. This is caused by irregular distribution of water 

accumulation along the profile and different type of water movement that helped 

water penetrate much deeper and form vertical flow patterns in lower part of the 

excavated profile as depicted in (Figure 57). Different pattern of flow tended to store 

darker fraction of blue in the vertical perspective.  

Horizontal distribution of water induced by the ROS experiments predominates the 

vertical formation of flow paths in all KH1 cases (Figure 21). Excavated profile (E) 

tends to have prevailing horizontal formation of flow paths and vertical flow paths 

similar, however this is caused by values higher than the mean of the blue fraction 

over the depth than over the length of the photo and pixels dimension of photo. It is 

necessary to point out that the vertical formation prevalence of fluid paths is the 

highest from all the excavations in the profile excavation (E) but only the horizontal 

distribution has smaller values in all pixels over the length than in the previous 

examples (medium blue = 9.33% in (Figure 41, A)). This explains the importance of 

the dark blue distribution (Figure 61) when the irregularity of dark blue distribution 

influences the formation of accumulation (the flow paths). It is so because dark blue 

has more likely higher values than the measured mean of blue fraction. 

Formation of vertical flow paths 

Vertical formation of flow paths (Figure 20, B) in the KH1 snowpack is conditioned by 

the stratigraphy of snow. The presence of flow paths grew in every excavation and so 

did the vertical distribution of blue fraction, as the accumulation of water tends to be 

denser, the water penetrates deeper. In all the cases, the higher the accumulation of 

water was after ROS, the deeper the water penetrated along the profile. This is one 

of the reasons why the vertical flow pattern in the snowpack is shifted by every 

excavation down along the profile. Vertical influence of fluid paths is in the excavation 

(A) and (B) represented on the top of the snowpack whereas, excavation (E) stored 

water from the top towards deeper parts of the profile, approx. to the middle of the 

profile. Excavation (A) refers oscillations more than the excavations (B) and (C), this 

is caused by the alteration of flow regime. This could be explained in (Figure 21, B) 

where the vertical formation of flow paths drops from the excavation (A) to (B).   
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5.2.3 Flow patterns at the KH2 site  

Localization of water movement 

Table 6: Detection of accumulated water per each excavation A – E, at the Kubova Huť 2 site 

 

All snow pit excavations indicate two main layers in the snowpack except excavation 

C and gradual discharge of water beneath the main layer (L.2) in (Figure 18) and 

(Table 6). Graphical representation of snow pit excavation after experiments has not 

been done due to the snowpack conditions that help water penetrating not creating 

specific accumulation.  

Filter of blue fraction 

Distribution of blue fraction at the KH2 site represents high rates of pixels that refer 

to the water in the snowpack after the ROS experiments. High values highlight high 

factor of water release and penetration ability of the snowpack. Water induced by 

the ROS spills over the length and depth of image. Excavations do not vary 

gradually in contrast to the previous examples, they seem to have a more unified 

character with high distribution of released water. 

Formation of horizontal flow paths 

Horizontal flow pattern accommodates water in the profile along the length of 

images as the blue fraction reaches higher values than in the previous examples 

(LU, KH1). Horizontal distribution represented by the blue fraction of pixels spreads 

horizontally above the lysimeter desk and does not form any specific layering in the 

snowpack. In fact, stratigraphy of snow did not deflect flow paths after the ROS, but 

gravitational force caused higher vertical distribution (Figure 19, C).   
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Formation of vertical flow paths 

Vertical flow pattern tends to be more unified in all the excavated profiles, reaching 

very high values. The vertical distribution has higher values than the horizontal and 

is found permanently along the excavated profiles. Vertical prevalence formation of 

fluid paths predominates but is the lowest in the last excavation (E), where 

horizontal flow tends to overtake the dominancy of the flow paths formation (Figure 

21, C).  
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5.3 Evaluation of the post – experimental snowpack condition 

per each site 

 

 

Figure 23: A) Percentage fraction of blue area from entire snow profile, B) Temperatures per sites (only 
Luisino Údolí and Kubova Huť 1 site depicted due to no data for Kubova Huť 2), C) Bulk density per 
sites, D) LWC portion in profile per sites (Kubova Huť 1 has not been recorded with LWC in the profile). 
Box plots description: x = mean, line = median, lower and upper whisker = range of measured values 

[min, max], box bottom = 1st quartile, box top = 3rd quartile  

5.3.1 LU site snowpack 

PF paths were formed in the snowpack as can be mainly seen in the snow pit photo 

(E) of the photo set depicted in (Figure 16) and all photo visualizations. By the 

localization analysis layers indicate LF in all cases. As the LF is caused by the 

capillary barrier once the pressure equilibrium across the borderline is established, 

water flow passes this barrier and FF is formed. In the case of LU snowpack FF has 

not been determined in the examined coordinate system but thanks to Blue – snow 

analysis FF regime has occurred, but dominancy of horizontal flow pattern was 

significant. However, high influence of FF is depicted in photo F in (Figure 16) but 

this photo has not been examined. Snow depths is highest in the photo A and 

despite some changes it gets lower in the last photo. Three main layers have been 
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identified: L1, L2, L3 (Figure 45). The first layer preserves where other layers are 

getting distinctive by each profile excavated in the water movement localization. 

First layer is the first response of the experiments where a strong influence of 

sprinkling is observed. For instance, the first layer is thicker than the others and is 

the longest in every profile (layer width in Table 4). The thickness of the layer 

interprets higher water accumulation and a borderline of a different type of snow 

structure in the snowpack as the layers in profile are induced after ROS on the 

interface between structure differences. 

Snowpack properties investigation match to some of the layers in the snow pit 

excavation. Main layering is observed in the upper part of the snowpack above the 60 

cm height of snow. This corelates with the temperature investigation where most of 

the changes in profile occurred above 60 cm height in snowpack (Figure 11). Highest 

LWC is concentrated on the top of the snowpack (100 cm) (Figure 11, C) as well as 

the most saturated layer (100 – 107 cm) (L.1 in Figure 42) from the snow pit 

excavation examination. 

The prevalence of horizontal flow formation is evident with a LF regime. This is 

because meltwater flow is found to be strongly controlled by stratigraphic layering. 

Strong stratigraphy is related to density of the profile where LU site has the highest 

measured density (Figure 23, C) of all the experimental sites. High heterogeneity 

and stratigraphy incline to lateral flow occurring along many of the layer interfaces, 

they can be even subtle and not identified in snow pit sampling according to findings 

in WILLIAMS ET AL., (2010) study. 

5.3.2 KH1 site snowpack 

KH1 site indicates PF paths in the snowpack. Mainly FF paths with combination of LF 

paths were formed along the profile. LF is caused by the capillary barrier and FF 

connect layers. Dots of accumulated water are explained as local changes in 

snowpack’s texture. Most of the water stayed in the upper layers of the snowpack with 

the first layer (L. 1) that is validated as the most saturated by the ROS due to its dark 

color and thickness. 

Changes in the profile properties correspond to the layering depicted in the snow pit 

photos. Density profiles intersect at around 55 cm snow depth  (Figure 13, B) where 

crossing of temperature profiles is observed in the same height (Figure 13, A). KH1 

site is typical in comparison with the other sites with its different flow regime in the 
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snowpack where FF is observed playing important role in the tendency of formation 

of the water movement in snowpack and changing the flow pattern through the 

snowpack to more LF regime afterwards. Snowpack of the KH1 site has more of the 

blue fraction than the LU site (Figure 23, A). 

5.3.3 KH2 site snowpack 

KH2 site shows an inclination to the MF regime according to photos and to changed 

properties before and after experimental conditions. Decent layers are seen along 

the profile, but snowpack tends to be saturated with higher LWC with a tendency to 

the MF flow regime than preferential flow paths. Storage capacities of the KH2 

snowpack are low and most of the water is, after occupying all the pore spaces in 

the snowpack, released. Water does not have any tendency to deflections as the 

structure (Figure 14) is uniform and water flows through the soaked snowpack by 

gravity forces. Properties of snow do not change dramatically (Figure 15) indicating 

water release rather than accumulation. Higher LWC can contribute to lower 

snowpack stability. High LWC results in lower water accumulation potential and 

faster water release and it justifies the ripening phase of the snowpack. In all the 

cases LWC was recorded as the highest (Figure 23, D). 

As the snowpack tended to be mainly vertically flow influenced (Figure 21, B), 

vertical meltwater flow paths within layers can be found to be most prominent near 

the surface, with MF apparently becoming more important at depth (Williams et al., 

2010). KATTELMANN AND DOZIER, (1999) used a capacitance probe to measure 

liquid water content in the snowpack. The LWC was found to generally increase 

over time with older snowpacks and their study found that LWC can potentially 

destroy layer interfaces helping the MF to occur. This correlates with the snowpack’s 

spring condition that for the KH2 site had the character as remaining snow after the 

winter season. Snowpack did not have layering composed of new fallen snow with 

its structure properties, such as grain size, profile properties, such as higher LWC, 

along the profile rather fitting with the character of snow near the surface with MF 

water movement. 
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5.4 Photos reliability of snow excavations after ROS experiments 

 

Figure 24: Reliability of photos per each excavation, expressed by both lysimeter determination 
uncertainty [1 – 3] and height uncertainty [1 – 5] indexes per each site. A) Photo reliability at Luisino 

Údolí site, B) Photo reliability at Kubova Huť 1 site, C) Photo reliability at Kubova Huť 2 site. 

Photos from LU  

The lower the accuracy of localization the coordinate system of the profile the higher 

the uncertainty index number. Snow pit excavation D is the lowest accurate and E is 

the most accurate from the whole photo set for LU (Figure 24, A). Under high 

uncertainties, LU photos could be considered as inaccurate. Localization of the water 

movement is therefore very dependent on the reliability of photos. Localized water 

accumulation can vary throughout the whole snowpack and does not have to have 

corresponding values to the originated coordinates. Height uncertainty is mainly 

caused in this example by the top distortion, and scale placement.  

The uncertainty index can be demonstrated for example, in (Figure 45) and (Figure 

46) where the layers are under influence of shifting. Snow pit excavation E is validated 

as the most reliable in the set of photos of LU site and the excavation D where high 

uncertainty index has been determined as the lowest reliable. In both examples 

shifting of layers in all directions (L.1 – L.3) is noticeable. Shifting could be assigned 

to the snowpack properties, structure and stratigraphy, but also to the inaccuracy of 

the photos which should play some role in this case due to the high indexes values.   
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As the snow cover got thinner the reliability has increased from the previous photo set 

of the LU site. The uncertainty index is the same for all photos except excavation C 

of the snow pit KH1 where higher distortion has been noted (Figure 24, B). Photos 

could be considered as mildly accurate. The height uncertainty still plays an important 

role in the reliability where mainly disconnected scales and crooked placement of the 

scales caused higher index values in the height uncertainty for KH1 photo reliability. 

The lysimeter desk is located at every photo with high certainty but photos are still 

under some height uncertainties with consequences to the snowpack’s after 

experimental water accumulation location. Due to lower uncertainty indexes we see 

lower rate of snow height changing in the photos. The coordinate system is then more 

accurate than the one at the LU site.  

Photos from KH2 

Reliability of pictures has steadied as well as height uncertainty except in one photo. 

Every photo is reliable with the same rate. Uncertainty index indicates height certainty 

2 of all the excavations of KH2 snow pit where photos are not still accurate (Figure 

24, C). The height uncertainty is given by the placing method of measures where the 

procedure is insufficient. Height of the snowpack varied inadequately in every image. 

Even though the certainty of this site has increased and shows the highest sureness. 

If a proper method of using scales had been used the height uncertainty would have 

decreased. In all cases it is noticeable that the depth of snow influences the height 

uncertainness.   
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5.4.1 Top distortion 

 

Figure 25: Top distortion of all photos per each excavation from all sites 

Indexes help categorize photos but there is also another factor that plays a role - the 

top distortion. When the top distortion was found the coordinates of photo had to be 

recalculated and new values with distortion were assigned. This results in the 

graphical representation where localization of fluid movement is then recalculated 

toward the values of the distortion. It seems that the distortion is a more reliable factor 

for validating photos than the indexes. This is not actually right because when 

recalculation of the distortion was needed, the recalculation was always focused on 

left scale. Distortion found during the reliability analysis is therefore highly influenced 

on the left side. It is obvious that the left scale could have been positioned wrong as 

well as the right one was many times. The measured distortion is then just the 

difference between scales on the top accordingly to the bottom values of the scales. 

This aspect is not the part of the reliability evaluation because indexes can more 

complexly determine if the photo is reliable based on other factors even though 

indexes are influenced by the subjective author’s opinion. Nevertheless, distortion is 

important for graphical visualization of the water movement localization where the top 

distortion was the part of the localization as the recalculated values were implemented 

into tables of coordinates. Old values (less representable) were adjusted with the 

values of the distortion accordingly to the vertical location in the snowpack.  
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5.5 “Localization” and “Bluesnow” analyses comparison 

 

Figure 26: Both analysis comparison. An overlapping of the graphical visualization (Localization 
analysis) and filtered image (Blue - snow analysis) 

Graphical representation (Figure 50) and the filtered photo (Figure 60) as the 

outputs from both analyses comparing both approaches from the same profile 

excavation in the (Figure 26). Comparison of both approaches shows that the 

localization analysis is less accurate especially at the top of the snowpack. where 

the L1 layer tends to be anchored inaccurately when both approaches overlap. This 

is mainly related to the top distortion of the snowpack or to wrong localization of the 

layer. Both photos are compared because photo excavation (D) has been evaluated 

in chapter (5.3) as the lowest reliable and with the highest top distortion (by the 

reliability analysis). Localization of the first layer is not precise due to higher 

uncertainty index (finding the height was laborious and uncertain with high 

dispersion in height in comparison with other photos (reliability analysis)). It is also 

important to note that the top distortion found on the top of the snowpack (10.5 cm) 

in (Figure 25) plays significant role. If the distortion recalculation had not been 

added to the water movement localization, values would have had lesser 

representable localization values in other layers found in the snowpack (L.2, L.3) in 

(Table 4). Location of these layers could have been different in height in snowpack 

in dispersion of 10.5 cm which is not the case of this example because distortion 

was recalculated proportionally per each value of the right scale. Overlapping both 

analyses demonstrate recalculation of the distortion.  

0; 102
108; 95

47; 86
108; 78

61; 69 85; 67

0

10

20

30

40

50

60

70

80

90

100

110

-1 9 19 29 39 49 59 69 79 89 99 109

Sn
o

w
 d

e
p

th
 [

cm
]

Snowpack's width [cm] 

Both analyses, excavation (D) at the LU site

Layer 1D Layer 2D Layer 3D



56 

 

The “Water movement localization” analysis provides data of localization of the 

water movement in the coordinate system. Having known the spatial distribution of 

water behavior in the profile after ROS is very important as well as knowing the 

snowpack coordinates. This shows potential distortions accordingly to the 

coordinate system.  

The “bluesnow analysis” does not provide data of the coordinate system of the profile. 

If we wanted to obtain coordinate data of the profile, values would be influenced by 

the distortion that would not be recalculated accordingly as it has been done with the 

localization analysis. It is obvious that if we wanted to obtain coordinate data of the 

snowpack with bluesnow analysis values would not be representable and they would 

be varying, in this case in 10.5 cm dispersion of height in profile.   
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5.6 Suggested profile measuring and photographing procedure 

5.6.1 Defects found by the “Photo reliability” analysis  

Processing the photos has revealed some incorrectness that should be fixed for the 

next experiments. Due to the photo reliability analysis errors have been found. These 

errors can be represented by the reliability index of photos. When the snowpack was 

deeper the probability of distortion got higher thus, the certainty of coordinates of the 

pictures collapsed. For instance, low reliability is depicted in (Figure 24) where 

pictures from the LU site refer the deepest snow cover reported from the all sites. For 

other locations, as the snowpack gets thinner, the reliability tends increase.  

Defects causing distortion and inaccuracies comprise mainly the following:  

• Top distortion caused by the camera angle and camera position, while taking 

pictures 

• Crooked scales defecting data accuracy 

• Certainty of the lysimeter desk position 

These issues had some influence on the whole distortion of the pictures and all of 

them are connected. But the top distortion is perhaps the defecting element that plays 

the largest role at the defection. Distortion at the top of the snowpack was caused by 

the angle of the camera and perhaps by the angle of the vertical scales with the bottom 

scale. When the camera was not positioned during the shooting right in the middle in 

front of the excavated profile and the snowpack had higher snow depth, it caused 

some distortion visible on the top where a small difference on the surface caused a 

bigger distortion on the scale on the top of the snowpack. Left scale of the profile 

sometimes showed about 10 cm differences in values compared to the right one due 

to the top distortion. The top distortion was typical when a small difference on the 

surface caused unevenness between the scales escalating on the top especially 

when the angle with the bottom scale was unknown. It is also possible that the top 

distortion was caused by the factor of different angles between bottom and vertical 

scales. But any huge gaps of values have not been found during the analysis by the 

deflection of the vertical scales. All that was found with certainty is that the distortion 

went higher when the snowpack had higher snow depth. For instance, unevenness 

on the surface of about 3.5 cm (8 – 11.5 cm) where these 3.5 cm was the difference 

between both scales on the surface caused distortion of 14.5 cm (108.5 – 122.5 cm) 

on the top of the snowpack. Right scale does not refer to the left side (Figure 18). 
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Figure 27: A top distortion example. Both scales do not refer to the same horizontal level values in a 
certain point. Photo by supervisor of this thesis. 

The position of scales was therefore a defecting factor. Scales were standing on the 

frozen surface and sometimes on snow. They were neither on the same level 

horizontally nor vertically anchored to the surface and to the bottom scale. Hence, 

side scales did not report same values.  

 

Figure 28: Unevenness on the surface where scales do not follow horizontal values. Photo by supervisor 
of this thesis 

The uncertainty of the lysimeter position happened to be also important. The lysimeter 

desk was sometimes covered by snow and indicating the desk from the previous 
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photos had to be done which leads to inaccuracies (this is also the case of lysimeter 

desk uncertainty index in Figure 24).  

Measuring scales sometimes made the reliability analysis more difficult due to the 

time pressure during taking the pictures in terrain. Because of the rush, some scales 

were not placed properly and reading them afterwards made determining real values 

time consuming. Scales did not follow the same order in every picture. For instance, 

the bottom scale even obstructing the view of the lysimeter was not connected to the 

left vertical scale and sometimes values of the bottom scale did not refer to zero value 

(Figure 30). That means the bottom scale could obstruct the left scale or it could be 

placed too far to one side. In some photos bottom scale was lying on the ground and 

facing sky instead of the camera (Figure 29). The changing values on scales for each 

photo were made by no specified order of placing them. 

 

Figure 29: Bottom scale facing upwards causing laborious consequences at determining the horizontal 
accumulation of water. Photo by supervisor of this thesis 

 

Figure 30: An example of disconnected scales causing difficulties in horizontal water accumulation 
determination. Photo by supervisor of this thesis  
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5.6.2 Profile frame 

Based on the identified uncertainties of the photo analysis a frame for the further 

profile analysis is suggested. This frame should cover all the defects mentioned above 

and fix them for the next experiments. It also has to fulfill portable requirements as 

well as dismantle abilities due to fact of operating in terrain. 

The frame will be put together every time it is needed and dismantled after using it. 

The suggested frame is made of wood and withdrawable scales from previous 

experiments are implemented as well to measure the excavated profiles. Vertical 

scales are applicable for changes at depth of snow and could be adjusted any time, 

this aspect is also good for the mobility in terrain with the frame. The frame will 

measure profiles with inner area of 1.5 x 2 meters. Vertical scales are connected by 

two 1.7 meters long horizontal wooden sticks under 90° angle (Figure 31). 10 cm 

space on both sides of the middle part of the frame takes for fastening the vertical 

scales when a lot of snow frame would be anchored to the profile by hooks on the 

outer sides (Figure 33). On the other hand, the frame will have to be held by an 

operator or a crew member. Water level is suggested on both sides to control the 

frame position.   

Instructions of operating with the profile frame 

Specific rules need to be followed when using profile frame to prevent defections. At 

the beginning, snow depth has to be measured to set the camera to the right position. 

Camera should be placed as to the center of the profile as possible. The middle value 

of depth of the snow is necessary to obtain to set the camera stand. Camera must 

stay at the same spot during the shooting to prevent different angles in the pictures 

afterwards. Distance from the camera to the profile must be the same for every slice 

cut out of the profile. Once the distance is set, it must be kept during the shooting and 

has to remain. For example, when 2 meters distance is used for shooting for the first 

excavated profile the second profile will also be shot from 2 meters. Second person 

holding the frame is responsible for balancing the water level. The frame must remain 

equilibrated both vertically and horizontally. The wooden middle part of the frame is 

moveable vertically. It is necessary to set the middle part above the snowpack to 

provide data of the horizontal axis and not shielding the lysimeter (Figure 34, where 

the central part does not cover the bottom of the profile, so the lysimeter is noticeable). 
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Information table and color scale classes are placed on the outer side of the frame so 

that nothing disturbs the space inside. 

Profile frame exports  

 

Figure 31: A special tailored made frame for photographing the snow profiles. 
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Figure 32: Fastening of the frame when putting together on site 

 

Figure 33: Profile frame anchoring by hooks when deep snow 
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Figure 34: Scene of camera positioning and frame by the profile frame operating instructions 
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5.7 Tipping buckets implementation 

Calibration of new tipping buckets is divided into three phases. First calibration 

focused on the first design of the tipping bucket (TB) device where defects of design 

were reported, and volume of the TB was examined. Second calibration implemented 

knowledge from the first one where design suggestions were carried out, and new 

parameters were tested. Second calibration is then a design improvements 

calibration. The third calibration was a process of implementing new tested design on 

all the TBs. 

5.7.1 First calibration  

For the first calibration, four different tipping volumes were preset by the adjusting 

bolts.  

Volume range [ml.] 

• Max overturn (115 ml / overturn) 

• 100 ml / overturn 

• 75 ml / overturn 

• 50 ml / overturn 

Design defects reported by the first calibration 

• Bad funnel design 

• Water level proportions 

• Edge of the bucket barrier 

• Distance between funnel and tipping system of the TB device 

Funnel design 

The funnel did not release the water through the tipping bucket properly. Water from 

the funnel was dripping around because of the output profile of the funnel. The profile 

had too large parameters, was not smooth and was contributing to the fact, that the 

funnel allowed water dripping from the bucket.   
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Water level proportions 

Water level did not show the position of the TB properly and finding the correct 

position was laborious. First calibration has revealed that inaccurate water level 

caused different volumes per overturn in the static calibration part (Figure 35). 

Unleveled TB device was influenced by the gravity that contributed to different 

volumes of the tipping system. The more crooked one side of the TB device was, 

the lesser the accuracy was observed. 

 

Figure 35: Different volumes of the tipping system caused by uncertainty in position of the TB device. 
Box plots description: x = mean, line = median, lower and upper whisker = range of measured values 
[min, max], box bottom = 1st quartile, box top = 3rd quartile, dots out of the range of whiskers = 
outliers. 

Edge of the bucket wall 

Edge of the bucket wall influenced flowing of the water through the system. 

Reported issue of the inadequate thickness of the wall between buckets I and II 

caused water sprinkling when bucket system outweighed.  

Distance between funnel and bucket system 

Outflow of the funnel was positioned too high, so the distance between the tipping 

bucket system and funnel output caused rippling of the water surface when filling up. 

Ripples and sometimes droplets from the inflowing water to the bucket affected the 

measuring capabilities of the TB device.   
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5.7.2 Second calibration 

Design improvements 

Water level proportions 

Thanks to the extended water level, the TB position finding was simple and different 

volumes per overturns did not influence the filling ability as much as they did 

previously in the phase one. Both buckets have tendency to have the same volume 

per each overturn and the gravity force has a lower tendency to cause inaccuracies. 

The desired state of the TB is when both bucket I and bucket II are even. 

Nonetheless, even an equilibrated TB will reflect some inaccuracies due to the 

calibration method and tension forces of water. But the closer the individual buckets 

are in volume, the higher is the accuracy we can expect. In this example, volumes of 

bucket I and II are 102.85 ml. and 102.5 ml. respectively, where 0.35 ml. is the 

difference in the volume in both side buckets. Phase one of the calibration showed 

difference between both buckets due to the uncertainty in the leveled position 1,1 ml 

(Figure 35).  

 

Figure 36: Comparison of buckets of the TB device with redesigned water level. Box plots description: 
x = mean, line = median, lower and upper whisker = range of measured values [min, max], box bottom 
= 1st quartile, box top = 3rd quartile, dots out of the range of whiskers = outliers. 

Edge of the wall between buckets  

The edge between both buckets I and II was sharpened to contribute to smoother 

design when buckets system overturns. This should prevent splashing of the water 
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when the edge of the wall gets to the central position of the system where the 

outflow from the funnel concentrates water.  

Funnel design 

Funnel calibration, as a reaction to the design improvements, had to be done to 

compare two different shape parameters of suggested funnels. By the funnel design 

calibration, two reported issues were solved. Bad design of the funnel and distance 

between TB system and funnel output. Both tested funnels had been extended 

(distance between the tipping system and the output was reduced to the minimum) 

and two different parameters of output were suggested. Funnel A with smaller 

diameter in profile and funnel B with larger profile. Both were tested with a constant 

flow of approx. 1 liter per minute. Tables below (Table 7, A, B) show detailed 

information of the funnel calibrations for both funnels. Tables show information on the 

number of bucket overturns, last overturned bucket in order and volume of water 

measured from the last tipped bucket.  

Table 7: A) Funnel A calibration records, B) Funnel B calibration records 

 

Figure 37: Funnel design calibration of both (A, B) proposed funnel designs. Calibrated by the dynamic 

method where rest of the volume in bucket is depicted  
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A funnel parameter A tends to be less accurate in (Figure 37). However, this could be 

caused by different inflow to the funnel A (Table 7). When the inflow was the same, 

the losses of both funnels tended to be alike.  

A part of the calibration included also maximum filling abilities of the funnels. Smaller 

funnel (funnel A) had gotten full by constant flow in 5:33 min. Maximum filling could 

not be measured due to the larger parameters of the funnel B. Funnel B did not retain 

the flow and did not provide smooth outflow from the funnel.  

Funnel A was transforming flow to the constant outflow where no splashing was 

evidenced. The filling of the funnel A is limited due to the parameters of the funnel, 

but it is assumed that a flow higher than 1l/minute will not be observed during 

experiments. In fact, outflow from the snowpack is expected to be slow that the inflow 

to the funnel does not have to be the limited factor. On the contrary, slow filling is 

beneficial to transform outflow into a constant flow which is more convenient for the 

tipping afterwards. Funnel B provided flow with splashing droplets from the tipping 

bucket device and the larger parameter of the funnel profile did no concentrate water 

into a constant flow. Because of the expectations that snow melt will not generate 

higher flow than the profile of the funnel A can provide, funnel A is suggested to be 

implemented for the next experiments. 

5.7.3 Third calibration 

Third calibration was an extended calibration, that applied the design of improvements 

on all the TB devices (Figure 38). New supposition was applied to the process of static 

calibration. Approx. 3 ml. of extra volume has been added to the desired volume (100 

ml.) of the bucket as a prevention to the expected losses.  

 

Figure 38: All tipping bucket devices after calibrations. TB.N1 (tipping bucket number 1), TB.N2 (tipping 
bucket number 2), TB.N3 (tipping bucket number 3) 
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Dynamic calibration is represented as the last bucket volume after 1liter discharge 

simulation. In all the cases 10th bucket was evaluated. In graphs only the volumes of 

the last 10th buckets are seen. 

 

Figure 39: A) Static calibration per each TB per number of runs of tests and measured volume per 
each tip. Linear trend lines represent volume of calibrated TB during static calibration, B) 
Representation of volumes of all the tipping buckets from the static calibration (Calibrated volume per 
each TB) Box plots description: x = mean, line = median, lower and upper whisker = range of 
measured values [min, max], box bottom = 1st quartile, box top = 3rd quartile, dots out of the range of 
whiskers = outliers. 

The static calibration data show calibrated volume per each tip for each tipping 

bucket (Figure 39, A). TB. N1 is calibrated for 102.65 ml./tip, TB. N2: 102.85 ml./tip 

and TB. N3: 103.4 ml./tip (Figure 39, B). 

 

Figure 40: A) Comparison of all dynamic calibrations per each tipping bucket with boundary lines [dashed 
lines] representing 0% losses, B) Tipping buckets percentual losses after dynamic calibration 
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Dynamic calibration follows the measured volumes in all the TBs where 10th 

overturn was recorded (solid lines in Figure 40, A). Zero percentual losses are 

depicted for the example where the limits of the calibration of all TB devices are. No 

losses boundaries are lines per each TB that indicate what volume each TB could 

possibly contain at the dynamic calibration (1000 ml.) without losses. 

Tipping bucket number one is the least accurate with the percentual losses of 6.45%. 

The tipping bucket number two has shown 5.45% losses from the calibration tests 

and is validated as the most accurate one (Figure 40, B). No losses of the TB device 

would be obtained if 1 liter of the simulated flow overturned buckets of the system 9th 

times and the 10th tipped bucket was filled by the extra calibrated volume (volume 

added as a prevention factor) of each TB times number of tips plus the rest of the 

calibration inflow. This means that the TB. N1 with volume of 102.65 ml./overturn 

would leave 73.5 ml. in the last 10th bucket with no losses (as well as depicted in 

Figure 40, 0% losses lines). It is obvious that the 0% losses would be obtained if 

volume of buckets were 100 ml and the 11th tips had no water inside. But in our case 

recalculation is necessary because volume varies with every TB device. 

It is expected that all the tipping buckets will, in fact, have higher accuracy when used 

on site. Laboratory conditions provided a great space for calibrations but the 

simulations under time restrains could not simulate velocity flow as slow as it is 

expected during the experiments. It is clear, that more accurate data would be 

obtained if the water velocity had been lower.  

5.7.4 Calibrations summary  

Despite some revealed deficits in accuracy, losses will always be manifested due to 

surface tension of water and the adhesion on the surface of the bucket. It may seem 

that the tipping buckets are not completely precise (Figure 40,B) but known tipping 

buckets behavior is better for the ROS investigation than not calibrated tipping bucket 

that was used during ROS experiments. Known design of tipping buckets, thanks to 

the calibration, can be enhanced in the future if tipping bucket design improvement is 

necessary.  

The surface tension depends on the temperature of the liquid and it is usually lower 

for tap water than in case of rain fall. Tap water therefore causes smaller error at 

calibration (Marsalek, 1981). VASVARI (2005) refers, after his calibrations, that the 

adhesive retained water in the tipping bucket depending on the bucket material. Metal 
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tipping buckets could retain more water through corrosion, which raised the specific 

surface of the TB device. Plastic buckets on the other hand are more water repellent. 

VASVARI (2005) also found that the larger the tipping buckets are, the more accurate 

they tend to be. Smaller buckets are characterized by higher potential to losses than 

larger buckets because the tipping moment is often.  

In the case of the tipping buckets in this work, plastic material was used but larger 

tipping buckets are not desirable because of space limits at examined sites. As the 

water flow in calibrations was simulated with high velocity, lower intensity of flow is 

suggested for further calibrations to obtain more precise data. Funnel calibration 

showed that funnel outflow can eliminate a lot of potential losses as well as the 

parameters of the water level. Calibrated funnel is not suitable for higher ranges of 

velocities of the flow as liter per minute thanks to the design and specific designed 

outflow.  
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6 Conclusions  

This work is mainly focused on methods of investigating ROS events and analyzing 

formation of flow paths as the main reaction of water behavior in snowpack after 

experiments. Two main approaches have been applied for the purpose of analyzing 

water behavior in snowpack “the localization analysis” and “bluesnow analysis”. 

Localization analysis localizes interflow patterns in the snowpack into coordinate 

system and the bluesnow analysis has been applied for testing a so-called package 

written in the R programming language as the first use of this method. Bluesnow 

analysis with snow properties investigation have statistically assessed all the sites. 

Experimental site Luisino Údolí, has been evaluated with 4.2 % of blue fraction over 

the entire snow profile, with the highest density [302 kg/m3] of all sites and coldest 

temperature profile [-1.7 °C]. Kubova Huť 1 site, with 4.75% of blue fraction and with 

244 kg/m3 density profile. Experimental site Kubova Huť 2, has had 63.8 % fraction 

of blue distribution and the highest liquid water content profile at all with 7.2 %.  A 

third analysis “the photos reliability analysis” was carried out to validate the 

methodology of ROS experiments. Methods of improvements consist of suggestions 

based on the reliability analysis and design calibrations also done in this work for 

implementing new tipping buckets for measuring the outflow during experiments.  

Reliability analysis was conducted by the author of this thesis to find potential 

renovations in the way ROS experiments are performed. Reliability analysis shows 

what kind of distortion can we see, and uncertainty of photos divided into two index 

categories. The first height uncertainty, comparing snow depths of photos (on scale 

1 to 5), where 1 indicates high certainty and 5 high uncertainty. The second 

category is the lysimeter desk determination, where (scale from 1 to 3) is used, as 1, 

certain localization of lysimeter desk (high certainty) and 3 (high uncertainty), where 

lysimeter is not observed in photo and an estimation of lysimeter has to be done. 

Due to high uncertainties new profile frame for measuring is proposed with operating 

and photographing instructions. Uncertainty index pointed out that the lysimeter 

desk was sometimes obstructed by the bottom measuring scale (causing high 

lysimeter desk uncertainty). High index uncertainties were also linked to distortion 

and wrong placement of scales. Profile frame with right methods of operating 

instructions is proposed to increase the reliability of photos and to increase precision 

of collected data from the experiments.   
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Localization analysis provides classification of water movement in the snowpack and 

composes data into tables of coordinate. Localization analysis takes findings from 

the reliability analysis for recalculating the distortion caused be the wide camera 

angle. This method is good for analyzing each layer in the snowpack induced after 

the ROS but is very laborious and can lead to inaccuracies because depends on 

author’s precision skills. Nonetheless, this approach justifies the distortion and leads 

to better understanding of water behavior after ROS with graphical representation of 

profiles. 

Bluesnow analysis is more complex and can be applied on many photos quickly 

visualizing the water movement with information about the blue fraction in the pixels 

after dye tracer experiments. This package provides better inputs for calculations 

that can investigate vertical or horizontal flow pattern formation. In this work 

prevailing formation of fluid paths was developed. Prevailing formation points out the 

dominancy of vertical or horizontal distribution of blue fraction in snowpack 

indicating fluid patterns. This is important with the combination of investigated 

snowpack’s properties data. Horizontal formation tends to be present in more 

heterogenous snowpack and vertical formation is linked with more uniform and more 

homogeneous properties of snow. In this thesis, dominancy of vertical flow paths 

has typical character within higher liquid water content, temperature and causes a 

trend of formatting matrix flow (Kubova Huť 2 experimental site). On the other hand, 

snowpack with higher prevailing formation of horizontal flow paths tends to form 

finger flow and lateral flow with lower values of liquid water content and 

temperatures along the profile (Luisino Údolí experimental site and Kubova Huť 1 

site). Uniform profiles cannot store water and tend to release water after ROS into 

the soil. The bluesnow package can be used and developed in order to provide 

other potential analyses.  

New tipping buckets are implemented in the methods of improvements with the profile 

frame, both increasing the precision of measured data. Tipping buckets are more 

representable due to long term outflow monitoring and tipping bucket design 

development. Designing of the tipping buckets enhanced their efficiency (6.45%, 

5.45%, 5.55% calculated losses per each tipping bucket) and provided space for 

designing further improvements. New designing can use statistical overviews of the 

newly calibrated tipping buckets and implement new emendations. Implementation of 

calibrated tipping buckets is believed to obtain more accurate data from the released 

water after ROS.   
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8 Appendix  

8.1 Brilliant blue distribution per each site 

 

Figure 41: Range of the blue fraction distribution in pixels listed per each site and excavation referring 
to the categories of fraction of blue (dark blue – light blue) in pixels found by the filter of bluesnow. A) 
LU site, B) KH1 site, C) KH2 site 
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8.2 Water movement localization analysis per each excavation at 

the LU site 

 

Figure 42: Graphical interpretation of water accumulation compared to the photo of the snow pit 

excavation (A) at the LU site.  
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Figure 43: Graphical interpretation of water accumulation compared to the photo of the snow pit 
excavation (B) at the LU site.  

 

Figure 44: Graphical interpretation of water accumulation compared to the photo of the snow pit 
excavation (C) at the LU site.  
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Figure 45: Graphical interpretation of water accumulation compared to the photo of the snow pit 
excavation (D) at the LU site.  

 

Figure 46: Graphical interpretation of water accumulation compared to the photo of the snow pit 
excavation (E) at the LU site.  
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8.3 Water movement localization analysis per each excavation at 

the KH1 site 

 

Figure 47: Graphical interpretation of water accumulation compared to the photo of the snow pit 
excavation (A) at the Kubova Huť 1 site.  
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Figure 48: Graphical interpretation of water accumulation compared to the photo of the snow pit 
excavation (B) at the Kubova Huť 1 site. 

 

Figure 49: Graphical interpretation of water accumulation compared to the photo of the snow pit 
excavation (C) at the Kubova Huť 1 site. 
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Figure 50: Graphical interpretation of water accumulation compared to the photo of the snow pit 
excavation (D) at the Kubova Huť 1 site. 

 

Figure 51: Graphical interpretation of water accumulation compared to the photo of the snow pit 
excavation (E) at the Kubova Huť 1 site. 
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8.4 Water behavior by the bluesnow analysis at the LU site 

 

Figure 52: Photo of the excavation (A) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Luisino Údolí site. 
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Figure 53: Photo of the excavation (B) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Luisino Údolí site. 
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Figure 54: Photo of the excavation (C) and the bluesnow filter, which is the blue fraction distribution per 

pixels representing water movement induced by ROS at the Luisino Údolí site. 
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Figure 55: Photo of the excavation (D) and the bluesnow filter, which is the blue fraction distribution per 

pixels representing water movement induced by ROS at the Luisino Údolí site. 
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Figure 56: Photo of the excavation (e) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Luisino Údolí site 
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8.5 Water behavior by the bluesnow analysis at the KH1 site 

 

Figure 57: Photo of the excavation (A) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Kubova Huť 1 site. 
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Figure 58: Photo of the excavation (B) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Kubova Huť 1 site. 
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Figure 59: Photo of the excavation (C) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Kubova Huť 1 site. 
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Figure 60: Photo of the excavation (D) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Kubova Huť 1 site. 
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Figure 61: Photo of the excavation (E) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Kubova Huť 1 site. 
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8.6 Water behavior by the bluesnow analysis at the KH2 site 

 

Figure 62: Photo of the excavation (A) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Kubova Huť 2 site. 
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Figure 63: Photo of the excavation (B) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Kubova Huť 2 site. 
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Figure 64: Photo of the excavation (C) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Kubova Huť 2 site. 
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Figure 65: Photo of the excavation (D) and the bluesnow filter, which is the blue fraction distribution per 

pixels representing water movement induced by ROS at the Kubova Huť 2 site. 
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Figure 66: Photo of the excavation (E) and the bluesnow filter, which is the blue fraction distribution per 
pixels representing water movement induced by ROS at the Kubova Huť 2 site. 

 


