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Souhrn

V zimnim obdobi, kdy lezi na povodi snéhova pokryvka, stile ptibyva
vyskytu destovych srazek. Dést’ dopadajici na snih (ROS) ma casto za
nasledek vznik povodni a mokrych lavin. Predikce vlivu ROS zalezi
predev§im na lep$im pochopeni mechanismii vzniku a sloZeni odtoku ze
sn¢hové pokryvky. Spojeni simulace desté na sné¢hovou pokryvku a vyuziti
stopovaci bylo testovano jako vhodny nastroj pro tento ucel. Celkem bylo
provedeno 18 experimentli na snéhovou pokryvku s rliznymi pocate¢nimi
vlastnostmi v horskych podminkach stfedni a zdpadni Evropy.

Pro urceni charakteru proudéni bylo pouzito barvivo brilliant blue (FCF),
pomoci kterého je mozné vizualizovat preferencni cesty, ale i urcit rozhrani
dvou vrstev o riiznych hydraulickych vlastnostech. Zastoupeni jednotlivych
slozek odtékajici vody na vytoku bylo stanoveno pomoci metody separace
hydrogramu, kterd poskytuje dobré vysledky s pfijatelnou nejistotou. Z
technickych divodd nebylo moZzné obé metody pouzit soucasné b&hem
jednoho experimentu, i kdyZ by to jesté vice rozsifilo znalosti o dynamice
proudéni destové vody ve sn¢hové pokryvce. Mnozstvi tavné vody bylo
vypocteno pomoci rovnice energetické bilance. Pouziti této rovnice je
pomérné presné, ale zaroven naro¢né na vstupy. Z toho divodu bylo tani
vypocéteno pouze u jednoho experimentu.

Rychlost vzniku odtoku roste v prvni fad¢ intenzitou srazky. Pocatecni
vlastnosti snéhové pokryvky, jako hustota a vlhkost, ovliviiuji rychlost
vzniku odtoku az druhotné. Na druhou stranu pfi stejné intenzité srazky
vykazovala nevyzrala sn€hova pokryvka s malou hustotou rychlejsi
hydrologickou odpovéd’, nez vyzrala pokryvka s vétsi hustotou. Velikost
odtoku je zavisla, pfedev§im na pocateénim nasyceni. Vyzrala sné¢hova
pokryvka s vy$§im pocatecnim nasycenim generovala vyssi celkovy odtok,
kde dest'ova voda pfispivala maximalné z 50ti %. Proti tomu protekla destova
voda nevyzralou snéhovou pokryvkou pomérné rychle a do odtoku se
propagovala pfiblizné z 80ti %.

Pro predikci odtoku béhem ROS byla pouzita Richardsova rovnice v ramci
modelu SNOWPACK. Tento model byl upraven tak, ze byla snéhova matrice
rozdélena pro lepsi simulaci preferencniho proudéni. Tento pristup prinesl
zlepSeni vysledkt oproti klasickému pfistupu, kdy se uvazuje pouze
matricové proudéni.



Summary

During a winter season, when snow covers the watershed, the frequency of
rain-on-snow (ROS) events is still raising. ROS can cause severe natural
hazards like floods or wet avalanches. Prediction of ROS effects is linked to
better understanding of snowpack runoff dynamics and its composition.
Deploying rainfall simulation together with hydrological tracers was tested
as a convenient tool for this purpose. Overall 18 sprinkling experiments were
conducted on snow featuring different initial conditions in mountainous
regions over middle and Western Europe.

Dye tracer brilliant blue (FCF) was used for flow regime determination,
because it enables to visualise preferential paths and layers interface.
Snowpack runoff composition was assessed by hydrograph separation
method, which provided appropriate results with acceptable uncertainty. It
was not possible to use concurrently these two techniques because of
technical reasons, however it would extend our gained knowledge. Snowmelt
water amount in the snowpack runoff was estimated by energy balance (EB)
equation, which is very efficient but quality inputs demanding. This was also
the reason, why EB was deployed within only single experiment.

Timing of snowpack runoff onset decrease mainly with the rain intensity.
Initial snowpack properties like bulk density or wetness are less important for
time of runoff generation compared to the rain intensity. On the other het
when same rain intensity was applied, non-ripe snowpack featuring less bulk
density created runoff faster than the ripe snowpack featuring higher bulk
density. Snowpack runoff magnitude mainly depends on the snowpack initial
saturation. Ripe snowpack with higher saturation enabled to generate higher
cumulative runoff where contributed by max 50 %. In contrary, rainwater
travelled through the non-ripe snowpack relatively fast and contributed
runoff by approx. 80 %.

Runoff prediction was tested by deploying Richard’s equation included in
SNOWPACK model. The model was modified using a dual-domain approach
to better simulate snowpack runoff under preferential flow conditions.
Presented approach demonstrated an improvement in all simulated aspects
compared to the more traditional method when only matrix flow is
considered.
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1. Uvod

Snéhova pokryvka predstavuje zasobu vody v pevném skupenstvi na povodi.
Z hydrologického hlediska jeji dulezitost roste pfedevsim v obdobi tani, kdy
se pevna forma zacne ménit na kapalnou vodu. Pro hydrology je tedy velmi
zasadni informace kolik vody po roztdni snéhové pokryvky miizeme
ocekavat ve vodnich tocich. Rychlé tani sn¢hové pokryvky vSak mize
predstavovat nebezpeci v podobé nadlimitnich pritokd az povodni.

Specifickou roli hraje snéhové pokryvka v pfipadé, kdyz se setka s kapalnou
srazkou ve formé de$té. Tuto srazku nasledné transformuje do odtoku.
Transformace destové srazky mutize probihat dvéma zptisoby (Obr. 1). V
prvnim piipadée plni snéhova pokryvka ochrannou retencni funkci, kdy ¢ast
srazky v sob& na ur€itou dobu zadrzi a odtok je maly nebo nemusi nastat
vubec. V druhém ptipadé mtize byt odtok jesté zvysen, protoze destova voda
protece a celkovy odtok je navySen o mnozstvi vody z tani. Pfitomnost
dest'ové vody ve snéhové pokryvce muze celkové tani jesté urychlit a tim
jesté zvysit celkovy odtok z pokryvky a potencidlni riziko povodni.

Odpoveéd’ na otazku, zda se sné¢hova pokryvka bude chovat prvnim nebo
druhym zptsobem neni jednoducha. Pro uréeni chovani kapalné vody ve
sn¢hové pokryvce jsou klicové predevsim jeji fyzikalni vlastnosti. V posledni
dobé je vénovana velka pozornost povodnim z tani snéhu v kombinaci s
destém jak v Evropé, tak i ve svété. Moznosti pfedpovidani nasledki
takovych udalosti jsou spojené pfedevsim se znalosti chovani destové vody
ve snéhové pokryvce a dynamikou jejiho odtoku, které jsou stale omezené.
Tato diserta¢ni prace se proto snazi tuto problematiku vice pfibliZit pomoci
nékolika experimentalnich studii a vyuzitim stavajicich matematickych
modeld.



2. Cile prace a zakladni predpoklady

Hlavnim cilem disertacni prace je posouzeni vlivu sné¢hové pokryvky na
transformaci destovych srazek. Zaroven si tato prace klade za cil pfiblizit
mechanismus vzniku a sloZeni kombinovaného odtoku ze snéhové pokryvky
beéhem desté. Splnéni téchto zakladnich cilt zahrnuje dva zakladni tkoly:

Navrhnout vhodnou metodiku simulace desté v terénu, ktera
umoziuje i nasledny monitoring odtoku ze sné¢hové pokryvky. Kromé
toho by méla metodika zahrnovat analyzu zmén vlastnosti snéhové
pokryvky nasledkem desté.
Navrzend metodika by dale méla umoznovat vizualizaci proudéni
destové vody ve sné¢hové pokryvee s riznymi fyzikdlnimi
vlastnostmi, ale i moznosti stanoveni destové vody na vytoku pomoci
separace hydrogramu. Urceni jednotlivych slozek v celkovém odtoku
by mélo umoziovat stanoveni:

a. Okamzitého procentualniho zastoupeni destové vody na

celkovém odtoku a v jednotlivych fazich desté.
b. Zajak dlouho se de$tova voda objevi na vytoku, tj. doba zdrzeni.

Mnozstvi vody z tani pomoci energetické bilance.
Pomoci navrzené metodiky charakterizovat dynamiku proudéni
dest'ové vody ve snéhové pokryvee a mechanismus vzniku odtoku v
riznych typech snéhu. Tato metodika bude doplnéna o vysledky
modelovani z modelu SNOWPACK, ktery popisuje chovani kapalné
vody ve sné¢hu pomoci Richardsovy rovnice. Na zaklad¢ predlozené
reSerSe literatury bylo formulovano nékolik vyzkumnych otazek a
predpokladi:
a. Jak ovliviiuji vlastnosti snéhové pokryvky charakter proudéni a
transport destové vody ve snéhové pokryvce?
Piedpoklad 1: Velky specificky povrch krystalii u nevyzralé
pokryvky umoznuje veétsi interakci mezi srazkovou vodou a
snehovou pokryvkou.



Jaka je rychlost hydrologické odezvy na ROS v zavislosti na
charakteristikach zasazené snéhové pokryvky a intenzité desté?
Predpoklad 2a: Vyzrdla snéhova pokryvka se vyznacuje
rychlejsi  hydrologickou odezvou, nez nevyzrdla pokryvka.
Predpoklad 2b: Pri vyssi intenzité desté dochazi k rychlejsi
hydrologickeé odezve.

Jak se podili destova voda na celkovém vytoku ze sne¢hové
pokryvky s riiznymi vlastnostmi?

Predpoklad 3: Destova voda je vice zastoupena v odtoku z
vyzralé snehové pokryvky, nez z nevyzralé snéhové pokryvky.
Jak se méni vlastnosti snéhové pokryvky vlivem deste?
Piedpoklad 4: Dést’ ve snehové pokryvce zpiisobuje znacné
zmeény, predevsim zvySeni hustoty, teploty, obsahu kapalné vody
a obsahu deuteria.



3. Vysledky

Hlavni vysledky dizertaéni praci byly publikovany nebo odeslany do
veédeckych casopist. V dizertaéni praci jsou prezentovany dva clanky
otisténé v ¢asopisech Zeitschrift fiir Geomorphologie a Journal of hydrology,
jeden ¢lanek v recenznim fizeni v ¢asopisu Hydrology and Earth System
Sciences a jeden ¢lanek odeslany do téhoz Casopisu.

3.1.Clanek | - A portable simulator for investigating
rain-on-snow events

Juras, R., Pavlasek, J., Déd, P., Tomasek, V. and Maca, P.: A portable
simulator for investigating rain-on-snow events, Zeitschrift fiir Geomorphol.
Suppl. Issues, 57(1), 73-89, doi:10.1127/0372-8854/2012/S-00088, 2013.

Abstract: This paper deals with ways of simulating rain-on-snow events
caused by high-intensity, short duration precipitation. A low-cost rainfall
simulator was developed for the purposes of this experiment. This device
enables rainfall of varying intensity and duration to be simulated, and
automatically monitors some components of the mass and energy balance,
consisting of the outflow rate, the temperature of the inflow and outflow
water, the air temperature, and the temperature in various positions in the
snow cover. Artificial rain intensities ranging from 40 mm.h* to 100 mm.h!
produced by a single nozzle under water pressure ranging from 0.7 bar to 1.65
bar were tested. The results of a field test revealed a limited retardation and
transformation function of ripe snow cover during extreme rainfall events.



3.2. Clanek Il - Isotopic tracing of the outflow during
artificial rain-on-snow event

Juras, R., Pavlasek, J., Vitvar, T., Sanda, M., Holub, J., Jankovec, J. and
Linda Miloslav: Isotopic tracing of the outflow during artificial rain-on-snow
event, J. Hydrol., 1, 1145-1154,
doi:http://dx.doi.org/10.1016/j.jhydrol.2016.08.018, 2016.

Abstract: The frequency of rain-on-snow (ROS) occurrence is increasing and
this natural phenomenon is beginning to play an important role in temperate
climate regions. Present knowledge of outflow generation mechanisms and
rainwater dynamics during ROS is still insufficient. The study introduces a
combined method of artificial ROS, isotopic tracing and energy balance to
partition the event rainwater and the pre-event non-rainwater in the outflow.
A rainfall simulator and water enriched with deuterium were used for
identifying event rainwater and pre-event non-rainwater during an ROS
event.

The ROS experiment was conducted in the Krkonose Mountains in the Czech
Republic. An experimental snow block consisting of ripe and isothermal
snow was sprayed with deuterium enriched water. The outflow from the
snowpack was continuously monitored to gain quantitative and qualitative
information about outflow water. The isotopic deuterium content was further
analysed from the samples by means of laser spectroscopy in order to separate
the hydrograph components. The deuterium content was also analysed from
the snow samples gathered before and after the experiment to identify the
retention of event rainwater in the snowpack.

Isotopic hydrograph separation revealed that although high rain intensity was
applied, the event rainwater represented one half (52.7%) of the total outflow
volume. The ripe snowpack retained about one third of the rainwater input
(33.6%). Significant changes in the outflowing water quality can therefore be
expected during ROS events. This experiment also shows that rainwater
during ROS firstly pushes out the non-rainwater and then contributes to the
outflow. These results show that the presented technique allows us to gain
sufficient information about rainwater dynamics during ROS.



3.3. Clanek Il - Rainwater propagation through
snowpack during rain-on-snow events under
different snow conditions

Roman Juras, Sebastian Wiirzer, Jirka Pavlasek, Tomas Vitvar, et Tobias
Jonas 2016, Hydrology et Earth System Sciences — Discussion, submited,
2016

Abstract: The mechanisms of rainwater propagation and runoff generation
during rain-on-snow (ROS) are still insufficiently known. Understanding the
behaviour of liquid water within the natural snowpack is crucial especially
for forecasting of natural hazards such as floods and wet snow avalanches. In
this study, rainwater percolation through snow was investigated by sprinkling
deuterium enriched water on snow and applying an advanced hydrograph
separation technique on samples collected from the snowpack runoff. This
allowed quantifying the contribution of rainwater and snowmelt in the water
released from the snowpack. Four field experiments were carried out during
the winter 2015 in the vicinity of Davos, Switzerland. For this purpose, large
blocks of natural snow were isolated from the surrounding snowpack to
inhibit lateral exchange of water. These blocks were exposed to artificial
rainfall with 41 mm of deuterium enriched water. The sprinkling was run in
four 30 minutes periods separated by three 30 minutes non-sprinkling
periods. The runoff from the snow block was continuously gauged and
sampled for the deuterium concentration. At the onset of each experiment
initially present liquid water content was first pushed out by the sprinkling
water. Hydrographs showed four pronounced peaks corresponding to the four
sprinkling bursts. The contribution of rainwater to snowpack runoff
consistently increased over the course of the experiment but never exceeded
86 %. An experiment conducted on a cold snowpack suggested the
development of preferential flow paths that allowed rainwater to efficiently
propagate through the snowpack limiting the time for mass exchange
processes to take effect. On the contrary, experiments conducted on ripe
isothermal snowpack showed a slower response behaviour and resulted in a
total runoff volume which consisted of less than 50 % of the rain input.



3.4. Clanek IV - Modeling liquid water transport in
snow under rain-on-snow conditions considering
preferential flow

Wirzer, S., Wever, N., Juras, R., Lehning, M. and Jonas, T.: Modeling liquid
water transport in snow under rain-on-snow conditions considering
preferential flow, Hydrol. Earth Syst. Sci. Discuss., 18(August), 16488,
d0i:10.5194/hess-2016-351, 2016

Abstract: Rain-on-snow (ROS) has the potential to generate severe floods.
Thus, precisely predicting the effect of an approaching ROS event on runoff
formation is very important. Data analyses from past ROS events have shown
that a snowpack experiencing ROS can either release runoff immediately or
delay it considerably. This delay is a result of refreeze of liquid water and
water transport mechanisms in the snowpack. Water percolation is depending
on snow grain properties but also on the presence of structures such as ice
layers or capillary barriers. During sprinkling experiments, preferential flow
was found to be a process that critically impacted the timing of snowpack
runoff. However, current one-dimensional snowpack models are not capable
of addressing this phenomenon correctly. For this study, the detailed physics-
based snowpack model SNOWPACK is extended with a water transport
scheme accounting for preferential flow. The implemented Richards’
Equation solver is modified using a dual-domain approach to simulate water
transport under preferential flow conditions. To validate the presented
approach, we used an extensive dataset of over 100 ROS events from several
locations in the European Alps, comprising meteorological and snowpack
measurements as well as snow lysimeter runoff data. The model was tested
under a variety of initial snowpack conditions, including cold, ripe, stratified
and homogeneous snow. Results show that the model accounting for
preferential flow (PF) demonstrated an improved overall and in particular
more balanced performance. While the improvements were small for
experiments on isothermal wet snow, they were pronounced for experiments
on cold snowpacks, where field experiments found preferential flow to be
especially prevalent.



4. 73veéer

Nové vyvinutd metodika umoziuje simulovat destové srazky na sn¢hovou
pokryvku. V rdmci této metodiky je mozné stopovat destovou vodu jak ve
sn¢hu pomoci vizualizace preferenCnich cest, tak na odtoku ze sné¢hové
pokryvky pomoci separace hydrogramu. Pfestoze simulace pfirozenych
podminek je omezena, tak metodika poskytuje relevantni vysledky pii
sledovani dynamiky destové vody ve snéhu. Hlavni vyhodou je pfedevsim
moznost nastaveni pocatecnich podminek a kontrola procestt b&hem
simulace.

Podle ptivodniho ptedpokladu bylo potvrzeno, Ze deStova voda se chova ve
vyzralé sné¢hové pokryvce rozdiln€, nez v nevyzralé pokryvce. Piedpoklad,
ze destova voda proudi rychleji ve vyzralé snéhové pokryvce, vSak potvrzen
nebyl. Vlivem pistového efektu nejdiive vytlacila destova voda z pokryvky
kapalnou vodu a ¢astecné byla pokryvkou zadrZena, coz zpozdilo jeji odtok.
Vyzrala snéhova pokryvka transformovala destovou srazku mnohem vice,
nez byl pivodni pfedpoklad. To mélo také za nasledek, ze kumulovany
kombinovany odtok z vyzralé snéhové pokryvky obsahoval maximalné 50 %
dest'ové vody, ale celkové prevySoval celkovy vstup desté. Tento fakt mize
byt velmi dulezity z hlediska potencialnich povodni, pfedevs§im pokud
bychom podobné chovani oc¢ekavali i v métitku povodi.

Na druhou stranu nevyzrala snéhova pokryvka transformovala destovou
vodu pouze omezené, protoze vétSina vstupni dest'ové vody se objevila také
na odtoku. Pocate¢ni piedpoklad, Ze deStova voda bude intenzivné
interagovat s nevyzralou pokryvkou a vétSina vody se v ni zadrzi, se také
nepotvrdil. Vyzrald pokryvka zadrzela deStovou vodu pfedevsim vlivem
rozlivu do stran a naslednému pfemrznuti. Lokalné¢ dochazelo na rozhrani
dvou vrstev k vyrazné akumulaci, ktera je ale vzhledem k celkovému
dodanému objemu vyrazné nizsi. Pokud bylo rozlivu zamezeno, tak voda
snéhem rychle protekla a byla pouze minimalné transformovana.

Pritomnost destové vody ve snéhové pokryvce plsobila také zmény v jejich
vlastnostech. Zmény nastaly jak ve vyzralé, tak v nevyzralé snc¢hové
pokryvce. Ve vyzralé pokryvce byly vSak tyto zmeény vétsi, predevsim diky
vetsi interakei destové vody se snéhem.



Zaroven bylo potvrzeno, ze rychlost hydrologické odpovédi sn¢hové
pokryvky zavisi pfedev$im na intenzité¢ desté a v druhé fad€ na pocatecnich
vlastnostech snéhu.
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