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Souhrn

V zimnim obdobi, kdy leZi na povodi sné¢hova pokryvka, stale pribyva vyskytu destovych srazek.
Dést’ dopadajici na snih (ROS) ma Casto za nasledek vznik povodni a mokrych lavin. Predikce
vlivu ROS zélezi predevsim na lep$im pochopeni mechanismt vzniku a slozeni odtoku ze snéhové
pokryvky. Spojeni simulace desté na snéhovou pokryvku a vyuziti stopovact bylo testovano jako
vhodny nastroj pro tento ucel. Celkem bylo provedeno 18 experimentti na snéhovou pokryvku s riznymi

pocate¢nimi vlastnostmi v horskych podminkach stfedni a zapadni Evropy.

Pro ur€eni charakteru proudéni bylo pouZito barvivo brilliant blue (FCF), pomoci kterého je mozné
vizualizovat preferencni cesty, ale i urcit rozhrani dvou vrstev o rtiznych hydraulickych vlastnostech.
Zastoupeni jednotlivych slozek odtékajici vody na vytoku bylo stanoveno pomoci metody separace
hydrogramu, kterd poskytuje dobré vysledky s pfijatelnou nejistotou. Z technickych divoda nebylo
mozné obé metody pouzit soucasné béhem jednoho experimentu, i kdyZz by to jesté vice rozsifilo znalosti
o dynamice proudéni dest'ové vody ve sn¢hové pokryvce. Mnozstvi tavné vody bylo vypocteno pomoci
rovnice energetické bilance. Pouziti této rovnice je pomérné presné, ale zaroven narocné na vstupy.

Z toho ditvodu bylo tani vypocteno 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 snéhova pokryvka s malou hustotou rychlejsi hydrologickou
odpovéd’, nez vyzrald pokryvka s vétsi hustotou. Velikost odtoku je zavisla, predevsim na pocate¢nim
nasyceni. Vyzral4 snéhova pokryvka s vys$§im pocatecnim nasycenim generovala vyssi celkovy odtok,
kde destova voda pfispivala maximalné z 50ti %. Proti tomu protekla deStovd voda nevyzrdlou

snéhovou pokryvkou pomérné rychle a do odtoku se propagovala piiblizné 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 preferen¢niho proudéni.
Tento piistup ptinesl zlepSeni vysledkt oproti klasickému piistupu, kdy se uvazuje pouze matricové

proudéni.



Summary

uring a winter season, when snow covers the watershed, the frequency of rain-on-snow (ROS)
Devents 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.



1. Uvod

Snéhové pokryvka piedstavuje zdsobu vody v pevném skupenstvi na povodi. Z hydrologického
hlediska jeji dulezitost roste predev§im v obdobi tani, kdy se pevna forma za¢ne ménit na
kapalnou vodu. Pro hydrology je tedy velmi zasadni informace kolik vody po roztani sné¢hové
pokryvky miizeme ocekavat ve vodnich tocich. Rychlé tani snéhové pokryvky vSak mize

predstavovat nebezpeci v podobé nadlimitnich priitokti az povodni.

Specifickou roli hraje snéhové pokryvka v piipadg, kdyz se setka s kapalnou srazkou ve formé
deste. Tuto srazku nésledné transformuje do odtoku. Transformace destové srazky mize probihat
dvéma zptsoby (Obr. 1). V prvnim piipadé plni snéhova pokryvka ochrannou reten¢ni funkci, kdy
¢ast srdzky v sobé na urCitou dobu zadrzi a odtok je maly nebo nemusi nastat viibec. V druhém
pripadé muze byt odtok jeste zvysen, protoze destova voda proteCe a celkovy odtok je navysen o
mnozstvi vody z tani. Pfitomnost deStové vody ve sn¢hové pokryvce muze celkové tani jesté

urychlit a tim jesté zvysit celkovy odtok z pokryvky a potencialni riziko povodni.

Odpoved na otazku, zda se snéhova pokryvka bude chovat prvnim nebo druhym zptsobem neni
jednoducha. Pro urceni chovani kapalné vody ve snéhové pokryvce jsou klicové predevsim jeji
fyzikalni vlastnosti. V posledni dobé je vénovana velka pozornost povodnim ztani snéhu v
kombinaci s destém jak v Evropé, tak i ve svété. Moznosti piedpovidani nasledku takovych udalosti
jsou spojené piedevsim se znalosti chovani dest'ové vody ve snéhové pokryvee a dynamikou jejiho
odtoku, které jsou stale omezené. Tato disertacni prace se proto snazi tuto problematiku vice piiblizit

pomoci nékolika experimentalnich studii a vyuzitim stavajicich matematickych modeld.



Ochranna funkce

Zadrzeni— zadrii cdst Ochrana proti pfimé erozi a Zpomaleni odtoku — Na
srazky promrzani pady profilu se srazka objevi
pozdeji

Vbl LI

Destruktivni funkce

Nasobny odtok — Spojeni tani a odtoku Eroze — Pri nesouvislé snéhové pokryvce, kde je
destoveé vody plda casteéné obnaZend

Obr. 1 — Zdkladni funkce snéhové pokryvky béhem desté.
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2. Prehled studované problematiky

2.1. Uvodni poznamka

V textu jsou nckteré terminy uvedeny jak v Ceské, tak v anglické verzi. Tato dvoji terminologie je
zavedena predevSim kvili Casto neustalenym ceskym vyrazim a mohlo by dojit k nedorozumeéni a
pripadné zaméné termint. U nékterych terminii nebyl nalezen zadny Cesky ekvivalent, a proto je uveden

pouze anglicky vyraz.
2.2. Definice a vyznam desté na snéhovou pokryvku

Udalosti, kdy dést’ prichazi do kontaktu se snéhovou pokryvkou, se v anglické literatufe oznacuji jako
»Rain-on-snow*, zkracen¢ ROS. Jelikoz v Ceské terminologii zatim neni pro tento fenomén ustaleny

vyraz, tak je v této praci pouzivana anglicka zkratka ROS.

ROS se mohou vyskytovat prakticky vSude, kde leZi snéhova pokryvka. Freudiger et al. (2014) definuje
ROS jako srazkovou udalost, pfi které spadne alespont 3mm deste na snéhovou pokryvku s minimalnim
vodnim ekvivalentem (SWE) 10mm a odtok ze snéhové pokryvky obsahuje alespoit 20% tani. Pokud se
destova voda dostane do snghové pokryvky, tak se zpravidla chova dvéma zpusoby: (1) Cast
infiltrovaného objemu destové vody zlstane ve snéhové pokryvce a docCasné se netcastni odtoku
(Hirashima et al., 2010; Kattelmann, 1987a; Singh et al., 1997). (2) Infiltrovana voda dale vytéka a
rovnou se Ucastni odtoku, piipadné se infiltruje do pudy (Laudon et al., 2004). V kazdém piipadé
sné¢hova pokryvka vstupni destovou vodu cCastecné zpomali. Dinger et al. (1970) uvadi, ze voda
infiltrovana do piidy ze sné¢hu miize tvofit az dvé tietiny z celkové zasoby podzemni vody béhem jarniho
tani. Odtok ze sné¢hové pokryvky béhem ROS zélezi pfedevsim na intenzité desté a vlastnostech snéhové
pokryvky, které mohou byt pouzity jako zakladni prediktory vzniku odtoku (Wiirzer et al., 2016). Tato

problematika je v dostupné literatuie vSak feSena spise okrajove.

Pozornost si ROS zasluhuji predev§im proto, ze jsou ¢asto pri¢inou riznych pfirodnich ohrozeni. V
minulych letech byla zaznamenana fada povodni zptisobenych ROS v Severni Americe (Ferguson,
2000; Kattelmann, 1997; McCabe et al., 2007), ale i v Evropskych statech jako Némecko (HND Bayern,
2011; Sui et Koehler, 2001), Svycarsko (Badoux et al., 2013; Rossler et al., 2014) nebo Ceska republika
(Cekal et al., 2011). Akumulovana deitovéa voda zpiisobuje nizsi soudrznost snéhové pokryvky coz ma
také za nasledek vznik mokrych lavin (Ambach et Howorka, 1966; Conway, 1994; Kattelmann, 19873;
Marshall et al., 1999) nebo bieckotoki (Gude et Scherer, 1999; Hestnes et Setersen, 1987; Tomasson et
Hestnes, 2000). Oba tyto jevy byly pozorovany i v Ceské republice (Kocianova et Stursova, 2008;
Spusta et Kocianova, 1998). Dest'ova voda také ovliviuje transport rozpusténych latek a iontti (Feng et
al., 2001a; Harrington et Bales, 1998; Lee et al., 2008a; Waldner et al., 2004), coz nasledné ovliviiuje
chemické sloZeni a pH vodnich toka (Casson et al., 2014; Dozier et al., 1989; MacLean et al., 1995).
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ROS nemusi byt spojené pouze se zimnim nebo jarnim obdobim tani. Pokud se snéhova pokryvka
vyskytne jiz na podzim, pfipadné pretrva do 1éta, tak se mohou vyskytnout i ROS. Napt. Badoux et al.
(2013) popisuje vyskyt ROS ze Svycarskych Alp z prvni poloviny fijna a Pomeroy et al. (2016) dopliiuje
vyskyt ROS v kanadskych Rocky Mountains béhem cervna. S probihajici zménou klimatu a zvysSujici
se globalni teplotou miizeme také ocekavat zvySeni frekvence kapalnych srazek v zimnim obdobi na
ukor srazek snéhovych (Safeeq et al., 2016). Ye et al. (2008) uvadi rist ro¢niho vyskytu dni s ROS 0
0.5-2.5 dne na zvyseni teploty vzduchu o 1°C. Miizeme také oCekavat snizeni frekvence ROS v nizsich
nadmoftskych vyskach a posun do vy$Sich nadmotskych vysek (Safeeq et al., 2016; Ye et al., 2008).
Vliv na vyskyt ROS maji také oscilace v NAO indexu, které mohou v budoucnu zvySovat Cetnosti

vyskytu ROS v Eurasii (Ye et al., 2008).

Z vyse uvedeného je patrné, ze v budoucnosti mizeme ocekavat vyssi vyskyt ROS, a proto si tento
fenomén zasluhuje vyssi pozornost. Budouci vyzkum by se tedy mél zamétit pfedevSim na moznosti

modelovani nasledk ROS, ptedevsim vyskytu povodni a mokrych lavin.

2.3. Kapalna voda ve snéhové pokryvce
2.3.1. Hydraulické a hydrologické vlastnosti snéhové pokryvky

Ve snehové pokryvee se voda vyskytuje ve vSech svych skupenstvich. Dulezitou vlastnosti sné¢hové
pokryvky je obsah kapalné vody (liquid water content - LWC). Mnozstvi kapalné vody ve snéhové
pokryvce piedstavuje jeji vlihkost (0), ktera je definovana jako podil celkového objemu tekuté vody (Vw)

ve snéhu k celkovému objemu vzorku snéhu (Vs). Miizeme ji definovat jako:

g =" (1)

Vs
Zdrojem kapalné vody ve snéhu je nejcastéji voda z tani nebo voda z desté.

Kapalna voda se ve snéhové pokryvce vyskytuje jen, pokud je jeji teplota kolem 0°C. Mizeme rozlisit

tii formy tekuté vody: adsorb¢ni voda, kapilarni voda a gravitaéni voda (Singh et Singh, 2001).

e Adsorb¢ni voda je neoddélitelnd na povrchu jednotlivych zrn a je témeét nepohybliva. Tato
voda se neucastni odtoku, dokud sn¢hova zrna neroztaji. Béhem tani se objem adsorb¢ni vody
zacne zvétSovat, az se z ni stane voda kapilarni nebo gravitacni.

o Kapilarni voda je drzena povrchovym napétim v kapilarnich poérech mezi jednotlivymi
sné¢hovymi zrny. Pohyb je zpisoben rozdilem kapilarniho tlaku v rznych mistech sn€¢hové
pokryvky. Tato voda se také zpocatku neucastni odtoku. Na odtoku se podili az pti urCitém
stupni nasyceni sn¢hové pokryvky.

e Gravitacni voda se pohybuje ve snc¢hové pokryvce predev§im vlivem gravitacni sily a neni jiz

vazana v porech kapilarnimi silami.
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Pokud obsah kapalné vody ve snéhu (LWC) piesahne cca 3 %, tak se voda stava mobilni (Singh et
Singh, 2001). Do té doby je voda ve snéhové pokryvce drzena pievazné adsorpénimi a kapilarnimi
silami se snizenou schopnosti pohybu. Na zac¢atku svého vyvoje neobsahuje studena nevyzrala pokryvka
zadnou vlhkost a oznacujeme ji jako suchou. Obsah kapalné vody roste, jak sn€hova pokryvka zraje

behem sezony.

Podle stupné nasyceni sn€hové pokryvky rozlisujeme pendularni a funikularni rezim (Colbeck, 1974).
V pendularnim rezimu dosahuje vlhkost snéhu hodnot od 3-8 % z celkového objemu. Pory jsou
prevazné vyplnény vzduchem a tekuta voda se vyskytuje ptfedevsim v blizkosti dotyku jednotlivych zrn
(Obr. 2a). Obsah vody je vSak maly a voda je vazana kapilarnimi silami a je jen tézko pohybliva. Ve
funikularnim rezimu se postupné lemy adsorb¢ni vody spojuji a voda zacina vypliiovat vétSinu port a
zabira jiz vice nez 14% jejich objemu. Z hlediska celkové vlhkosti je to 8-15% z celkového objemu
snéhu. Vzduch je uvéznén v bublinach mezi jednotlivymi snéhovymi zrny (Obr. 2b). Stale ale dochazi

ke kontaktu mezi jednotlivymi snéhovymi zrny a kapilarni sila jiz hraje podstatnou roli pfi pohybu vody.

Pendular Regime Funicular Reaime

Obr. 2 — Vyskyt vody ve snéhu v penduldrnim a funikularnim rezimu (Colbeck, 1974).

Pokud snih dosahuje po delsi dobu stupné nasyceni pies 15 % - supersaturace (Tab 1), tak voda
obklopuje cela ledova zrna, ktera se jiz vzajemné téméf nedotykaji. Vzduchové bubliny se skoro
nevyskytuji (Obr. 3). V takovém piipad¢ je jiz snc¢hova pokryvka velmi nestabilni a tento stav
oznaCujeme jako tzv. biefku — slush (Fierz et al., 2009). V této fazi se ve sn¢hu vyskytuje velké
mnozstvi gravitacni vody, kterd nemtize vlivem niZe polozené nepropustné vrstvy odtéct (napt. ledova
vrstva, skalni podlozi). Takto nasycend masa sn¢hu se snadno uvolni a zacne téct po svahu dolti. Tento
jev oznacujeme jako breckotok — slushflows (Hestnes et Setersen, 1987; Tomasson et Hestnes, 2000).

Postupné syceni snéhové pokryvky a nasledny vznik bieckotoku je znazornén na Obr. 4.
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Slush MFsl, %, grain size E 0.5-1 mm (Colbeck) #52

Obr. 3 — Detailni pohled na usporddani snéhovych krystalii v brecce (podle Fierz et al. (2009)).

PERCOLATION WATER TABLE SATURATION
STAGE STAGE STAGE
“Spring”

Obr. 4 — Syceni snéhové pokryvky na nepropustném podkladu, které vede ke spusténi brreckotoku
(Nobles, 1966).

Pokud ve vlhkém snéhu poklesne obsah vody, tak zaroven vzroste kapilarni tlak v porech mezi zrny.
Pokud obsah vody poklesne pod 7%, tak se zrna zformuji do slepencii a vytvoti shluk. Kapalna voda ve
snéhu mize pfes noc také zmrznout a to spoleéné s vytvofenymi ledovymi shluky snéhovou vrstvu

zpeviiuje (McClung and Schaerer, 2006).

2.4. Méieni obsahu kapalné vody ve snéhu

Aktualni obsah kapalné vody ve snéhové pokryvce muzeme méfit nékolika zplsoby. Zakladni

pouzivané techniky rozdélujeme na kalorimetrické, zied’ovaci a kapacitni.

Kalorimetrické metody jsou zaloZeny na stanoveni piijat¢ho nebo uvolnéného tepla z rozpusténi —

melting calorimetry (Akitaya, 1985) nebo zmrznuti — freezing calorimetry (Jones et al., 1983) celého
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sn¢hového vzorku. Tyto metody jsou vSak pomérné naro¢né na provedeni a v porovnani s ostatnimi

nejsou tak piesné.

Z¥ed’ovaci techniky vyuzivaji rozpusténi sn€hového vzorku ve slabém roztoku kyseliny (Davis et al.,
1985) nebo alkoholu (Fisk, 1986).

V soucasné dobé se nejcastéji ke stanoveni obsahu kapalné vody ve sné¢hu pouziva méieni permitivity
snéhu (g). Permitivita je charakterizovana vztahem mezi intenzitou elektrického pole a
elektromagnetickou indukci v daném materialu. Nejéasté&ji pouzivana zafizeni jsou ,,Denoth meter
(Denoth, 1994), TDR sonda (Waldner et al., 2004) nebo ,,Snow fork* (Sihvola et Tiuri, 1986; Techel et
Pielmeier, 2011). Pro stanoveni vlhkosti pomoci téchto pristroji je nutné znat také hustotu snéhu v misté

meéfeni.

Piimou empirickou zavislost € na hustoté snéhu (ps) a obsahu kapalné vody (#) uvadi Denoth (1994):

e=1+1,92p, + 0,44p? + 0,1876 + 0,004562. (2)

- — ————\ P

Obr. 5 A: Pouziti TDR pro kontinudlni méreni (pfevzato z Waldner, 2002), B: Pouziti TDR pro bodové
mérent (foto autor), C: ,,Denoth meter “ (foto autor), D: Srovndni ,,Denoth meter“ a ,,Snow Fork“

(pievzato z Techel et Pielmeier, 2011)
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2.5.  Proudéni ve snéhové pokryvce
2.5.1. Obecné principy

Snéhova matrice je porézni prostiedi, a proto se pro popis proudéni pouzivaji stejné charakteristiky, jako
pro ostatni porézni prostiedi (napf. ptida). Snih se vSak od ostatnich poréznich prostiedi lisi tim, Ze jeho
hydraulické vlastnosti se v ¢ase relativné rychle méni vlivem zrani snéhové pokryvky. Hydraulicka
pokryvce. Hydraulicka vodivost K (m.s?) urcuje, jak snadno se miize voda pohybovat v poréznim
prostfedi. Rychlost vertikalniho proudéni snéhovou matrici 1ze popsat pomoci Darcy-Buckinghamova
zakona jako funkce nenasycené hydraulické vodivosti K a gradientu hydraulické vysky (Hirashima et
al., 2010; Jordan, 1983) jako:

q=K(Z—Z+ 1), )

kde g je makroskopicka rychlost proudéni snéhovou pokryvkou (m.s?), h je hydraulicka vyska (m), z je
geodeticka vysSka (m), derivace dh/dz urCuje hydraulicky gradient. Tlakova vySka je zavisla na
kapilarnim tlaku Pc (N.m2):

— PC
pwg "’

4)
kde pw je hustota vody (kg.m™) a g je gravita¢ni zrychleni (m.s2).

Hydraulicka vodivost je zavisla nejen na velikosti a propojenosti pori, velikosti a kiivosti sné¢hovych
zrn ale také jejich rozloZeni v celém profilu a na objemové vlhkosti (Hirashima et al., 2010; Kuroiwa,

1968). Kromé¢ toho zavisi hydraulicka vodivost také na stupni nasyceni celého snéhového profilu (Singh

et Singh, 2001).

Propustnost — k (m?) je vlastnost porézniho prostedi charakterizujici jeho prostupnost bez ohledu na

vlastnosti proudici kapaliny.

Pfi nasyceni snéhové pokryvky vodou, kdy voda vypliuje vsechny pory, je mozné pohyb vody popsat
pomoci Darcyho zdkona, ktery muizeme zapsat jako zavislost rychlosti proudéni na propustnosti

(Waldner, 2002):

— _jPwgdh
q_ k U dz’ (5)

kde u je dynamicka viskozita vody (m?.s?). Nenasycena hydraulicka vodivost K a propustnost k jsou na
sob¢ linearné zavislé:

= _|Pw
K = kug. (6)

Shimizu (1970) uvadi vztah zavislosti propustnosti na hustoté sn¢hu a priméru snéhovych zrn:
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k= 0.077 - d? - exp (—7.8 : 5_) , (7)

w

kde d je pramér zrna (mm) a ps je hustota snéhu. Tento vztah ale plati pouze pro zrna do priméru 1 mm.

Hustota sn€hu (ps) je pak funkci jeho porovitosti (®):
ps = pi(1—P), (8)
kde piptedstavuje hustotu ledu.

Detailné se zavislosti propustnosti na hustoté snéhu zabyval také Calonne et al. (2012), ktery zahrnul
také velikost zrn. DosSel k zavéru, Ze firnovy snih s velkou hustotou a velkymi zakulacenymi zrny je
charakteristicky malou propustnosti. Nejvyssi propustnost naopak pozorujeme u nového nevyzralého

sn¢hu (Obr. 6).

Porosity (-)
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0 m o Melt Forms
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~—
— -1
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=
v
2|
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Shimizu
——  Self-consistent (SC)
- - Carman-Kozeny (CK)
----- Simple cubic sphere packing
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Density (kg m—3)

Obr. 6 — Zavislost propustnosti (bezrozmérnd) na porovitosti a hustoté snéhu. Vysledky byly ziskany na

zakladé numerického modelovani (Calonne et al., 2012).

2.5.2. Typy proudéni ve snéhové pokryvce

Jak jiz bylo feceno v predchozich kapitolach, tak charakter proudéni vody ve snéhové pokryvce nejvice
ovliviiuje hydraulickd vodivost a také kapilarni sily, které¢ jsou zévislé pfedev§im na porovitosti
Vv jednotlivych sné¢hovych vrstvach (Hirashima et al., 2010). Conway et Benedict (1994) rozlisuji suché
z6ny (dry snow zone), kde se nevyskytuje zadna kapalna voda a teplota je pod bodem mrazu. Teplo se

prenasi predev§im vedenim (kondukci) a jeho tok je fizen teplotnim gradientem. Naopak vlhké zony
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(wet snow zone) jsou charakteristické pfitomnosti kapalné vody a teplotou kolem 0°C, existuje zde vSak

stale maly tepelny gradient. Hranice mezi témito zonami se nazyva ¢elo zvlhéeni (wetting front).
Podle charakteru pohybu vody ve snéhové pokryvce rozliSujeme nekolik typti proudéni.

Matricové proudéni (matrix flow) je charakteristické rovnomérnym ¢elem zvlh¢eni, které postupuje
podobnou rychlosti v celé snéhové matrici. V z6n€ matricového proudéni mé snih podobnou vlhkost
(Techel et al., 2008). Proudéni lze popsat pomoci Darcy-Buckinghamovy rovnice pro nenasycené

proudéni v poréznim prostiedi (Waldner et al., 2004).

Preferencni proudéni (preferential flow, finger flow) je nejcastéjsi zpisob pohybu tekuté vody
snéhovou pokryvkou (Waldner et al., 2004). Tento typ proudéni je charakteristicky nerovnomérnym
celem zvlhceni a voda proudi v preferencnich cestach. Tyto preferencni cesty se vyznacuji relativné
vétsi hydraulickou vodivosti viic¢i okolnimu prostiedi (Hirashima et al., 2010; Waldner et al., 2004).
Hydraulicka vodivost zavisi na prostorové heterogenité hustoty a velikosti snéhovych krystalt (Calonne
et al., 2012). Velikost preferenénich cest roste s intenzitou proudéni kapalné vody na vstupu (Hirashima
et al., 2014). Pokud jsou preferen¢ni cesty jiz zvlhéeny, tak v nich bude voda proudit s vétsi
pravdépodobnosti, nez v suchych ¢astech sné¢hu (Conway et Raymond, 1993). Na druhou stranu trvani
preferenénich cest je omezeno. Pokud v nich del$i dobu neproudi voda, tak zanikaji (Waldner et al.,

2004).

Horizontalni proudéni

Na rozhrani vrstev, kde se spodni vrstva vyznacuje mensi hydraulickou vodivosti oproti horni vrstvé,
dochazi ¢asto ke zméné proudéni z vertikalniho (typické pro nenasycenou zonu) na horizontalni (typické
pro nasycenou zonu). Rozlévani vody do stran je zptisobeno predevsim vétsi lokalni heterogenitou ve
velikosti snéhovych zrn, coZ zaroven zpusobuje i vétsi heterogenitu v kapilarnim tlaku (Hirashima et
al., 2014). Typicky nastava tato situace nad ledovou vrstvou nebo na rozhrani jemnozrnné vrstvy nad
hrubozrnnou (Avanzi et al., 2015; Waldner et al., 2004). V takovém ptipadé dojde k ¢aste¢nému
nasyceni horni vrstvy a postupnému rozlévani do stran. Takto nasycena vrstva miize poté zmrznout, coz

je mechanizmus vzniku ledovych vrstev (Wever et al., 2016).

Typy proudéni se mohou samoziejmé v ramci snéhové pokryvky meénit a podle charakteristik snéhu
v daném misté piechazet z jednoho typu na druhy (Singh et Singh, 2001). Jednotlivé typy proudéni jsou
zobrazeny na Obr. 7 - 9. Z hlediska ptedpovidani odtoku ze snéhové pokryvky nebo vzniku lavin je
klicové védét, kdy miizeme ocekavat jaky charakter proudéni. To umoziuje odhadnout, za jak dlouho
voda snéhem protece. Soucasné studie se vSak zabyvaly vétSinou proudénim tavné vody a proudéni

destové vody nebyl vénovan takovy prostor.
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Obr. 7 — Matricové proudeni ve snéhu je charakteristické kompletnim zvlhéenim celého objemu v dané
casti snehové pokryvky. Na obrazku je zndazornén izotermalni firnovy snih v obdobi tani s velkym

Stupném nasyceni (foto autor).

Obr. 8 — Preferencni proudeni v nevyzralé snehové pokryvce. Horizontdlni proudeéni nastalo na rozhrani
dvou vrstev, kdy tésné nad timto rozhranim doslo k nasyceni snéhu o mocnosti nekolik milimetrit (foto

autor).

Obr. 9 — Prechod pocatecniho matricového proudeéni na preferencni proudéni (foto autor).
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2.6. Reakce snéhové pokryvky na dést’

ROS maji ¢asto za nasledek povodné (Bohm et al., 2011; Cekal et al., 2011; Ferguson, 2000; HND
ze se deStova voda ve snéhové pokryvce pohybuje nékolikanasobné rychleji, nez voda z tani (Singh et
Singh, 2001), a proto mize celkovy odtok rychle zesilit. Toto zesileni odtoku je zptisobené piedevsim
kombinaci srazkové a tavné vody. Destova voda ma také vliv na rychlejsi odtavani snéhové pokryvky.
Tepla voda z desté pisobi jako vyznamny energeticky vstup a snéhovou pokryvku zahtiva. Odtok ze
snéhové pokryvky béhem ROS ovliviiuje také charakter povodi. Kattelmann (1987b) pozoroval
v povodi Sierra Nevady, ze béhem nékolika ROS byl pfiblizné 2x vy$si odtok z otevienych ploch, nez
Z ploch zalesnénych. V nékolika piipadech lesni plochy destovou vodu zcela pohltily, aniz by odtok
z povodi nastal. Z lesnich ploch byly vétsi odtoky zpiisobeny spise tanim.

Pro predpovéd’ povodni je velmi dtlezita doba zpozdéni odtoku od zacatku desté. Tato doba je zavisla
na vySce sné¢hové pokryvky (Conway, 1994; Wever et al., 2014a). Zaroven je to kli¢ovy faktor pro vznik
piipadné povodné. Conway (1994) uvadi vzorec pro vypocet ¢asu zpozdéni odtoku od pocatku desté
(v hodinach):

t,=V,-0-HS/PI 9)

kde Vi je podil objemu vlhkého sné€hu v ¢ase odtoku, 6 je pruimérna vlhkost snéhu, HS je vyska sné¢hu
(m) a Pl je prumérna intenzita desté¢ (m/hod). Dale miizeme zavést pojem kombinovany odtok, coz je

soucet odtoku z tani spolu s odtokem zpuisobenym destém (Singh et Singh, 2001).

Zpozdéni vytoku je vEtsi u nevyzralého snéhu, nez u snéhu vyzralého (Singh et Singh, 2001). Tzn., ze
voda proudi pomérné rychle skrze vyzraly snih, ale je zpomalena zmrzlymi nebo suchymi jemnozrnnymi
vrstvami. Na druhou stranu Calonne et al., (2012) uvadi, Ze vysoka propustnost snéhu odpovida nizkym
hustotam, které jsou typické spis pro nevyzraly snih. Singh et Singh, (2001) porovnava Gerstvy, vyzraly
a premrzly snih a udava, ze vyzraly snih v sob¢€ nezadrzi téméf zadnou vodu (tedy pokud neni vyraznéji
stratifikovan ledovymi vrstvami a tvrdym firnem), ale zbylé dva typy v sobé zadrzi ptiblizné stejné

mnozstvi (Singh et Singh, 2001).

Mezi hlavni faktory ovlivitujici odtok ze sn€hové pokryvky patii predevsim: povrchové tani,
metamorf6za snéhu, pohyb vody skrze mokrou snéhovou pokryvku, interakce mezi tajici vodou a ptidou

pod pokryvkou a pfizemni tok v nejnizsi vrstvé snéhové pokryvky (Singh et Singh, 2001).

Dést’ mimo jiné urychluje i sesedani snéhu, protoze je do pokryvky pridana dal§i hmotnost vody
(Conway et Raymond, 1993). Akumulace deStové vody zptsobuje zvySeni obsahu tekuté vody ve
snéhové pokryvce, coz nasledné mize snizit jeji stabilitu (Conway et Raymond, 1993; McClung et
Schaerer, 2006). Tato nestabilita ¢asto zpusobuje vznik mokrych lavin (Ambach et Howorka, 1966;
Conway et Benedict, 1994; Kattelmann, 1987b; Marshall et al., 1999). Nacasovani lavinové aktivity
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b&hem desté zavisi predevsim na vyvoji mechanickych vlastnosti snéhové pokryvky, které jsou ¢astecné

fizeny celkovym objemem a intenzitou srazky.
Zminovanou ztratu pevnosti snéhové pokryvky kvuli pfitomnosti kapalné vody zpisobuji tyto faktory:

e Voda zptsobuje tani na spojich zrn a tim snizuje tfeni mezi jednotlivymi zrny.
e U nového sn¢hu kapalna voda velmi urychluje metamorfozu zptisobujici zménu velikosti a tvaru

zrn a tim celkovou strukturu sné¢hové pokryvky.

Na druhou stranu mtze snéhova pokryvka po desti zlstat stabilni. To nastane vétSinou tehdy, kdyz je
vytvoren systém perkolacnich kanélkl a voda se v pokryvce neakumuluje, ale rychle odtec¢e. Sne¢hova

pokryvka ¢asem zvétsi svou hustotu a celkové se zpevni (Conway et Raymond, 1993).

Na zéakladé pozorovani meteorologickych podminek a nacasovani a poctu lavin rozlisuji Conway et
Raymond (1993) tii typy lavinové aktivity nasledkem desté: 1) okamzity odtrh n€kolik minut po zac¢atku
deste, 2) zpozdény odtrh, vice nez hodinu po zacatku dest¢ a 3) stabilizace sné¢hové pokryvky, ktera

nastane 10 — 20 hodin po zacatku deste.

2.7. Studium chovani dest’ové vody ve snéhu

Chovanim kapalné vody ve sn¢hové pokryvce se v minulosti zabyvala fada praci. Predevsim se jednalo
o laboratorni pokusy, kdy byl zvlhéovan vzorek sné¢hu (Avanzi et al., 2015; Katsushima et al., 2013)
nebo terénni experimenty (Conway et Benedict, 1994; Eiriksson et al., 2013; Feng et al., 2001a; Singh
et al., 1997). Tyto experimenty se napt. zamé&fovaly na transport rozpusténych latek ve snéhu (Lee et
al., 2008, 2010b; Taylor et al., 2001; Waldner et al., 2004), tvorbu odtoku (Singh et al., 1997) nebo
mechanismus infiltrace vody do snéhu (Conway et Benedict, 1994; Kattelmann, 1987a; Techel et al.,
2008).

Pro detekci dest'ové vody se vyuzivaji rizné stopovace jako barvivo (Eiriksson et al., 2013; Techel et
Pielmeier, 2011), vzacné prvky (Taylor et al., 2001), stabilni izotopy (Herrmann et al., 1981) nebo
zmény teploty v ramci celého profilu (Conway et Benedict, 1994).

Conway et Raymond (1993) uvadéji, ze pokud byl snih vlhky uz pfed vstupem vody, tak voda prosla
celym profilem (2 m) za né€kolik malo minut. Autofi dale popisuji pokus, kdy voda proudila ¢erstvym
snéhem a za hodinu se dostala pouze do hornich 5 — 10 cm. Ve vétsich hloubkach zacala proudit

preferencnimi kanalky (flow fingers), které se ze $itky 1cm postupné rozsitily do 20 — 30 cm.

Pokud dést’ trva dostate¢né dlouho, tak voda dokaze penetrovat i skrze nekolik slabsich (0,5 — 1 cm)
ledovych vrstev (Conway et Benedict, 1994). Voda potom penetruje do snéhu skrze preferencni kanalky,

které mohou zabirat i 50 % celkového objemu sné¢hové pokryvky. Celkova vlhkost snéhu mize v t€chto
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ptipadech dosahovat kolem 6 % z celkového objemu a celkova vlhkost v mokrych ¢astech je pfi

infiltraci dokonce 8 — 10 % (Conway et Benedict, 1994).

2.8. Modelovani odtoku ze snéhové pokryvky

Modelovani odtoku ze snéhové pokryvky souvisi pfedev$im se stanovenim mnozstvi tavné vody a
modelovani proudéni kapalné vody, kterd odtéka ze sn€¢hové pokryvky. Pro stanoveni tavné vody se
pouzivaji piredevsim dva zakladni koncepty modeld. Jednd se o koncept energetické bilance, ktera
uvazuje energetické toky ovliviiujici snéhovou pokryvku. Model energetické bilance je pomérné
komplexni a pfesny, ale ma velké naroky na kvalitu a mnozstvi vstupti. To je Casto také hlavnim
omezujicim faktorem pro pouzivani téchto modelti. Druhym piistupem je koncept teplotniho indexu
neboli degree-day modeli. Tyto typy modelt pracuji pfevazné se vstupy teploty vzduchu, které byvaji
vétsinou k dispozici. Pro modelovani proudéni vody ve snéhové pokryvce se pouziva predevsim

Richardsova rovnice (RE).

V nasledujicich kapitolach je popsan koncept energetické bilance a moznosti modelovani proudéni ve

sn¢hové pokryvce.

2.8.1. Energeticka bilance

Rovnice energetické bilance popisuje tok energii, které ovliviiuji vyvoj snéhové pokryvky a tim i proces

tani. Zakladni rovnici energetické bilance miizeme vyjadrit:

Qu =Qnr+Qy +Qp +0Qp+ Q¢+ 0y, (10)

kde Qw je celkova energie ziskana snéhovou pokryvkou (kJ.m), Qnr je bilance zéaieni (Cista energie —
net radiation, (kJ.m?), Qu je tok zjevného tepla (sensible heat flux) nebo konvektivniho tepla ziskaného
ze vzduchu (kJ.m), Qe je tok latentniho tepla (latent heat flux) evaporace, kondenzace nebo sublimace
(kd.m?), Qr je tepelny tok, zplisobeny destém (kJ.m?), Qg je tepelny tok z pidy (kJ.m?), Q, je tepelny

tok zptisobeny zmé&nami vnitini energie snéhu (kJ.m™2).

Nejvyznamnéji ovliviiuje tani celkova bilance zafeni, tok zjevného tepla, tok latentniho tepla a tepelny
tok zplisobeny destém. Bilance zafeni predstavuje rozdil zafeni smetujiciho ze snéhové pokryvky a ke
sn¢hové pokryvce. V bilanci jsou zahrnuty toky dlouhovinné i kratkovinné radiace. B€hem desté je

obecné celkova bilance zafeni mala kvuli silné vrstvé obla¢nosti.

Bilanci zafeni mizeme tudiz rozepsat:
Qnr = Qin + Qs (11)

kde Qin je tepelny tok dlouhovinné radiace a Qs je tok kratkovinné radiace.
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Radiace dopada na zemsky povrch a zarovei je z néj také vyzafovana. Z hlediska sméru pusobeni na
zemsky povrch ji mizeme tedy rozdélit na ptichozi, odchozi a odrazenou. Odrazenou radiaci dale
miizeme rozdélit na odrazenou od zemského povrchu a odrazenou od mrakli. Schematicky piehled toki
zareni ovliviwyjici zemsky povrch je znazornén na Obr. 11. Z hlediska vinové délky mtzeme radiaci

délit na:

e Kratkovlnna radiace — (A = 0,3 — 3 pm)
Soucet kratkovinného piimého a odraZzeného zafeni od mrakii oznacujeme jako globalni

radiaci.

e Dlouhovlnna radiace (A = 6,8 — 100 pm)
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Obr. 10 — Prehled toki zdreni, které dopada na zemsky povrch a zdroven je z ného vyzarovino

(http://www.optocleaner.com).

Snéhova pokryvka také neustale vyzatuje dlouhovinné zafeni, coz ji celkové ochlazuje. Proto se v zimé
behem jasnych dnii d& predpokladat, ze jizni svahy budou teplejsi, protoze vstup zafeni pfevysuje jeho
vyzafovani. Na severnich svazich dochazi k opaénému efektu (McClung et Schaerer, 2006).

Jiny ptiklad je vznik mokrych lavin. Pod tenkou vrstvou nizkych mraki se slune¢ni zafeni nemtize dostat
skrze mraky a emitované zafeni ze snéhu se od mrakt odrazi zpét (sklenikovy efekt). Vysledkem je

velké otepleni a zintenzivnéni tani na povrchu sn€hu. Toto jsou idealni podminky pro vznik mokrych

lavin (McClung et Schaerer, 2006).

Bilanci kratkovinného zatreni vyjadiime:

Qsn = Sny, = Sny (12)

kde S, je kratkovinna radiace a Sipky v indexu naznacuji smér zafeni. OdraZzenou kratkovinnou radiaci

pak vyjadfime:
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Sny = ASn, (13)

kde a je albedo sn€hu, které mizeme odhadnout (DeWalle et Rango, 2008):

a = 0,892 + 0,417.ps — 2,99.p,2 . (14)
Pokud neni k dispozici méfeni, tak miizeme pfichozi dlouhovinnou radiaci vypogitat jako:
L, =oc(eT} —TH), (15)

kde o je Stefan-Boltzmannova konstanta (5.67 x 10 kW.m2.K*), Ts je teplota snéhu (°C) a € je

emisivita sn¢hu (vétSinou se udava mezi 0,97 — 1) nebo se da vyjadtit jako:
e =(0,72+0,005.T,).(1 — 0,84C) + 0,84C, (16)

kde Ta je primérna teplota vzduchu a C je obla¢nost.

Tok zjevného tepla je pfenasen pomoci turbulentni vymény. Zavisi pfedev§im na rozdilu teploty mezi

vzduchem a povrchem sné¢hové pokryvky a na rychlosti vétru (Levia et Leathers 2011):
Qn = PaCnCq. (Ty — T), (17)

kde pa je hustota vzduchu, Cy je ptenosovy koeficient pro zjevné teplo, Ca je tepelna kapacita vzduchu
(1,29 kl.m3.°C?) a Ta je priimérna denni teplota vzduchu (°C).

Teplo spotfebované na fazovou pfeménu neboli latentni teplo zavisi pfedevsim na teploté rosného bodu
a na rozdilu hustoty vodnich par vzduchu pii povrchu snéhové pokryvky. Cim vys3i je teplota rosného

bodu, tim vétsi je rozdil hustoty vodnich par. Latentni teplo se vypocita:

Qg = E,Cews(qq — qv), (18)

kde E, je latentni teplo vyparu (2500 kJ.kg?), Ce je pfenosovy koeficient pro latentni teplo, ws je rychlost

vétru, py je hustota nasycenych vodnich par pii povrchu (kg.m™) a pa je hustota vodnich par ve vzduchu

(kg.m3).

Béhem ROS piedstavuji energetické toky specifického a latentniho teplo nejvyznamnéjsi zdroj energie
pro tani na otevienych prostranstvich (Garvelmann et al., 2014; Wiirzer et al., 2016). Vyznam bilance
dlouhovinného zafeni roste piedevsim v lesnim prostiedi (Garvelmann et al., 2014). Zatimco béhem
jasnych dnli ma nejveétsi energeticky ptinos z hlediska tani predevsim bilance kratkovinného zatreni

(Garvelmann et al., 2014).

Ke kondenzaci vodnich par pti povrchu snéhové pokryvky dochazi, pokud je teplota rosného bodu nad
0°C (teplota sn¢hu bude tim padem vzdycky niz$i, a proto vodni para bude kondenzovat). Béhem

kondenzace se opét uvolni latentni teplo, které podporuje tani (Levia et Leathers, 2011).
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Soid Liquid Gas
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0°C —__=$1oo= C Water vapor

Remove 540 calories

Latent heat of fusion—80 calories Latent heat of vaporization—540 calories

Obr. 11 — Energetickd ndrocnost fazové premény (http://www.alchemical.org/thermo/latentheat.html).

Destova voda také velmi vyrazné piispiva pfenosem tepla do snéhové pokryvky. Nejvice tepla je
z deSté dodano pii velkych teplotnich rozdilech mezi destém a snc¢hem. Teplo dodané destém se

vypocita jako:
Qp = Cy. Ry, (T — T5), (19)

kde Cu je specifické teplo vody (4,2 kJ kg?.°C?), Ry je mnozstvi dest'ové srazky (m), Tr je teplota desté
(°C) a Ts je teplota snéhu (°C).

Pokud se destova voda dostane do snéhu, ktery ma teplotu pod bodem mrazu, tak zmrzne a tim uvolni
latentni teplo, které dale otepli snéhovou pokryvku. Tento proces pokracuje, dokud nezacne sné¢hova
pokryvka tat. Pokud se dest'ova voda dostane do sné¢hu s teplotou kolem 0°C (izotermalni), tak je veskeré

teplo spotfebovano rovnou na tani.

Teplo dodané z pidy je ve srovnani s ostatnimi slozkami rovnice béhem zimni sezony zanedbatelné.
Snéhova pokryvka také pisobi jako vyborny izolant, a proto se teplo z pidy na povrch snéhové
pokryvky prendsi pouze velmi pomalu. Tento stav samoziejmé neni stejny po celou sezénu.
Vyznamngjs$i energetické toky ptidy mohou nastat na zacatku sezony, kdy jesté neni pida promrzla a
Casto zpusobi tani prvniho snéhu. Na konci sezony, kdy se jiz nevyskytuje souvisla snéhova pokryvka,

muze obnazena prohiata puda také vyznamné ovliviiovat tani.

Na zacatku a vpribéhu sezony je teplota ve vertikdlnim profilu snéhové pokryvky znacné
diverzifikovana. Jak ale sné¢hova pokryvka postupné dozrava, tak se tepelny gradient snizuje a teplota
se v celé mase snéhové pokryvky blizi 0°C — nulova izoterma. Podle obdobi mizeme v celkové

energetické bilanci tuto slozku zanedbat nebo se vypocita jako (Singh et Singh, 2001):

arT,
Qs = kg. 52, (20)
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kde kg je tepelna vodivost pidy (W.m?) a dTg/dz je teplotni gradient kolmy na povrch ptdy.

Tepelna vodivost zmrzlé pudy je vyssi, nez vodivost nezmrzlé pidy. Tani vlivem tepelného toku z pudy
byva zpravidla kolem 0.5 mm za den. Casto se viak zavadi konstanta Qg = 173 kJ.m2den (U.S. Army

Corps of Engineers 1998).

Vhnitini zmény energie (Qi) zavisi pfedevs§im na mnozstvi uvolnéného nebo pohlceného zjevného a
latentniho tepla. Tyto zmény se projevuji pfedev$im zménou teploty snéhu a tvoii vyznamnou slozku
energetické bilance. V obdobi ohfivani pfijima snéhova pokryvka velké mnozstvi energie a tyto vnitini
energetické zmény hraji dilezitou roli. Jakmile je pokryvka ohtata na 0°C, jsou tyto zmény velmi malé.
Vice se zacnou projevovat, pokud pies noc snéhova pokryvka zmrzne (uvolni teplo) a ptes den opét
rozmrzne (pfijme teplo) (DeWalle et Rango, 2008). Pro vypocet vnitini energie uvadi Singh et Singh
(2001) vzorec:

Qi = Qi + Qi + Qpy, (21)

kde Qi je vnitini energie ledu, Qik je vnitini energie kapaliny a Qv je vnitini energie vyparu. Vnitini
energie se uvazuje Casto také jako konstanta 2.1 kd.kg*.°cC* (Walter et al., 2005), podobné jako energie

dodané z pudy.

Pro vypocet vysky vodniho sloupce celkového tani uvadi fada autord rizné vzorce. Singh et Singh

(2001) uvadi jednoduchy vztah se zavedenim konstanty:
Mg = 0,0031Qy, (22)

kde Mg (mm.dent) je mnozstvi tavné vody. DeWalle et Rango (2008) uvazuji ve vypoctu i latentni teplo

premény a tepelnou kvalitu snéhové pokryvky:

M; = QM(prf.B)_1 ' (23)

kde Ms je mnozstvi tavné vody (mm.s?), Lt (J.kg™?) je latentni teplo fazové premény a S (-) je tepelna

kvalita snéhu.

2.8.2. Modelovani proudéni ve snéhové pokryvce

Pro modelovani odtoku ze snéhové pokryvky se pouziva fada predpovédnich modelt zaloZzenych na
modelovani vyvoje snéhové pokryvky. Mezi nejznaméjsi patii napt. CROCUS (Brun et al., 1989),
SNTHERM (Jordan, 1991) nebo SNOWPACK (Lehning et al., 1999). Tyto modely se vyuzivaji pro
operativni predpovidani odtoku ze sn€hové pokryvky, ptipadné pro predikei vzniku lavin. Pro vypocet

tani pouziva vétsina modelii koncept energetické bilance, ktery byl popsan vyse.
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Pohyb vody ve snéhové pokryvce se popisuje jako proudéni v nenasycené zoné. Zakladni model
gravitaéniho proudéni vody skrze snéhovou pokryvku predstavil (Colbeck, 1971), ktery byl riznymi
autory dale modifikovan. Modely CROCUS a SNTHERM pouzivaji pro feSeni proudéni vody ve
snéhové pokryvece koncept kinematické viny. VSechny tyto modely v8ak zanedbavaji vliv kapilarnich
sil, které zvlasté ve stratifikované pokryvce mohou hrat pii pohybu kapalné vody dulezitou roli (Avanzi
et al., 2015; Jordan, 1995). Vliv kapilarity zahrnuji autofi modelt az pozd¢ji (Hirashima et al., 2010;
Jordan, 1995). Model SNOWPACK Kk feseni proudéni ve snéhu pouziva nekolik konceptu, které
zahrnuji numerické feSeni Darcy-Buckinghamova zakona (Hirashima et al., 2010) nebo Richardsovy
rovnice v 1D a také fesi infiltraci tavné vody do pfilehlého pidniho horizontu (Wever et al., 2014b).
Model SNOWPACK byl vyuzit i pro modelovani odtoku béhem pfirodnich ROS (Wiirzer et al., 2016).
Pfesto by bylo vhodné provést pro kalibraci tohoto modelu vice studii jak za pfirodnich, tak za

kontrolovanych podminek.

Pro doplnéni vyctu existujicich modelti Ize uvést jeste hydrologicky konceptudlni model XINSNOBAL
(Qu et al., 2013), ktery piedpovida celkovy odtok na povodi.

2.9. Vyuziti izotopi pro detekci dest'ové vody

Ur¢eni zdrojti a velikost jednotlivych slozek odtoku z povodi je klicova otdzka pro hydrology jiz nékolik
desetileti. Pro separaci hydrogramu na jednotlivé komponenty se vyuziva piedev§im rozdilného
izotopového slozeni jednotlivych zdroji. Pro analyzu se vyuZzivaji ptirozené stalé izotopy molekuly
vody jako deuterium ?H nebo 20, piipadné nestalé izotopy jako tritium *H. Celkovy odtok se zpravidla
separuje na vodu pochazejici z hydrologické udalosti — udalostni voda (,,event water “) a na vodu

vyskytujici se v odtoku pted touto udalosti — ptedudalostni voda (,,pre-event water ).

Kone¢na separace na jednotlivé slozky se provadi pomoci soustavy bilan¢nich rovnic:
chlkovy- Scelkovy = (1.6, + Q2.6, + - Qp. 6y, (24)

chlkovy =01 +0Q + - Qnp, (25)

kde Q je pritok a J deuteriovy deficit daného izotopu vi¢i V-SMOW. Index celkovy znamena celkovy
mefeny prutok respektive deficit a indexy /,2,...n znaci pocet jednotlivych separovanych zdroji. Plati,
ze neznamé jsou veétsSinou jednotlivé pratoky Q1, Qo, ...Qn. Pro uspésnou separaci hydrogramu musi byt
tedy vzdy odebrany referenéni vzorek z danych zdrojt, které chceme separovat. Pokud separujeme dva

zdroje, tak po ipravé obou rovnic dostavame konec¢ny tvar pro stanoveni dilé¢ich prutoku:

_ chlkov}’/-‘sl_chlkov}’/-‘scelkovy
Q= (61-65) ’ (26)
Q= chlkovy —Qy, (27)
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Pii separaci vice, nez dvou zdroji musime pouzit také vice stopovact. Kromé uvedenych stabilnich
izotopt se ke stopovani jednotlivych slozek pouzivaji ionty Si**, Na*, CI- (Rice et Hornberger, 1998;
Suecker et al., 2000; Uhlenbrook et Hoeg, 2003).

Z hlediska hydrologie sné¢hu se tradi¢né v celkovém odtoku z povodi separuje tavna voda jako udalostni
od zakladniho odtoku. Roli tavné vody v celkovém odtoku popsal pomoci analyzy deuteria a tritia jako
jeden z prvnich Dinger et al. (1970). Studie uvadi, Ze v povodi Modrého potoka se piiblizné 2/3 tavné
vody infiltruji do pidy, kde vytla¢i podzemni vodu do odtoku. Timto zplisobem se také dopliuji
Vv horskych povodich zasoby podzemni vody. Hloubka infiltrace tavné vody je vSak omezena. Laudon
et al. (2004) uvadi, e tavna voda se v povodi severniho Svédska infiltrovala maximalng do hloubky 90

cm.

Separace tavné vody s sebou viak pifinasi fadu komplikaci, protoze Koncentrace stabilnich izotopii 2H a
80 ve snéhové pokryvce a v odtékajici tavné vodé se v pritbéhu sezony zvysuje (Hashimoto et al., 2002;
Taylor et al., 2002). Toto zvySovani je mimo jiné zptsobeno i kontaktem s izotopicky t€z8i destovou
vodou (Unnikrishna et al., 2002). Vlivem frakcionace se izotopické slozeni vytékajici tavné vody,
respektive kapalné vody ve snéhu a pevného snéhu lisi piiblizné o 2 %o *O (Hashimoto et al., 2002;
Unnikrishna et al., 2002), coz odpovidd 16 %o 2H (Feng et al., 2002). Z toho divodu neni vhodné
pouzivat pii separaci tani v rovnici 26 jako referen¢ni hodnotu (8) izotopovou koncentraci pevného

snéhu (Feng et al., 2002).

Snéhova pokryvka se na za¢atku svého vyvoje vyznacuje izotopovou heterogenitou a v prubéhu sezony
se postupné homogenizuje (Lee et al., 2010a). Tato homogenizace probiha predev§im pomoci

redistribuce tavné vody napfi¢ snéhovou pokryvkou (Taylor et al., 2001).

Béhem ROS vsak z destové pokryvky odtéka kombinace vody z tani a destové vody. Pouze nékolik
malo studii se vénovalo této problematice v méfitku povodi. MacLean et al. (1995) stanovil na dvou
kanadskych povodich, Ze destova voda tvofila 30 % respektive 50 % celkového odtoku. Nicméné
detailni studie zaméiujici se na dynamiku a tvorbu odtoku destové vody ze sneéhové pokryvky chybi.
Z toho dtvodu si tato studie klade za cil prispét k lepSimu pochopeni této problematiky s vyuzitim

separace destové a nedestové vody ze snéhové pokryvky riznych vlastnosti.
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3. Cile prace a zakladni predpoklady

Hlavnim cilem diserta¢ni prace je posouzeni vlivu sn€hové pokryvky na transformaci dest'ovych srazek.

Zaroven si tato prace klade za cil pfiblizit mechanismus vzniku a slozeni kombinovaného odtoku ze

sn¢hové pokryvky béhem desté. Splnéni téchto zakladnich cilii zahrnuje dva zakladni tkoly:

Navrhnout vhodnou metodiku simulace desté v terénu, kterd umoziiuje i nasledny monitoring
odtoku ze sné¢hové pokryvky. Kromé toho by méla metodika zahrnovat analyzu zmén vlastnosti
snéhové pokryvky nésledkem desté.
Navrzena metodika by déle méla umoznovat vizualizaci proudéni destové vody ve sné¢hové
pokryvce s riznymi fyzikalnimi 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 de$tové vody na celkovém odtoku a
Vv jednotlivych fazich deste.
b. Za jak dlouho se destova voda objevi na vytoku, tj. doba zdrzeni.
Mnozstvi vody z tani pomoci energetické bilance.
Pomoci navrzené metodiky charakterizovat dynamiku proudéni destové vody ve snéhové
pokryvce a mechanismus vzniku odtoku v riznych typech sn¢hu. Tato metodika bude dopInéna
o vysledky modelovani z modelu SNOWPACK, ktery popisuje chovani kapalné vody ve sné¢hu
pomoci Richardsovy rovnice. Na zakladé predlozené reSerSe literatury bylo formulovano
nékolik vyzkumnych otdzek a predpokladii:
a. Jak ovliviiuji vlastnosti sn€hové pokryvky charakter proudéni a transport dest’ové vody
ve snéhové pokryvce?
Predpoklad 1: Velky specificky povrch krystalii u nevyzradlé pokryvky umozZiiuje vetsi
interakci mezi srazkovou vodou a snéhovou pokryvkou.
b. Jakaje rychlost hydrologické odezvy na ROS v zavislosti na charakteristikach zasazené
snéhové pokryvky a intenzité deste?
Predpoklad 2a: Vyzrala snéhova pokryvka se vyznacuje rychlejsi hydrologickou
odezvou, nez nevyzradla pokryvka.
Piedpoklad 2b: Pri vyssi intenzité desté dochazi k rychlejsi hydrologické odezve.
c. Jak se podili destova voda na celkovém vytoku ze sne¢hové pokryvky s riznymi
vlastnostmi?
Piedpoklad 3: Destovd voda je vice zastoupena v 0dtoku z vyzrdlé snéhové pokryvky,
nez z nevyzralé snehové pokryvky.
d. Jak se méni vlastnosti snéhové pokryvky vlivem desté?
Predpoklad 4: Dést ve snehove pokryvcee zpiisobuje znacné zmeény, predevsim zvyseni

hustoty, teploty, obsahu kapalné vody a obsahu deuteria.

29



Vysledky
4. Vysledky

4.1. Clanek I - 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.
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A portable simulator for investigating rain-on-snow events

R. Juras, J. Pavlisek, P. Déd, V. Tomasek and P. Maca

with 9 figures and 3 tables

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 dutation 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 40mm h™ to 100mm h™ produced by a single nozzle under water
pressute 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 tipe snow cover during extreme rainfall events.

Keywords: Rainfall simulation, snow, outflow, water behaviour in snow

1 Introduction

Rainfall simulators have been employed for simulating rainfall-runoff processes for many years
(e.g., KINCAID et al. 1964). These devices are used not only for investigations of rainfall-runoff pro-
cesses, but also for making physical models of infiltration, irrigation, erosion (DELIMA et al. 2002,
GonNzALES-HIDALGO et al. 2004) and nutrient movement (WITHERS et al. 2007). They provide a
very powetful tool. Soil moistute can be measured simultaneously using Time Domain Reflectom-
etry (TDR) during a rainfall simulation (GoNzALES-HIDALGO et al. 2004). Rainfall simulators can
be divided into several groups. The first category comprises laboratory simulators (e.g., DEKLERK
1992, HiGNETT 1995) and portable field simulators (e.g., COVERT & JORDAN 2009, MARTINEZ-Z AVA-
LA et al. 2008). Rainfall simulators can also be categorized according to the type of raindrops that
are generated: 2) drop-forming simulators, where the droplets start at zero velocity (BLANQUIES et
al. 2003, D1MOYANNIS et al. 2001), and b) pressurized nozzle simulators, which need higher water
pressure (BLANQUIES et al. 2003, COVERT & JoRDAN 2009, ErpUL et al. 1998), which is in most
cases provided by a water pump; the initial raindrop velocity created by simulators of this type is
greater than zero (BLANQUIES et al. 2003). Simulatots with moving nozzles (oscillating, waggling)
(e.g, DEKLERK 1992, HAMED et al. 2002) and with stable nozzles having the same position dut-
ing the whole rainfall process (e.g., ARNAEZ et al. 2004, 2007, COVERT & JORDAN 2009) can also
be distinguished. Some authots also include wind force in the rainfall simulating process. These
experiments require a rainfall simulator placed in a wind tunnel (DELMa 2002, ErpuL et al. 1998,
FISTER et al. 2012, FISTER et al. 2011). However, some authors try to minimize the wind effect by
placing wind protection along the structure of simulator (ARNAEZ et al. 2004, MARTINEZ-ZAVALA et
al. 2008). This approach enables a pute study of the effect of rain on the ground (COVERT & JORDAN
2009). FisTER et al. (2011) cartied out a compatison between a combined wind & rainfall simulator
and a small portable rainfall wind protected simulatot.

© 2012 Gebrider Borntraeger Verlagsbuchhandlung, Stuttgart, Germany www.borntraeger-cramer.de
DOI: 10.1127/0372-8854/2012/S-00088 0372-8854/12/5-00088 $ 4.00
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Rainfall simulators can also be used for investigating rainfall-runoff processes in snow cov-
ered areas, especially the behaviour of liquid water in snow. These simulators ate quite rate. Two
devices were constructed by SINGH et al. (1997) and were used in the Austrian Alps, where the
rainfall was generated by two horizontally moving pipes with holes fitted with nozzles. The pos-
sible simulated rainfall intensity vatied from 20mm h~ to 200 mm h, but only intensities from
48 mm h™ to 100 mm h~* wete simulated duting field experiments. During the simulations, meas-
urements wete also made of the rate of the surface outflow below the snowpack, and the infiltra-
tion rate to the soil was estimated by changes in soil moisture measured using TDR equipment.

Simulations of rain-on-snow events are useful mainly for understanding infiltration into
the snowpack ot the water flow rate in snow — a very important feature especially for forecast-
ing natural hazards (KoBavasur & MotovaMa 1985). Infiltration of water into the snowpack was
mainly studied by spreading water on the snow surface (CoNway & BENEDICKT 1994, DEWALLE
& RaNGO 2008) ot through changes of temperature inside the snowpack (CoNnway & BENEDICKT
1994). When constructing rain-on-snow simulators, it is necessary to take into consideration the
differences between the behaviour of water on snow and water on soil. The snow cover can con-
tain water from a rain event, ot it can contain liquid water caused by snow melting (DECAULNE &
SEMUNDssoN 2006). In most cases, these two processes act together (DECAULNE & SEMUNDSSON
2006). Rain water moves several times faster in a snowpack than natural snowmelt watet under no-
rain conditions (SINGH et al. 1997). For this reason there is a higher flood risk from rain-on-snow
events than from snowmelt alone. (KATTELMANN 1997, SINGH et al. 1997, Sut & KoeHLER 2001). In
January 2011, there were large floods caused by rain-on-snow events in Germany (HND BAYERN
2011, BouM et al. 2011) and in the Czech Republic (CEKAL et al. 2011). Highest flood alerts were
announced during these events. Spring floods with a return period higher than 100 years were
observed in the Czech Republic in 2006 (KASPAREK et al. 20006).

However, the snowpack can act as a retarding element, and it delays water runoff from a wa-
tershed (KoBavasHr & Motoyama 1985). Newly fallen snow can stote a significantly higher volume
of liquid water than ripe snow (SINGH & SINGH 2001).

Water flux in the snowpack depends on the precipitation rate and on the rate of freezing, as
determined by the thermal conditions in the snowpack (CoNwaY & BENEDICKT 1994). The holding
capacity of the snowpack is driven by temperature, stratigraphy, grain size and snow age (SINGH et
al. 1997, SINGH & SINGH 2001). If the snow temperature is below zero, the water will freeze. Water
can also be accumulated above the impermeable layer (ice, frozen ground) (SINGH 1997, SINGH
& SiNGH 2001). The presence of water in the snowpack accelerates the snow metamorphism and
coarsening of the snow grains (SINGH 1997, TusiMa 1985) and can cause instability, often leading
to the formation of avalanches (CoNwAy & RAYMOND 1993, SINGH & SINGH 2001) or slushflows
(SMART et al. 2000, ToMAssoN & HEesTNES 2000).

The theory of possible water behaviour in the snowpack is well described, but there is still lack
of an appropriate field data for evaluating and quantifying the water behaviour in the snowpack
with vatious properties. Simulation of rain-on-snow events tequires improved rainfall simulators
in order to monitor the mass and energy balance components, which are needed for an evaluation
of the complicated processes in the snowpack duting these events. The objective of this paper is
to describe the development and a field test of a low-cost portable rain-on-snow simulator that
enables monitoring of the water balance components (water inflow and outflow) and also of the
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energy balance components (inflow and outflow water temperature, air temperature, and changes
of temperatures inside the snowpack).

This leads to the first research question, which is: Is it possible to provide a detailed study of
processes inside the snowpack using low-cost equipment that measures only water flow and tem-
perature? The second question is: Is it possible to evaluate the role of the snowpack during extreme
rainfall-runoff events using this type of rain-on-snow simulator?

2 Materials and methods

The rain-on-snow experiment included several processes: constructing a simulator with appropti-
ate improvements, calibrating the simulator, a field test, and an evaluation of the results. When the
simulator was being constructed, the limited budget available for the whole experiment was at all
times an important consideration.

2.1 Rainfall simulator

The design of the rainfall simulator presented here was inspired by the classical portable nozzle-
type simulators used for studying etosion and rainfall-runoff processes. The required rainfall sim-
ulator has to meet critetia similar to those for the rainfall simulators used in studies of erosion. The
simulator must: 1) be able to generate multiple and uniform rainfall intensity, 2) be able to provide
reproducible measurements and 3) be a portable and compact device. The device for simulating
rain-on-snow events has in addition several improvements over widely-used simulators: 1) an ad-
justable nozzle and frame height according to snow depth, 2) automatic runoff measurement, and
3) multichannel temperature measurement.

2.1.1 Structure

The frame of the device is made of steel. The components of the frame can slide inside each
other. The size of the rainfall simulator is adjustable, and the frame can hold up to nine nozzles.
The position of the nozzles above the snow cover can be adjusted according to the requirements
for the measurements. The main dimensions ate displayed in Table 1. It must always be borne in
mind that the vertical position of the nozzle affects the kinetic energy of droplets that penetrate
the snow cover.

Table 1. Dimensions of the rainfall simulatot.

Min frame height [cm] 100
Max frame height [cm] 250
Min nozzle height [cm] 30
Max nozzle height [cm] 250
Min number of nozzles 1
Max number of nozzles 9
Side length [cm] 120
Coverage area [m?] 1
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i m——Air thermometer
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— Rain protection
— Qutflow channel

Data logger —l — Tipping bucket
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Fig. 1. Design of the rainfall simulator. The vertical position of the nozzle above the snow sample can be
adjusted to different levels. The picture shows only one FullJet 1/8 GG3 6SQ nozzle, but the device can hold
up to nine nozzles.

The structure and the measurement principle are presented in the sketch (Fig. 1). The height of
the frame can be increased with the aid of four legs on the bottom corners. The legs are designed
to get the simulator into a levelled horizontal position if the rainfall simulation runs on uneven
terrain. The height of the nozzle must be adjustable, and it must be possible to inctease the height
by the legs on the cornets, so that various depths of the snowpack can be sprayed from 15 cm to
150 cm, even on comparatively steep slopes. A tarpaulin wind barrier should be placed along the
structure, because even a gentle wind can affect the trajectory of the rain droplets (DELIMA et
al. 2002) and this makes it complicated to determine the amount of rain on the plot (COvERrT &
JorpAN 2009).

2.1.2 Rainfall generation

The main purpose of the rainfall simulator presented here is to generate high-intensity short-
duration rainfalls, usually lasting from 15 minutes to 45 minutes (but other durations can also be
used). During natural events with similar properties, only small changes in snow structure and
snow water equivalent (SWE) have been observed (HANKOVA et al. 2008), so these events are suit-
able for evaluating rainwater behaviour in the snowpack with only a small contribution of snow-
melt watet. The device was developed to produce tain intensities from 40 mm h™ up to more than
400 mm h™'. However, practical simulations should be cartied out for lower intensities (e.g., up
to 100 mm h™) according to the maximum natural values in the area of intetrest. The simulated
intensities (40—98 mm h') wete estimated accotding to NEMEC (1964) for the location of Kvilda
(Sumava Mts. in the Czech Republic) for duration 15min and return period 1-15 years. Singh
et al. (1997) used similar intensities in expetiments ranging from 48 mm h* to 100 mm h. The
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simulator presented here generates these intensities with by a single FullJet 1/8 GG3 6SQ nozzle
with a squared coverage of mote than 1 m? The showered area can be enlatged by employing
mote nozzles. Thanks to their interchangeability, nozzles with a round area of coverage can also
be employed. The vertical and horizontal position of the nozzles can be adjusted according to the
requitements of a specific simulation. Each nozzle is switched on/off by a ball valve. The main
ball valve behind the motot pump can switch the whole simulation ptocess on/off, and ball valves
can also be used to adjust the watet pressure in the system. The maximum pressure in the system
is controlled by a removable 1.8 bar safety valve. The water pressure is not measured directly on
the nozzle (Fig. 1), but in front of the nozzle on the income piping. This system enables the same
simulating pressure conditions to be set for each event. The rainfall intensity is driven by the water
pressure and by the rain coverage on the plot, which depends on the water pressure and on the
vertical position of the nozzle above the snow cover. The nozzles were calibrated by the manufac-
turer. The producer guarantees for droplets from 5 % to 95 % percentile diameters from 0.74 mm
to 2.90 mm at 0.7 bar and 0.56 mm to 2.20 mm at 2.8 bar. Even area distribution is also guaranteed.
The kinetic enetgy was not estimated.

Water is supplied by a Gardena 9000/3 classic motot pump, which is connected to the simula-
tor by a garden hose 1” in diameter. The system uses water from a local source. If no natural water
source is available, any water tank with water tecirculation can be used, and the outflow water is re-
used for sprinkling. Up to 20 % of water losses during water recirculation wete estimated, mainly
due to droplets landing outside the plot.

The experiment was designed to simulate rain-on-snow events, which usually occur at tem-
peratures around freezing point or higher. For this reason, the system does not deal with problems
of water freezing in the pipes ot nozzles, the incoming watet being warmed up by about 2 °C by
the heat generated by the pump.

2.1.3  Outflow measurement

Accurate measurement of the outflow water provides some of the most important information
for estimating the mass balance. The water drained within the snow matrix is collected on a
100 x 100 cm metal sheet, placed above the sutface of the ground. This kind of watet flow meas-
urement provides an accurate estimate of the water outflow from the snowpack as a part of the
mass balance. To monitor the changes in soil moisture used by SINGH et al. (1997), it is necessary to
install soil moisture sensors in the soil below the snow sample. This can be difficult when the soil
is frozen, and it can also disturb the sample. The collected water goes to the tipping bucket flow
meter (Fig. 2), which is connected to the data logger, which counts the number of tips every minute
operated by a reed switch with contact resistance of 150 mQ. Automatic outflow measurement is
required, because it enables long-term outflow monitoting for various experimental designs, and it
is also much more comfortable and less time-consuming for operating an experiment. Below the
tipping bucket, the outflow water can be collected for the laboratory analyses.

2.1.4 Temperatnre measnurement

Digital ptogrammable 1-wite thermometers DS18B20 were used for all temperatute measute-
ments. These thermometers cover the range from -55 °C to +125 °C; resolution 0.0625 °C, and ac-
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Fig. 2. Tipping bucket flow meter connected to the data logger.

curacy to £ 0.5 °C is guaranteed over the range from -10 °C to 485 °C. The temperature drift after
a 1000-hour stress test at+125 °C is 0.2 °C. This range is wide enough, because the simulation is
designed mainly for the melting period, when the air temperature is usually not far below zero. The
measurement has to be set by the software prior to each experiment. Up to 16 thermometers can
be connected to the data logger. During the simulation, the following temperatures are measured:
1) snow, 2) watet, and 3) air.

It is important to measure the snow temperature in several points to determine the extent of
the influence that the rain has had on the snow cover. CoNwAY & BENEDICKT (1994) conducted an
extensive study of the influence of rain on the temperatute of the snow. Up to 12 thermometets
can be used to measure the snow temperature in various positions. For more accurate measure-
ment, the sensors are placed inside an aluminium tube, which helps the sensors to penetrate into
the hard snow. The tubes also minimize the heat flux in cables heated by solat radiation or by the
temperature of the air outside the sample. The distance of the thermometers inside the snowpack
should be at least 10 cm to avoid the preferential pathways in the snowpack.

The inflow and outflow water temperature must also be measured in order to assess the
amount of latent heat transferred from the water to the snow. The thermometers for the input and
output water temperature are placed under the nozzle and under the outflow edge of the metal
sheet, respectively.

For an estimation of the potential natural snow melt, the air temperature has to be measured.
Two thermometers are used to estimate the air temperature inside and outside the rainfall simula-
tor. The air temperature close to the snow surface can also be measured.

2.1.5 Data logger

A special tailor-made data logger was developed for the purposes of outdoor measurements
(Fig. 3). The data logger was constructed as a simple and resistant device that can be used for
recording temperature and flow rate data. The energy is supplied by a 6V to 12V battery, and the
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Fig. 3. Block diagram of a data logger.

energy consumption is 10mA in active mode and 2mA in standby mode. The data logger has 16
digital inputs for thermometers and one digital input for the flow meter. Not all the thermometers
have to be used, and the number of connected thermometets is determined by the user. Two ana-
logue inputs for 0—2.5V with 256 bit resolution are also available. These analogue inputs can be
used for a random sensor, for example for a photoresistor to determine the solar radiation. The
data logger is driven by an ATmega 16 microprocessor. Two EEPROM memories are available for
data storage, each with a capacity of 64 kB. A maximum of 32,000 recotrds can be stored in one
memoty. The data recording frequency can be set from one minute to one day. Data download
to a PC is enabled by a USB interface; the data download and the data logger setting ptior to the
measurement is software-driven. Several settings have to be made prior to the measurement: date,
frequency of data input and selection of active sensots.

The status of the data logger is indicated by colour diodes. A blue diode blinks to indicate
measurement in progress; activation of the digital low meter is signalled by a green diode. The
status of the control buttons is indicated by a yellow diode, and a red diode signals an alert for an
active measutement or data transfer by a single blink; constant light of the ted diode indicates a
measurement error.

2.2 Calibration

Before the field test, the rainfall simulator was calibrated. The calibration focused on the nozzles
and the tipping bucket used for outflow measurement.

221 Calibration of the nozles

The rainfall intensities produced by the nozzles were calibrated on site under various water pres-
sures and in two different vertical positions. The nozzle was placed at a height of 102.5 cm and
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then 144.5 cm above the snow cover. The minimum rainfall intensity provides water pressure of
0.7 bar. It is important to set up the minimum rainfall intensity in otder to determine the limits
of the simulator. During the calibration rainfalls, pressures between 0.7 bar and 1.65 bar were
simulated. The rainfall intensity was detetmined by the volume of the outflow from the calibrat-
ing plot 100 x 100 cm in area, which was showered with artificial rain. A calibrating plot made of
a metal sheet was covered with a layer of soft foam 1 cm in thickness, which minimizes the effect
of the kinetic enetgy of rain, causing back reflection of rain drops. When the soft foam was fully
saturated, the inflow was equal to the outflow, and then the rainfall intensity was measured. The
outflow water was measured directly by a calibrated vessel.

2.2.2 Tipping bucket calibration

The tipping bucket was calibrated in the laboratory. For accurate determination of the volume of
water, the water was poured from a burette (static calibration) until the bucket tipped. The position
of the two buckets can be set by two bolts placed under each of them. When the right position is
found, the bolts have to be fixed. The volume of each of the buckets was measured 50 times at the
time of tipping.

2.3 Field test

The design of the snow plot was inspited by SINGH et al. (1997). An undisturbed and even snow
cover was selected prior to experiment and then an isolated snow plot was prepared. Next, a snow
cube was isolated with only thtee sides bared at first. The upper area of the cube was at least
150 x 150 cm. When three sides of the cube were ready, the metal sheet was pushed into the snow
matrix at an angle of about 5° to provide a gentle hydraulic gtadient. The whole expetiment set up
is shown in the sketch (Fig. 4). With one side not bated during the installation of the metal sheet,
the snow matrix was more stable and the metal sheet could be pushed without any disturbance to
the snow matrix. Vertical position of sheet metal was selected in respect to the tequired depth of
the snow pack for the purposes of the simulation. Snow sample (30 cm in depth) was showered
during the field test.

When the metal sheet was positioned correctly, the fourth side of the cube was also excavated.
The size of the snow sample was then carefully reduced to 120 x 120 cm above the metal sheet and
100 x 100 cm under the metal sheet. The upper part of the snow matrix was made larger to avoid
the edge effect. In order to simplify the measurements, only the vertical water flow through the
snow matrix was considered. After reduction of the snow sample, a drainage channel leading the
outflow water to the flow metetr was connected to the outflow edge of the metal sheet. The flow
meter had to be placed at least 35 cm below the outflow edge of the metal sheet. Next, the frame
of the rainfall simulator was set up. The nozzles were connected to the water supply and their
vertical position was adjusted. The nozzle was placed in a vertical position at a height of 144.5 cm
above the snow plot, which ensured that the shower would cover the whole atrea of the snow plot
(120 x 120 cm).

To analyze the condition of the snow, a snow pit was excavated and the snow profile was
analysed prior to the experiment in the proximity of the rainfall simulator. Measurements of snow
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Fig. 4. Field test set up. H — vertical position of the nozzle above the snow sutface; h1/h2 —uppet/lowet snow
depth, D — width of the shower.

density [kg m~®], SWE [mm)], grain size [mm)], snow layer depth [cm)], hardness [N] and tempera-
ture [°C] wete carried out. Similar measurements wete also made after the rainfall experiment on
the showered snow sample, in order to estimate the reaction of the snow cover to the artificial rain
event. The changes in the size of the snow sample cube were also analysed. The amount of stored
liquid water was computed by comparing the snow density before and after the experiment.

During the field test, only 7 thermometers were used for measuring the temperature in differ-
ent positions. Three thermometers were placed inside the snow matrix at various levels to obtain
information about the changes in the snow temperature conditions caused by the water flow inside
the snow matrix. This is only approptiate for observations of 0 °C isotherm detecting the wetting
front, because liquid water can only be contained by snow at a temperature of 0 °C (Conway &
BeNEDICKT 1994). The air tempetature was measuted in two positions — inside and outside the
rainfall simulator. The two air thermometers were placed 1.5m above the ground. Because the
structure was protected by a tarpaulin during the simulation, the inside and outside air tempera-
tures differed. The air temperature sensors wete protected against direct solar radiation. The tem-
peratures of the inflow water and the outflow water were also measured.

The inflow [mm h™'] and outflow [L min™] intensities and their cumulative values [L] wete
measured, and the changes wete compared with the changes in SWE during the expetiment. From
these values, the mass balance was computed and the amount of the rainwater stored in the snow-
pack during the experiment was estimated.
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3 Results and discussion

This chapter presents the first results and experiences with the simulator during calibration and
the field test.

3.1 Noggle calibration results

The results from calibrating the nozzles under vatious pressute conditions and the regtression
of rainfall intensity estimation on the basis of the water pressute in the system are shown in the
graph in Fig. 5, and in Table 2. The rainfall intensities used for the pressure conditions in the test
ranged from 64 mm h? up to 98 mm h™'. As these results show, the higher the pressure the greater
the rainfall intensity is. This is also confirmed by the calibration provided by the producer. The
dependence of rainfall intensity on the pressure in the system is well described by formulas with
high R? coefficient values.

The stability of the simulated rainfall intensity was tested on the cumulative rainfall depth
under various pressure conditions. The results of the calibration test for pressutes of 0.75 bar, 1.0
bar and 1.5 bar are shown in Fig. 6. These results indicate a linear relationship with a high R? coef-
ficient value, and also confirm higher intensity under higher generated pressure.

3.2 Tipping bucket calibration results

Fifty volume measurements wete catried out for each bucket during the calibration. The tip vol-
ume was determined as 0.075L throughout the measurements (Fig. 7). A statistical overview is

1.8

y = 0.705In(x) + 1.3552 P
R2 =0.9748 §

1.6

1.4 e

1.2 -

1 - y =0.3706In(x) + 1.1952
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R?=0.9653

0.8
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0.6
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Fig. 5. Dependence of rainfall intensity on water pressure in the system for nozzle position 102.5 cm and
144.5 cm above the surface of the snow.
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Table 2. Results of measured rainfall intensities for two different vertical positions of the nozzles with square
coverage in different pressure conditions.

Hight above plot [cm] Nozzle FullJet 1/8 GG3 65Q
102.5 0.75 0.78 0.95 1.00 1.10 1.50 Pressure [bar]
69.23 69.51 80.36 84.71 85.90 98.04 | Intensity [mm h™]
144.5 0.70 0.77 0.95 1.00 1.55 1.65 Pressure [bar]
64.06 66.30 68.44 73.17 80.00 84.31 Intensity [mm h™]
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Fig. 6. Stability test of simulated rainfall intensity on cumulative rainfall depth under various water pressure
conditions in the system. The nozzle was placed 102.5 cm above the plot.

Table 3. Statistical parameters of the tipping bucket flow meter.

Mean Standard Mode Median Number of
[ml] deviation [ml] [ml] [ml] measutements
Left bucket 74.0 2.2 72.0 74.0 50
Right bucket 75.5 2.6 74.0 75.5 50
Total 74.8 2.6 74.0 75.0 100

presented in Table 3. This table teveals that the bucket on the right is slightly bigger, but the mean
value of the two buckets is more significant for the runoff estimation. The tipping bucket flow
meter is constructed to measure outflow ranging from 0.075L min~ up to 2L min~, but 2 higher
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Fig. 8. An example of the outflow from the snowpack during a simulation of a rain-on-snow event.
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Fig.9. An example of snow, air and water temperature measurements during the field test. Sensors were
placed in three positions inside snow (the snowdepth means the vertical position of the sensors above the
metal sheet).

outflow rate can probably also be measured. Some improvements in the accuracy of the tipping
buckets are recommended for future wotk.

3.3 Field test results

Examples of outflow measurements and temperature measurements are shown in the Fig. 8 and
Fig. 9 respectively. A ripe, homogeneous snow sample with statting density 444kg m= and depth
39 cm was showered for 44 minutes by artificial rain with intensity 73 mm h.

Several important characteristics according to KATTELMANN (1987) were observed after the
field test. The onset lag, i.e., the time gap between the beginning of the rain event and the begin-
ning of the outflow, was 8 minutes, and the peak lag, i.e., the time lag until the outflow peak was
measured as 14 minutes. These results might seem to be quite a quick outflow teaction, but it
should be taken into consideration that the infiltration into the soil was avoided, and this is prob-
ably also a very important factor affecting the outflow rate and the outflow time. This experiment
investigated only the behaviour of liquid water in snow without the influence of soil. Another very
important characteristic is the time when all the liquid water drains out. This time was estimated
to be 96 minutes. Only the total amount of outflow water was measured. This amount consisted
of rainfall water, natural melt water and melt water caused by rain. The constant natural snowmelt
was measured for 8 minutes before the beginning of the outflow of rainfall water, and was esti-
mated at 0.024 L min~.
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The field test showed that the positioning and the number of thermometers are important
parameters. The best results were obtained with the sensors penetrating at least 40 cm horizontally
into the snow matrix. The field test results showed that placing thermometers in the snowpack can
also affect the water movement. For this reason, the vertical difference between the sensors should
be at least 10 cm. The sensor placed 15 cm above the metal sheet shows a temperature higher than
0 °C. This was probably caused by drainage of cold water from the sutroundings of the sensot and
a subsequent inflow of warmer air from above the snow into the snowpack, which was afterwards
gradually cooled down almost to 0 °C. This can play an important role in the subsequent snow
melt after a rain event. The higher temperature on the other two sensors is probably caused by the
accuracy limits of the thermometers.

Changes were also observed in the stratigraphy and properties of the snowpack. The differ-
ences in grain diameter ranged from 0.5 to 1 mm, the hardness mostly decreased, but within the
upper layer the hardness incteased and some layets merged together. The snow density increased
from 444kg m~ to 452kg m~ (2%), and SWE increased from 17.3 cm to 18.1 cm (4 %). From a
comparison of the volume of the rainfall and the changes in SWE it was estimated that approxi-
mately 15% (8 mm) of the rainwater was stored in the snow cover during the experiment. These
results show the retardation and accumulation function of snow cover during rains of high inten-
sity and relatively short duration.

The energy balance results from the temperature measurement indicate a higher amount
of snow melt due to the input of energy from the rainwater with an average temperature of
around 4.5 °C, which was cooled down almost to 0 °C in the output.

The tesulting outflow from the snow sample is the product of three processes in the snow-
pack: natural melting caused by higher air temperature, melting of the snow grains caused by
warmer rainwater, and the rainwater itself flowing through the snowpack. For a more accurate esti-
mate of the energy balance and of the ratio of these three components in the snowpack, additional
monitoring of other components of the energy balance needs to be carried out. This monitoring
should include components such as net radiation, latent heat transfer to or from the soil, etc.

4 Conclusions

A rainfall simulator for simulating rain-on-snow events was constructed, calibrated and subse-
quently tested on site. This device enables measutements not only of rainfall intensity, but also of
some components of the energy and mass balance, which were used for describing the processes
in the snow cover. The mass balance was estimated by comparing the input and output water vol-
umes, and the simple energy balance was assessed from the temperatures of the inflow and outflow
water and from the temperature changes inside the snowpack.

The mass balance and the simple energy balance can be calculated for a description of pro-
cesses in the snowpack, but more components of the energy balance need to be taken into consid-
eration for an accurate desctiption of the processes in snow cover. The temperature of the water
and snow should be measuted, and an estimate should also be made of the sensible and latent heat.
The presented data from monitoting the temperatutes enables only a lower-accuracy estimation
of the energy balance and for higher-accuracy estimation of energy balance more components are
needed to be measured (global radiation, etc.).
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The field test tesults indicate that a ripe snowpack (firn) plays a limited role during extreme
rainfall events. The snow cover caused a lag of the peak dischatge in the range of minutes, and the
amount of input water stored in the snowpack was 8 mm, i.e., 4% of SWE.

The whole testing system, which cost less than EUR 4 000, is a suitable device for simulating
extreme rain-on-snow events. Nevertheless, further tests and measurements are highly recom-
mended. In the future, more components of the energy balance of the system need to be included
in order to obtain more accurate information about the temperature changes caused by water flow
in snow.
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4.2. Clanek II - 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.

49



Journal of Hydrology 541 (2016) 1145-1154

journal homepage: www.elsevier.com/locate/jhydrol \

Contents lists available at ScienceDirect

Journal of Hydrology

7 o

Research papers

Isotopic tracing of the outflow during artificial rain-on-snow event

@ CrossMark

Roman Juras?, Jirka Pavlasek **, Tomas Vitvar *°, Martin Sanda®, Jirka Holub ?, Jakub Jankovec”,

Miloslav Linda ©

2 Faculty of Environmental Sciences, Czech University of Life Sciences Prague, Kamyckd 129, 165 21 Prague - Suchdol, Czech Republic
b Faculty of Civil Engineering, Czech Technical University in Prague, Thdkurova 7, 166 29 Prague 6, Czech Republic
€ Faculty of Engineering, Czech University of Life Sciences Prague, Kamyckd 129, 165 21 Prague - Suchdol, Czech Republic

ARTICLE INFO

ABSTRACT

Article history:

Received 21 March 2016

Received in revised form 1 July 2016
Accepted 11 August 2016

Available online 16 August 2016

This manuscript was handled by L. Charlet,
Editor-in-Chief, with the assistance of Jests
Mateo-Lazaro, Associate Editor

Keywords:

Deuterium tracer
Rainfall simulator
Snowmelt

Water retention of snow
Hydrograph separation

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 mech-
anisms 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 out-
flow 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 rain-
water 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 tech-
nique allows us to gain sufficient information about rainwater dynamics during ROS.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The pioneering study of Ambach and Howorka (1966) and
numerous later studies have examined the ROS-induced wet ava-

Rain-on-snow (ROS) events with associated snowmelt and
snowpack transformation are important natural phenomena in
temperate climate regions. Event rainwater can be either stored
in the snowpack or flow through the snowpack toward the soil sur-
face. Released water from the snowpack reaches the stream
through the soil environment, by the surface runoff, or via the lat-
eral flow in the snowpack (Eiriksson et al., 2013). ROS events can
significantly increase the risk of floods, especially during snowmelt
(Bohm et al., 2011; Cekal et al., 2011; Ferguson, 2000; HND Bayer,
2011; Singh et al., 1997; Sui and Koehler, 2001).

* Corresponding author.
E-mail addresses: juras@fzp.czu.cz (R. Juras), pavlasek@fzp.czu.cz (J. Pavlasek),
vitvartom@gmail.com (T. Vitvar), martin.sanda@fsv.cvut.cz (M. Sanda), jholub@fzp.
czu.cz (J. Holub), linda@tf.czu.cz (M. Linda).

http://dx.doi.org/10.1016/j.jhydrol.2016.08.018
0022-1694/© 2016 Elsevier B.V. All rights reserved.
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lanches (Carran et al, 2000; Conway and Raymond, 1993;
Conway, 1994; Kattelmann, 1987a; Marshall et al., 1999) and
slushflows (Gude and Scherer, 1999; Hestnes and Sandersen,
1987; Tomasson and Hestnes, 2000).

ROS events also affects the water quality in the adjacent
streams, because rainwater mostly has a different chemical com-
position compared to stream water. Whereas Jones et al. (1989)
found that up to 20% of the ionic mass in snow may be released
by the ROS, significant oscillation of solutes concentration or pH
values were observed in the stream water during natural ROS
events (Casson et al.,, 2014; Dozier et al., 1989; Maclean et al.,
1995).

Understanding of the processes in the snowpack during ROS is
very important for hydrological modelling, natural hazards fore-
casting and prediction of water quality and chemical composition
of the streams. The need to properly understand rainwater
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behaviour in the snowpack increases with higher ROS frequencies
in higher altitudes which are expected in the temperate areas
under changed climate conditions (Surfleet and Tullos, 2013).

During ROS events, the rain adds additional volume and energy
to the snowpack, which subsequently affects the snowmelt, the
snow metamorphism and the snow structure. Rainwater supports
additional snowmelt during the warm-up of the snowpack
(Kattelmann, 1987a). Liquid water also causes grain coarsening
(Conway, 1994; Tusima, 1985), snow settlement and further densi-
fication (Marshall et al.,, 1999). These processes often lead to a
weakening of the grain bonds, which can subsequently cause ava-
lanche formation (Conway and Raymond, 1993). The water flow
and storage in the snowpack are controlled by several factors, such
as snow temperature, snow stratigraphy, grain size and snow ripe-
ness (Colbeck and Davidson, 1973; Kattelmann, 1987b; Singh and
Singh, 2001). Previous studies have also shown that new snow
can hold much more water than ripe snow (Colbeck and
Davidson, 1973; Martinec, 1987; Singh and Singh, 2001). Previous
artificial ROS experiments revealed that ripe stratified snow can
hold around 7% liquid water and this volume can double near the
ice layer surface (Singh et al., 1997). Flowing velocity in the snow-
pack also affects the hydrological response of the snowpack under
heavy rain. Kattelmann (1987a) mentions that this transmission
rate is very variable and can reach up to 3 cm min~! during natural
ROS events. Several field sprinkling experiments have shown that,
in extreme cases, the vertical water flow velocity reaches
10 cm min~! (Kattelmann, 1987a; Singh et al., 1997).

Previous research of snowmelt-dominated ROS events has often
been focused on partitioning the hydrograph into the meltwater
component and the pre-event (subsurface water) component in
the outflow within the catchment scale. This task has often been
carried out by use of environmental tracers such as stable isotopes
3'%0 and &°H (Buttle et al., 1995; Casson et al., 2014; Dinger et al.,
1970; Laudon et al., 2002; Maclean et al., 1995; Suecker et al.,
2000). One of the first applications of isotopic tracers was con-
ducted by Dinger et al. (1970) in the Modry Dal basin in the Krko-
noSe Mts, Czech Republic. This pioneering study revealed that two
thirds of the total outflow from the catchment during the melting
period originated from the subsurface storages. Another analysis of
two natural ROS events in Canadian catchments established that
rainwater contributed to the total outflow volume by 33% and
50% (Maclean et al., 1995). Nevertheless these studies (Dinger
et al.,, 1970; Maclean et al., 1995) were focused on the catchment
scale, which usually leads to uncertainties in the runoff component
separation caused by process heterogeneities at larger scales. How-
ever, the assessment of the rainwater ratio contributing to the out-
flow from the snowpack across scales is critical for understanding
of runoff generation processes (Holko et al., 2015) and runoff mod-
elling (Viviroli et al., 2009) up to catchment scale.

In the past decades, the impact of rain on the processes within
the snowpack during ROS events has often been addressed using
rainfall simulations or artificial snow wetting (Conway and
Benedict, 1994; Eiriksson et al., 2013; Feng et al.,, 2001; Juras
et al., 2013; Lee et al., 2010a; Marshall et al., 1999; Singh et al.,
1997; Taylor et al., 2001). The most relevant studies are compiled
in Table 1. The main focus of these studies addressed the investiga-
tion of ROS influence on solute transport through a snowpack
(Feng et al., 2001; Lee et al., 2010a, 2008), runoff generation
(Eiriksson et al., 2013; Singh et al., 1997), and particular mecha-
nisms of water infiltration into the snowpack (Avanzi et al,
2015; Conway and Benedict, 1994; Kattelmann, 1987b). Some
studies also focused on isotopic changes of water flowing through
the snow, for instance pouring of isotopically enriched water to a
snow-filled column in a cold laboratory environment (Herrmann
et al., 1981). In this context, an increase in the 3'%0 isotopic
content of the outflow water was observed.
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However, none of these experimental studies have partitioned
the snowpack outflow hydrograph into event rainwater and pre-
event non-rainwater in the natural snowpack during the rain
event. Our study fills this gap and presents an innovative combina-
tion of a rainfall simulation technique with outflow partitioning.
The expected main contribution of the experimental facility
includes a better understanding of snowpack mass balance and
rainwater propagation to the outflow during ROS events. It is
assumed that the point scale approach brings more detailed
insights into the process of runoff generation in contrast to catch-
ment scale (Dinger et al., 1970; Maclean et al., 1995) or the wetting
of non-natural snow column approach (Herrmann et al., 1981).
This paper addresses the main scientific question, whether the pre-
sented technique is suitable for investigation of rainwater interac-
tion with snowpack and rainwater dynamics in the outflow.

2. Study site

The experiment was carried out on April 14th and 15th, 2012
near the Labska bouda chalet (50°46'13”N, 15°32'45"E), in the crys-
talline KrkonoSe Mountains (Giant Mountains) in the Czech Repub-
lic at an elevation of approximately 1300 m (Fig. 1). The site of the
experiment is located in the headwaters of the river Labe catch-
ment, approximately 800 m southeast from the source of the Labe
river. This part of the headwaters is oriented southwest-southeast,
and the elevation ranges from 1270 m to 1465 m. The weather sta-
tion, operated by the Czech Hydrometeorological Institute, is
located 300 m southwest from the study site. This station moni-
tors: air temperature, precipitation, snow depth, wind speed, wind
direction, relative air humidity and global radiation. The mean
April air temperature at Labska bouda is 0.6 °C and the mean pre-
cipitation sum from November until May is 795.7 mm (1962-
2005). The mean duration of snow cover during the same period
at the weather station is 161 days. During the 2011-2012 winter
season (November-May), the weather station has recorded
944.5 mm of precipitation. The maximum snow depth at the
weather station reached 260 cm in February 2012. The catchment
is also significantly affected by the west and northwest winds that
transport substantial portions of the snow on the leeward slopes
and cause uneven snow depth distribution (Janaskova, 2006). This
fact was supported by the snow depth records from April 14th,
2012, when the snow depth was 144 cm near to the weather sta-
tion and over 300 cm at the site of the experiment.

3. Material and methods
3.1. Experimental setup

A specially-tailored rainfall simulator (Fig. 2) was used for the
experiment which was described by Juras et al. (2013). Water
was sprayed on the snow block through a nozzle and the rain
intensity was driven by water pressure in the system. The outflow
was measured continuously by a tipping bucket flow meter (Fig. 3).
The whole experiment lasted 734 min, from the beginning of the
snow melt water recording (April 14th 2012 at 12:45) until the
end of the discharge recording (April 15th 2012 at 0:59). Stable
weather prevailed during the entire experiment. The air tempera-
ture varied between +0.8 °C at the beginning of the experiment
and —0.3 °C at the end of the experiment. The temperature of the
artificial rainwater varied between 7.2° and 10.7 °C during
61 min of the simulation. Natural snowmelt rate of approximately
0.05 L min~! was observed prior to sprinkling.
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Comparison of relevant artificial rain-on-snow experiments.
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Eiriksson et al.
(2013)

Feng et al. (2001)

Lee et al. (20104,
2008)

Kattelmann (1987a)

Singh et al. (1997)

Conway and Benedict
(1994)

Locality

Elevation (m a.s.l.)
Nr. of events
Input (mm)
Duration (min)
Tracer

Affected area

Snowpack depth
(cm)

Time lag (min)

Total discharge
(mm)

Grain size/Snow
type

Infiltration front
speed
(cm min™1)

Bulk density
(gem™3)

Purpose

Boise National
Forest, Idaho, USA
850

8

9.5 (per event)

30

Rhodamine WT,
Nacl

1.5x0.5m
47-138

120-1290

0.25-1 mm

1.9-11.5

0.209-0.398

Lateral flow

Sierra Nevada, near
Soda Springs, USA
2100

3

240 (total)

90-270

Tm, Yb, Lu

6x3m
135

45-90
330

Well ripe, isothermal

1.4-29

0.42 £ 0.044

Solute transport in

Sierra Nevada, near
Soda Springs, USA
2100

4

460 (total)
306-330

F- (KF), Br- (LiBr)

6x3m
210

110-130
336

Subfreezing

1.6-1.9

0.35+0.14

(before 1. event)
0.39+0.1

(after 1. event)
0.43 +0.07

(after 2. event)
Solute transport in

Sierra Nevada, near
Soda Springs, USA
2100

3

2.5 (per event)

5

Dye tracer

1 m?
50-100

Fresh, subfreezing
snow
1.5-9.8

Water infiltration

Glatzbach watershed,
Grossglockner, Austria
2640

6

49.2-201

60-120

No tracer

2x1m;2x2m
108

10-15
3.1-203.8

5 ice layers, isothermal

10.0

Runoff generation

Cascade Mts., near
Snoqualmie Pass
915

2

19; 100

600; 2160
Temperature

1.5x1m
1205 135

NA, 660
Not recorded

0.1-1 mm, stratified

with two ice crusts
0.2

Water infiltration

generation snow snow
15°30'E 15°40'E 15°50'E
T T N
Poland
50°45'N
50°40'N
Ll_l_l_l
+ - + 1 50°35'N
15°32'15"E  15°32'30"E 15°32'45"E  15°33'E  15°33"15"E
— AR R G =
50°46'30"N
50°46'25"N
50°46'20"N
50°46'15"N
Il
150 300 Meters | 50°46'10"N
I S I |

Fig. 1. Location of the experimental site. Data source: KrkonoSe National Park Administration.

3.2. Rainfall simulation

The deuterium-enriched water was pumped into the spraying
system. The spraying nozzle (Fulljet 1/8 GG3 6SQ) was placed

52

60 cm above the experimental snow block surface, and the artifi-
cial rain covered an area of 50 x 50 cm (Fig. 3). The producer guar-
antees (from 5% to 95% percentile) droplet diameters from
0.74mm to 290 mm at 0.7 bar and 0.56 mm to 2.20 mm at
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Fig. 2. Photo of experiment device.

Nozzle

| .

60 cm

e

Affected Snow
Block

120 cm

100cm

.5° Outflow

—— \water
Non-affected snow matrix

Fig. 3. Experiment setup.

2.8 bar, which is realistic compared to natural raindrops. The
affected area was smaller than the total experimental snow block
area (100 x 100 cm) in order to minimize the edge effect. The

artificial rain event started at 14:41 on April 14th, and a volume
of 72.7 £+ 1.8 L of water enriched with deuterium was sprayed on
the snow block in the course of the next 61 min. The applied vol-
ume was derived from the calibration curve and the water pressure
setting in the system during the experiment. The applied rain
intensity was higher as compared to the natural rainfall intensity
during ROS events described in the literature (Colbeck, 1975;
Osterhuber, 1999; Sui and Koehler, 2001; Wiirzer et al., 2016). This
extreme rain amount guarantees sufficient outflow for an effective
separation of outflow components.

Sprinkling water originated from the nearby stream of the River
Labe was at first pumped to the barrel, where the natural deu-
terium concentration 8*H was artificially raised from —73.1%.
(min = —74.1%0, max=—72.7) to +82.6%. (min = +82.5%0, max =
+82.7%0) V-SMOW. The reference samples for the event rainwater
were collected from the barrel with deuterium-enriched water that
was used for the rain simulation.

3.3. Experimental snow block

The investigated snowpack was isothermal, well ripe with
coarse grains, and stratified by two significant hard layers, both
0.5 cm thick. A part of the snow cover was isolated as a snow block
for the purpose of the experiment. The surface area of this snow
block was 100 x 100 cm, and 120 cm beneath the snow surface
was the snow block isolated by the metal plate (100 x 100 cm).
A snow water equivalent (SWE) of 689 mm was measured prior
to the experiment, using a snow tube next to the experimental
snow block. The estimated bulk snow density was 574 kg m—>.

Snow samples were taken every 5 cm throughout the experi-
mental snow block to estimate the vertical snow isotopic composi-
tion before and after the experiment. Pre-experimental snow
samples were collected from adjacent snow next to the experimen-
tal snow block. After the experiment, snow samples were collected
close to the centre of the experimental snow block below the area
of 50 x 50 cm affected by the artificial rain. All collected snow
samples were stored under room temperature until melt and
subsequently filled into 10 ml plastic bottles and maintained
frozen until lab analysis. The vertical variation of the deuterium
pre-experiment concentration (average 8?H = —69.6%0,
min = —102.97%o, max = —40.44%. V-SMOW) shows a distinct iso-
topic heterogeneity of the snow block. Minimum and maximum
values of deuterium content in the snowpack were used to assess
the rainwater outflow uncertainties in the hydrograph according
to Egs. (1) and (2). These extreme values are reported in the results.

The four-sided excavation and the metal plate positioned under
the snow block formed a hydraulic barrier to prevent lateral flow
out from the investigated snow block and further percolation
through the snow cover towards the soil surface. This setup
enables to detect all outflowing water through the tipping bucket.
The setup allowed mainly the vertical flow of the rainwater
through the experimental snow block take into the consideration.
This simplification also provides a more accurate calculation of
the mass balance because it is possible to measure the total out-
flow water at the outlet using a tipping bucket flow meter.

The input and output water temperature before and after the
experimental snow block was monitored during the experiment
to evaluate the heat transfer from the rainwater into the snow. This
heat exchange influences the temperature of the snow and cools
the rainwater. A wind barrier was placed along the structure of rain
simulator since even a gentle wind can have a very significant
effect on the direction of the falling raindrops. This barrier also pre-
vents additional melting caused by the wind-induced sensible
heat.
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3.4. Outflow measurement and sampling

A tipping bucket flow meter was attached to the metal plate to
measure the outflow from the snow cube with a 1% accuracy. This
setup enables instant water sampling above the tipping bucket
with variable sampling frequency. The measurements of the snow-
melt rate commenced two hours before the artificial rain began.
The outflow from the snowpack was continuously monitored for
557 min after the rain had stopped. The outflow water samples
were collected manually during the experiment and analysed for
the deuterium isotope content in order to separate the hydrograph.
The sampling intensity varied according to the flow rate from one
minute during the rising limb and peak discharge to 30-90 min
during the snowmelt and the falling limb phase. The reference
snowmelt water deuterium content (8%H = —70.0%0
[min = —71.7%0, max = —68.7%.] V-SMOW) was determined as the
arithmetic mean of the five samples collected during the snow
melt phase, prior to the application of the enriched rain. Extreme
deuterium content values of melt water were used to assess uncer-
tainties in volumes of the outflow components.

Deuterium content of the gathered samples was analysed by
laser spectrometry. This approach was completed by using the
LGR Inc. LWIA v2 facility of the Czech Technical University in Pra-
gue (Penna et al., 2010). The standard deviation of the results is
3%H = 0.58%0 V-SMOW.

3.5. Data interpretation

The data interpretation included the assessment of the hydro-
logical response and the proportion of event rainwater in the total
runoff. In addition, the portion of additional melt in the pre-event
non-rainwater was calculated.

The proportions of event rainwater and pre-event non-
rainwater in the total runoff from the snowpack were determined
according to the mixing equations (Egs. (1) and (2)):

Qtotal X Crotal = Qrain X Crain + Qnon-rain X Cnon-rain (1)

Qtutal = Qrain + Qnon-raim (2)

where Q [L min~'] is the discharge rate, ¢ [62H %o V-SMOW] is the
deuterium concentration and the subscripts total, rain and non-
rain represent the measured total, the event rainwater, and the
pre-event non-rainwater component, respectively. The pre-event
non-rainwater represents the pre-event liquid water content in
the snowpack and the additional snowmelt water within the exper-
imental snow block:

Qnon—rain = Qmelt + QprefLWO (3)

where Qe represents additional melt water volume produced dur-
ing the experiment and Qprrwc represents volumetric pre-event
liquid water content in the snowpack.

The additional snowmelt water volume (Qe;r) Was estimated
from the energy balance (EB) introduced by Walter et al. (2005).
Single energy balance components were calculated according to
DeWalle and Rango (2008) and Walter et al. (2005). Snow albedo
(0.6) and snow emissivity (0.98) were estimated according to
DeWalle and Rango (2008).

The isotopic value of the pre-event non-rainwater was derived
from the sampling of the pre-experiment melt (5 samples) and
the entire snowpack (24 samples).

The artificial ROS event has also assessed the changes in the
snow water equivalent (SWE) and the deuterium concentration
in the snowpack. They were measured vertically every five cm
before and after the experiment.

The rainwater storage in the snowpack was calculated in two
ways: first, as a difference between rain input and outflow, and
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second, from changes in deuterium concentrations and the SWE
estimated after the experiment. This is described by following
equations:

P=1 _CSA_Crain (4)
Csp — Crain
Vyain = SWE4 x A x P, (5)

where the symbols represent: P - portion of rainwater in the
affected snow cube volume [-], ¢ - deuterium concentration
[8°H % V-SMOW], subscripts SA, SB and rain - snow after
experiment, snow before experiment and rain water respectively,
V,ain — volume of rainwater stored in the affected snow cube volume
[L], SWE, - snow water equivalent after experiment [mm)],
A - affected area [m?].

4. Results

Table 2 summarizes the results and conditions of our study as
compared to previous ROS artificial experiments (Table 1).

4.1. Outflow characteristics

The first noticeable increase in the discharge was observed
18 min after the commencement of the artificial rain. The speed
of the wave front computed after (Kattelmann, 1987b) was esti-
mated at 6 cm min~'. Two flow peaks appeared in the hydrograph
during the experiment (Fig. 4). The first flow peak (1.00 Lmin!)
appeared 28 min after the commencement of the artificial rain,
and the second (1.18 Lmin~') appeared between the 64th and
67th minute after the artificial rain commencement. The second
flow peak was thus observed 3 min after the artificial rain had
stopped. Although the air temperature was —0.3 °C at the end of
the experiment, water was still leaking from the experimental
snow block with a flow rate of 0.014 L min~. The total outflow
water volume measured from the beginning of the artificial rain
to the end of the experiment was 91.7 £ 1 L, which was 19+2.8L
more than the rain input (Table 3).

4.2. Distribution of snowpack outflow components

The first noticeable increase in the deuterium concentration
indicated the first substantial rainwater contribution to the out-
flow (Fig. 4). This situation was observed approximately one min-
ute after an increase in the total flow rate, and is also documented
in the deuterium mass flow (Fig. 5) and in the changes in
deuterium concentration in the outflowing water (Fig. 6). The
deuterium concentration then increased very rapidly (Fig. 6). The
hydrograph separation of the event rain and the pre-event

Table 2
Conditions and results of the presented ROS.

Locality KrkonoSe Mts. Czech Republic
Elevation (m) 1340

Nr. of events 1

Input (mm) 72.7

Duration (min) 61

Tracer Deuterium

Affected area 0.5 x 0.5 m

Snowpack depth (cm) 120

Time lag (min) 19

Total discharge (mm) 91.7

Snow type Well riped, 2 hard layers
Infiltration front speed (cm min~") 6

Bulk density (g cm~3) 0.574 (before event)
0.502 (after event)

Purpose Hydrograph separation
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Fig. 4. The total outflow hydrograph separation into event rain water and pre-event non-rain water.
Table 3

Rain and outflow components (the sum of the pre-event liquid water content and the
snowmelt water represents the pre-event non-rain water outflow).

Total Rain Pre-event liquid Snowmelt
volume water water content water
volume volume volume
Rain event (L) 72.7 72.7 0.0 0.0
Outflow (L) 91.7 48.3 294 14.0
Fraction of 100.0 52.7 32.0 15.3
total

outflow (%)

non-rainwater revealed that there were two flow peaks of the pre-
event non-rainwater (Fig. 4). The first pre-event non-rainwater
flow peak arrived 25 min after the commencement of the artificial
rain, and reached a flow rate of 0.54 L min~! (min = 0.44 L min~!,

max =0.67 Lmin~'). This pre-event non-rainwater discharge

discharge. The second flow peak of the pre-event non-rainwater
appeared between the 64th minute and the 67th minute, simulta-
neously with the event rainwater and the total outflow flow peaks
(Table 4). During the second flow peak, the pre-event non-
rainwater  discharge of 0.44Lmin"' (min=0.36Lmin ',
max = 0.55 L min~') represented 37.6% (min = 30.9%, max = 46.6%)
of the current total discharge. Only one significant flow peak of
0.74Lmin! (min=0.63 Lmin"!, max=0.81 Lmin"!) was identi-
fied for the event rainwater (Fig. 4), yielding a contribution of
62.4% (min = 46.6%, max = 69.1%) to the total discharge. The deu-
terium content in the overall outflow during this flow peak reached
a maximum of §%H = +27.0%. V-SMOW. At the end of the experi-
ment, the deuterium content in the outflow reached
5°H=-38.3% V-SMOW, which indicated 21% (min=2%,
max = 35%) of event rainwater in the total outflow.

The total volume of outflow water (91.7 +1L) consisted of
48.3 L of rainwater (min =47.9 L, max = 48.8 L), which represents

represented 56.8% (min = 46.6%, max = 70.2%) of the current total ~ 52.7% (min=52.2%, max=53.2%) and 434L (min=4291L,
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Fig. 5. Comparison of the separated mass flow rates of the outflow components.
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Fig. 6. The deuterium concentration in the total outflow.

Table 4

Data on the flow peaks during the experiment (the first flow peak was observed only
in the pre-event non-rain water outflow and total water outflow hydrograph; the
second flow peak was observed within the pre-event non-rain water, the event rain
water and the total outflow water hydrographs together at the same time).

First flow peak Second
flow peak
Pre-event Total All water
non-rain outflow
water water
Time from the commencement 25 28 64-67
of the experiment (min)
Deuterium content (%o V- —4.32 +5.46 +27.0
SMOW)
Total flow rate (L min~') 0.96 1.02 1.18
Rain water flow rate (L min~") 0.40 0.50 0.74
Non-rain water flow rate 0.55 0.52 0.44

(Lmin~1)

max = 43.8 L) representing 47.3% (min = 46.8%, max = 47.8%) of the
pre-event non-rainwater.

The pre-experimental analysis of the snow profile before the
experiment showed that the snowpack was fully ripe and consisted
of coarse grains. Two considerable hard layers at 34 cm and at
102 cm were observed in the experimental snow block before the
experiment. After the experiment, these two hard layers were vis-
ible at 30 cm and at 101 cm. A new significant hard layer was iden-
tified at a depth of 91 cm after the experiment.

The event rainwater storage can be indicated through the
changes in the vertical distribution of SWE and the deuterium con-
tent of the snow block estimated from the 5cm snow samples
taken throughout the experimental snow block before and after
the experiment (Fig. 7). During the experiment, the average
deuterium content raised from &*H=—70.0%c to &°H = —47.5%
V-SMOW. The analysis of the snow samples indicated the biggest
isotopic changes up to 20cm above the lowest hard layer
(30-55cm of snow depth). Other significant changes in the
deuterium compound were observed close to the snow surface.
Most of the layers were supplied by the rainwater, but on the other
hand four samples under the first hard layer were isotopically
depleted. Two snow samples between 63 cm and 73 cm have
shown a decrease in SWE, but an increase in deuterium content.
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This can indicate displacement of pre-event non-rainwater by a
small volume of rainwater.

A local increase in SWE and deuterium content also indicates a
rainwater retention above the hard layer (Singh et al., 1997). In
particular, three samples (43-53 cm) collected above the lower
hard layer indicated more than one third of rainwater content
stored in the snowpack after the experiment (Fig. 7).

5. Discussion
5.1. Estimation of the mass balance and rainwater dynamics

Snow in the investigated cube was already wet before the arti-
ficial ROS. The cube was visibly saturated, releasing melt water
from the snowpack. These facts indicated that the storage capacity
of the snowpack was exceeded before the experiment and prefer-
ential flow paths were mostly developed, so limited new water vol-
ume can be stored (Singh and Singh, 2001). Nevertheless the
detailed comparison of snow isotopic composition changes
(Fig. 7) indicates a volumetric proportion of 14.5% (Eq. (4)) of the
event rainwater in the affected experimental snow block volume.
For affected area 0.25 m?, this proportion represents 21.8 L (Eq.
(5)) in the snow block with 601 mm of SWE. This result is close
to the rainwater storage after the experiment (24.4 L) computed
by subtracting the total event rainwater input by the total event
rainwater volume in the outflow. This finding indicates that the
vertical flow was predominant in the snow cover because the event
rainwater storage in the snowpack after the experiment was
mainly below the area covered by the artificial rain. A comparison
between the ratio of the event rainwater in the outflow and in the
snow block after the experiment shows that there is still predom-
inantly event rainwater drainage from the snowpack 9 h after the
experiment.

The mass balance revealed that water output was 26% higher
than input. This negative mass balance was also supported by a
decrease in snow depth and total SWE. The interaction between
pre-event non-rainwater and event rainwater showed significant
storage of event rainwater in the snowpack. This result is also sup-
ported by an increase in mean deuterium content of the snowpack
(Fig. 7, Table 5). The event rainwater stored in the snowpack grad-
ually compensated and pushed-out pre-event liquid water content
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Table 5
Overview of isotopic changes in the snowpack (samples taken every 5 cm) and in the
outflow water before and after the experiment.

Difference
(%o V-SMOW)

Pre-experiment
(%0 V-SMOW)

Post-experiment
(%o V-SMOW)

Snow - 5 cm —69.6 —47.5 +22.1
samples
(mean)

Outflow water -70.0 -38.3 +31.1
(mean)

in the snowpack. This process is further discussed in the next
subchapter.

The creation of a new hard layer at 91 cm was probably caused
by refreezing of stored liquid water at the interface of the two dif-
ferent snow layers. This interface was not identified as a hard layer
before the experiment, but it was probably developed into the hard
layer after the artificial ROS. Time between termination of rain
event and snow pit investigation was almost 9 h to observe the
hydrograph recession. During this time temperature decrease
below freezing point, so the hard layer could be the product of
refreezing snowpack. The increase in rainwater storage above the
hard layers can be caused by two reasons: First, the hard layer acts
as a hydraulics barrier and, second, the finer grains above the
coarse grains layer causes capillary action and can store more
water (Avanzi et al., 2015; Waldner et al., 2004). Although the hard
layers were presented in the snowpack, no lateral flow was
observed during the experiment. This behaviour can indicate that
the flowing water partially moved through the hard layer via
developed preferential paths. Although the metal plate acts ana-
logically to the hard layers, it was completely impermeable and
forced all leaking water to the outflow channel. The plate changed
the flow direction from vertical (typical for unsaturated zone) to
horizontal (typical for saturated zone). The metal plate also sup-
ports a capillary action when a soaked layer was created above
the plate. This slush layer even released water nine hours after
the end of the artificial rain.

5.2. Rainwater introduction to the snowpack and first propagation to
the runoff

A relatively fast response (a short time lag of runoff generation)
of the snowpack to the intensive rain event was observed during
the experiment. This response was faster than those reported in
other reviewed studies that have applied artificial ROS events
(Table 1). The hydrograph separation has revealed that time lag
of rainwater was one minute delayed to the total time lag. The
authors argue that the time difference is caused by a push-out
effect, which was also documented through the propagation of
the rain and non-rainwater to the outflow. Rainwater pushed out
a significant amount of pre-event non-rainwater, in particular until
the first flow peak (Figs. 4 and 5). This explanation is also sup-
ported by Maclean et al. (1995), highlighting the wash-out of var-
ious ions from the snowpack accompanied by an increase of
isotopic concentration in outflow after natural ROS.

The reviewed time lags (Table 1) are very individual, because
they are driven mostly by snowpack and precipitation conditions
and the infiltration front speed. In particular, rainwater is usually
warmer than the isothermal snowpack and causes a higher pro-
duction of additional snowmelt contrary to a colder snowpack.
Therefore, the rainwater has a greater potential to flow downwards
(Jones et al., 1989; Maclean et al., 1995). Higher flow rates are also
related to high rain intensities introduced on the warm isothermal
snowpack. The fast response of the outflow can also be influenced
by the experimental setup and applied methods. Kattelmann
(1987a) has investigated a subfreezing snowpack under an artifi-
cial rain of 30 mm h™! and flow rates of 1.5-9.8 cm min . A simi-
lar infiltration front speed of 10 cm min~' was also observed by
Singh et al. (1997) in isothermal snow under higher rain intensities
up to 99.6 mm h~'. The results of Singh et al. (1997) are close to
our study because the snowpack hydrological responses in both
studies were assessed under similar conditions (Tables 1 and 2).
Kattelmann (1987a) summarised the results from several natural
ROS studies, and reported infiltration front speeds up to
3cmmin~! in most of the reviewed cases. These values are in
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contrast with our experimental data because they reviewed studies
carried out at catchment scale under natural conditions.

5.3. Dynamics of individual outflow components

Despite no significant changes in the rain intensity of the event
rain during time, two flow peaks were observed within the hydro-
graph (Fig. 4). This shape of the hydrograph could be caused by
increasing snowmelt intensity during the rain event, and by
changes in preferential flow paths. No direct investigation of the
formation of preferential flow was performed, but we can assume
this behaviour on the basis of other studies (Lee et al., 2008; Techel
et al.,, 2011; Zhou et al., 2008).

The amount of the pre-event non-rainwater is also affected by
additional melting, which contributed to the outflow during the
entire ROS experiment. The amount of additional melting can also
be affected by experimental setup in three ways:

(a) The amount of 72.7 mm of relatively warm water was intro-
duced to the isothermal snowpack. It means, that the extra
heat from rain was directly used for the melt and not for
the snow warming. The temperature of the rain gradually
raised from 7.3°C to 10.7 °C with culmination until the
end of the rainwater. The most significant cooling of the
incoming rainwater is occurring in top layers. The melt
water from the upper layers appeared later in the outflow
together with the rainwater. This fact can explain the
increase of pre-event non-rainwater during the second flow
peak. Calculation of the EB estimated that the amount and
temperature of rainwater was probably responsible for a sig-
nificant portion (56%) of total melt water volume.

(b) Clear sky conditions during the experiment caused the top of
the snow cube to receive a high amount of direct short wave
radiation, producing additional melt. The investigated snow
cube was isolated from the adjacent snowpack by a gap,
which partially allowed heat exchange between the air and
bare cube sides. The high rainfall intensity caused deeper
rainwater percolation through drops-induced holes in the
snow. These holes also enabled a more effective income of
energy followed by a more intensive snowmelt. On the other
hand, the effect of heat exchange between wind and snow
was minimized by the wind cover along the simulator
construction.

(c) The metal plate could also have a positive effect to the addi-
tional melt production, although this effect was not directly
measured. The metal plate was continuously cooled by the
adjacent snow, but we cannot exclude any extra heating
by penetrating solar radiation on the bottom parts on each
cube side. Extra heat from the ground can be neglected
because metal plate laid on more than 1 m of snow.

Further partitioning of pre-event non-rainwater by energy bal-
ance equation revealed that the total snowmelt water volume was
14 L. Neglecting the heat input due to rain yields a natural melt
volume of only 5.8 L. This volume is hypothesized to represent
the possible natural snowmelt during the experiment. Subse-
quently, the snowmelt caused by the heat input due to the artificial
rain can be estimated to 8.2 L (58.5% of total melt). The difference
between the pre-event non-rainwater volume outflow and the
computed snowmelt volume represents 29.4L (min=289L,
max=29.8L) (32.1% of the total outflow, min-=31.5%,
max = 32.5%) (Table 3). This volume indicates the calculated vol-
ume of the pre-event snowpack liquid water content (LWC) in
the outflow.

Subtracting the total event rainwater input and the total event
rainwater outflow volume shows that 244L (min=239L,
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max = 24.8 L) representing 33.6% (min=32.5%, max =33.9%) of
the event rainwater were still stored in the experimental snow
block 9 h after the end of the artificial rain simulation. These find-
ings are presented with respect to some EB input limitations
because some components of EB (long wave radiation, albedo,
snow emissivity) were only estimated.

The upscaling of the results from point scale to hillslope and
catchment scales remains a challenging task, particularly due to
larger-scale variations in lateral flow, rainwater and meltwater
infiltration, slope, land cover and wind conditions (Walter et al.,
2005). The impact of these factors on the partitioning of outflow
in heterogeneous environments remains poorly understood.

5.4. Recommendation for future work

The results in this paper support the need to address the hydro-
logical response (time lag of the outflow and the outflow rainwater
ratio) of the snowpack under lower rainfall intensities. According
to previous studies (Feng et al., 2001; Lee et al., 2010b, 2008;
Wiirzer et al., 2016), the response time increases with decreasing
rain intensity, but a substantial gap remains in the knowledge
how would the outflow rainwater ratio change with lower rain
intensity. The required degree of the deuterium enrichment of
the rainwater would be lower, because the rainwater will be also
detectable when lower deuterium concentration is used.

Direct measurement of single EB variables (mainly radiation
components) should help to build more accurate estimation of
the overall EB model. Snowmelt volume calculation should be also
supported by independent melt rate monitoring next to the
affected block.

For more detailed understanding of rainwater behaviour in var-
ious snowpack condition we recommend to carry out more exper-
iments with changing snowpack depth and bulk density.

6. Conclusions

The presented combination of methods of artificial ROS, isotopic
hydrograph separation of the event rainwater and the pre-event
non-rainwater and energy balance showed a very good applicabil-
ity for future studies of runoff generation and rainwater interaction
with snowpack during ROS. The point scale allows an accurate
investigation of dynamics of individual hydrograph components
in detailed time resolution. The experimental point scale setup also
provides a proper mass balance of rainwater. Although the energy
balance has proven adequate for the meltwater calculation,
improvements are recommended toward a higher accuracy. As this
experiment revealed, rainwater during ROS firstly pushes-out the
non-rainwater and then contributes to the outflow. Significant
quality changes in the outflowing water quality can therefore be
expected during ROS events.
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4.3. Clanek III - Rainwater propagation through snowpack during rain-on-snow events under

different snow conditions
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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.
Keywords:hydrograph separation, stable isotopes, sprinkling experiment, preferential flow, flood forecasting

1 Introduction

Rain-on-snow (ROS) events are a natural phenomenon which has been in the focus of hydrological research in the
past decades, particularly because of their high potential to cause natural hazards. ROS initiated severe floods in
the past in many European countries such as Germany (HND Bayern, 2011; Sui and Koehler, 2001), Switzerland
(Badoux et al., 2013; Rossler et al., 2014), Czech Repulgka( et al., 2011) or US (Ferguson, 2000; Kattelmann,
1997; McCabe et al., 2007). Rainwater also affects snowpack stability which can initiate formation of wet snow
avalanches (Ambach and Howorka, 1966; Baggi and Schweizer, 2008; Conway and Raymond, 1993) or trigger
slushflows (Hestnes and Sandersen, 1987; Nyberg, 1989; Onesti, 1987). In addition to natural hazards, ROS events
1
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are also relevant from a geochemical point of view. Rainwater affects transport of ions (Jones et al., 1989) and
solutes (Feng et al., 2001; Harrington and Bales, 1998; Lee et al., 2008; Waldner et al., 2004) through snow which
affects the pH and chemical compositions of adjacent streams (Casson et al., 2014; Dozier et al., 1989; MacLean
et al., 1995).

Predicting snowpack runoff for an upcoming ROS event requires the understanding of water transport processes
through snow. Water input from heavy rainfall flows typically faster through a snowpack than meltwater outside
of rain periods, which is why ROS situations may entail an augmented flood risk (Singh et al., 1998). Interactions
between the liquid and solid phase of water make the water flow modelling in snow more difficult compared to
other porous media like soil or sand where the solid phase is supposed to be stable. Existing water flow models
for snow have rarely been specifically tested for ROS scenarios, nevertheless Wurzer et al. (2016b) have recently
introduced a new approach integrated within the SNOWPACK model (Bartelt and Lehning, 2002; Wever et al.,
2015).

Presence of liquid water in snow fastens the metamorphism processes such as snow settling, snowpack warming
(Conway and Benedict, 1994) and grain coarsening (Gude and Scherer, 1998; Tusima, 1985). These processes
entail a higher hydraulic conductivity and snow permeability which lead to faster water flow (Calonne et al., 2012;
Conway and Benedict, 1994). Rainwater introduced to the snowpack during ROS represents an important

additional source of liquid water besides snowmelt which can contribute to the generation of snowpack runoff.

There is still a lack of knowledge how rainwater is propagating though snow to generate snowpack runoff and
what runoff portion can rainwater represent under various snow conditions. Previous studies have shown that water
can flow through snow in two different regimes, matrix flow and preferential flow, which are both governed by
specific snow properties (Schneebeli, 1995; Waldner et al., 2004). In the matrix flow regime snow is wetted top
down uniformly with all snow being wet above the wetting front (Schneebeli, 1995; Techel et al., 2008).
Preferential flow, on the other hand, is characterised by spatially heterogeneous wetting patterns with horizontally
isolated wet and dry zones often referred to as flow fingers (e.g. Techel et al., 2008; Waldner et al., 2004). These
patterns grow with percolation intensity and grain size (Hirashima et al., 2014). During dye tracer experiments in
non-ripe snowpack with temperatures below the freezing point, matrix flow was observed in the uppermost layers
of the snowpack whereas preferential flow was observed in deeper layers only (Wrzer et al., 2016b, Techel et al.,
2008). Concepts of water flow behaviour in snowpack were further investigated in various approaches including
rainfall simulation (Conway and Benedict, 1994; Eiriksson et al., 2013; Juras et al., 2013; Singh et al., 1997),
artificial wetting (Avanzi et al., 2015; Katsushima et al., 2013; Yamaguchi et al., 2010) or numerical modelling
(Hirashima et al., 2010, 2014, Wever et al., 2014, 2015).

The fact that rain and melting snow feature a different isotopic content can be used to differentiate between both
components in the snowpack runoff analogically to hydrograph separation, which is a widely used technique
especially in watershed hydrology (Buttle et al., 1995; Dincer et al., 1970; Unnikrishna et al., 2002). Snowpack
usually features a heterogeneous vertical isotope composition (Lee et al., 2010; Zhou et al., 2008) which is partially
homogenized over the course of the winter season by a combination of moisture exchange, meltwater and rain
infiltration (Krouse et al., 1977; Unnikrishna et al., 2002). Isotopically lighter meltwater is produced at the
beginning of snowmelt and becomes heavier as melt progresses. This change is augmented by isotopic enrichment

of the meltwater through the late spring rainfélnikrishna et al., 2002). Several authdfeng et al., 2002;

2
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Hashimoto et al., 2002; Unnikrishna et al., 2002) reported a typical differeidé®oaround 2%. between solid

snow and liquid water in snow which is mostly caused by the isotopic fractionation. Feng et al. (2002) reported
that a difference of 1 %o i6*%0 is equivalent of 8 %. change 3H. Although this discrepancy can lead to some
uncertainties in hydrograph separation, only little work has addressed the effects of the time-variant isotopic

content of the non-rain water.

Juras et al. (2016) demonstrated in a feasibility study that they could quantify the contribution of rainwater in
snowpack runoff during a sprinkling experiment using hydrograph separation techniques. However, their
experiment was conducted with very high sprinkling intensities well beyond typical rain intensities. In this paper,
we extend their study to investigate the propagation of liquid water through snowpack under conditions
representative of natural ROS events and for different types of snowpack. Our data analysis allows answering the

following questions:

1. How much does rain water contribute to the total snowpack runoff during ROS?
2. What is the interaction between rain and ripe or cold showpack?

3. How do initial snowpack conditions of cold and ripe snow influence liquid water transport in snow?

In addition, we present a new approach to deal with isotopic differences within the initial snowpack, and test it

against standard procedures.

2 Material and methods

2.1 Study site

Four sprinkling experiments were carried out in the vicinity of Davos, Switzerland. Elevation of the experimental
sites ranged between 1850 and 2150 m a.s.l. Details of all sites and experiments are summarised in table 1. All
sites were located in open flat terrain. The winter season 2014/2015 was characterized by below-average
snowcover and above-average mean air temperatures. Davos climate has a subalpine character with mean air

winter temperature of -2.18°C and cumulative winter precipitation of 371 mm (Nov - Apr).

Table 1

2.2 Experimental procedure

Four ROS experiments were conducted in this study. During each experiment deuterium enriched water was
sprinkled on an isolated block of snow, consisting of natural and undisturbed snow of 1m?2 surface area. Each
experiment was conducted within three subsequent days: The first day, an experimental snow block of natural
snow was prepared. To inhibit lateral exchange of water the snow block was carefully cut out and isolated from

adjacent snow using 4 sheets of Ethafoam® of 2cm thickness. A metal tray was pushed through the bottom section
of the snow block in a slight angle enabling to collect liquid water from the lowest corner. The tray featured a rim

of 5cm height on three of the four sides. The outlet channel was then attached to the fourth side, but only after the
tray had been pushed through the snow block. The outlet was connected to a tipping bucket gauge, which also

served to sample water for the laboratory analysis. The rainfall simulator was then placed above the snow block
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with wind protection cover (Fig. 1) rolled up to ensure ambient thermal conditions. Even if mechanical and thermal
disturbances were kept to a minimum the setup was allowed to settle over night before sprinkling experiments

commenced the next day.

Figure 1

During the second day, the actual sprinkling ontcstieav block was performed. Pre-experimental snow properties
were measured in undisturbed snow within a few meters from the experiment at the time that the sprinkling started.
We recorded vertical profiles of snow temperature, liquid water content (LWC), grain size and density. LWC was
measured using a “Denoth meter” (Denoth, 1994). In addition snow samples were taken to arihismtitent.
Snowpack runoff was recorded from two hours before the first sprinkling burst till five hours after the last
sprinkling burst. The snowpack runoff was further sampledsddr content during the entire experiment. The
sampling interval varied according to the snowpack runoff rate, ranging from one minute during the peak flow to
20 minutes during periods with marginal flow only. During the sprinkling, the wind protection cover was put in
place to enable spatially homogenous sprinkling results. The cover was shortly opened during non-rain period to
prevent possible accumulation of warm air. On day 3, approximately 20 hours after the last sprinkling burst, post-
experimental snow properties were measured analogously to day 2, with the exception that the sampling was
conducted within the snow block that was sprinkled. Again, snow samples were taken to determine how much

sprinkling water remained in the snowpack.

2.3 Rainfall simulation and monitoring

An enhanced version of the rainfall simulator described in Juras et al. (2013, 2016) was designed to achieve rain
intensities close to observations during natural ROS (Osterhuber, 1999; Réssler et al., 2014; Wrzer et al., 2016a).
The new device was equipped by a nozzle Lechler 460.368.30.CA which was precisely calibrated in the laboratory
and again on site. The nozzle was placed 160 cm above the snow cover ensuring a spatially uniform rainwater

distribution for the inner 1fof the sprinkling area, i.e. over the snow block.

During each experiment about 41 mm of deuterium enriched water was sprinkled in four sprinkling periods of 30
min each, separated by 30 min non-sprinkling periods, resulting in a mean rainfall intensity of 10.25 mm per hour,

per burst respectively.

The deuterium content is expressed as a difference relative to Vienna Standard Mean Ocean Water (V-SMOW).
For the purposes of an efficient hydrograph separation, tap water was enriched with deuterium to reach a difference
of at least?H = 60 %o V-SMOW between the snowpack and the sprinkling water. Sprinkling water concentration
ranged betweed?H —23.11 to +22.61 %0 V-SMOW and initial snowmelt deuterium concentration ranged between

8%H —132.47 to -88.64 %o V-SMOW. The barrels containing the enriched sprinkling water were buried into snow

to cool down the water temperature. The mean rain water temperature after pumping varied between 4.3 — 7.5°C
(measured over the snow), which is considered representative of temperatures during natural rain on snow events
in the area.
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2.4 Sampling and laboratory analysis

Water samples collected during the experiments were stored in 10 or 20 ml plastic bottles. To minimize isotopic
fractionation, air gaps in the samples were avoided and samples were subsequently frozen until the laboratory
analysis. Snow samples were taken along three vertical profiles at 10 cm spacing before and after each experiment.
Additionally, three samples of the entire snow profile were taken at the same time. All snow samples were melted

at room temperature, filled into 10 ml plastic bottles and frozen until the laboratory analysis.

The analysis were carried out using a laser spectroscopy by LGR Inc. LWIA v2 facility of the Czech Technical
University in Prague (Penna et al., 2010). Standard deviation of the resifts0s58 %o V-SMOW and 95 %
confidence interval i§?H 0.33 %o V-SMOW.

2.5 Data interpretation

The hydrograph separation technique was used to separate rainwater from the non-rain water in the total runoff;
Qtotal (t) X Ctotal(t) = Q‘rain (t) X Crain + Qnon—rain (t) X Cnon—rain(t) (1)

Qtotal (t) = Qrain(t) + Qnon—rain(t )’ (2)

whereQ [mm- min'] is the flow rateg [%o 6°H in V-SMOW] is the deuterium concentration and the subscripts
total, rain andnon-rain represent the total gauged snowpack runoff, the rainwater runoff and water originates from

pre-experimental LWC and snowmelt respectively.

The non-rain water was considered as a mixture of two components pre-event liquid water content in the snowpack
(pre-LWC) and the additional snowmelt water within the experimental snow block:

Qnon-rain = Umeit + Qpre-Lwc- 3

Qmet represents additional melt water produced during the experimer@pandc represents pre-experimental

liquid water content in the snowpack. Since the isotopic content of the snowpack varies within the vertical profile
we assume that the reference value of non-rain water is time variant. According to previous investigations (Juras
et al., 2016), rainwater appears in the snowpack runoff only after a certain delay. We can therefore assume that at
the beginning of runoff the non-rain water consisted mostly of pre-LWC w@gfifc). After some time
contribution of pre-LWC retreats and additional melt wa@() starts to dominate within the non-rain runoff

water volume. This water originating instantly from the solid phase has different isotopic content compared to pre-
LWC (Feng, 2002; Hashimoto et al., 2002; Unnikrishna et al., 2002). The patrtitioning of the non-rain water in the

snowpack €on-rain in €q. 1) can be expressed as:
(T-t)-20m

Cnon—rain = tan~" ( S + 0-5> *(Csotia = Cmet) + Cmetes 4)

3

whereT is time vectorf [min] is time hypothetically needed to release all pre-LWC w&és,a dimensionless
parameter governing the shape of the curyg, is deuterium content of solid phase of the entire pre-experimental
snowpackcret is deuterium content of pre-experimental meltwater. Parametas derived as the time when
volume of non-rain water equalled pre-LWC (Fig. 2). The temporal smoothing parameter S was set to an arbitrary
value of 45, c.f. section 4.4 for a discussion on the sensitivity of alternative approaches regarding eq (4). All fitted

parameters are listed in Table 2. An illustration of the mixing curve is displayed in Figure 2

5
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Table 2

The isotopic value of the pre-LWC non-rain water was derived from the sampling of the pre-experiment melt
outflow and the isotopic value of the additional melt was derived from the sample of entire snowpack. The isotopic
value of the rainwater was derived from the sampling of the water in barrel. In view of the short duration of the
experiment, we don’t assume any fractionation between solid and liquid phase during the sprinkling.

Rainwater storage in the snow cube was estimated as:
Qstored = Qrain— - Qrain—out' (5)

We define the LWC deficit as the non-rain water contribution to the snowpack runoff that cannot be satisfied from
the initial LWC storage. Hence values above zero indicate the minimal snowmelt that must have occurred to
provide LWC for the snowpack runoff. The LWC deficit is calculated as a cumulative deficit from the water

balance as:

LWCdeficit (t) = max (26 Vion—rain — LW Cinie, 0), (6)

where LWG,; refers to initial total LWC summarised in Table 3 Manrefers to the volume of non-rain water in

the runoff. Hydrograph data were analysed for time lag and peak times of each hydrograph component (Fig. 3).
We define rainwater time lag as a time when rainwater runoff rate reaches 0.01 aoedrding to Eq. 1, 2).

Total water time lag is defined as a time difference between onset of the rain and the first significant increase of
total water runoff above the base flow (consisting of melt) (Eq. 2). Peak time is defined as a time difference

between onset of the rain and the time of runoff maximum of each hydrograph component.

Uncertainties of rainwater runoff contribution were estimated from using the spread between individual samples

from the vertical snow profiles at 10 % and 90 % percentiles.

Figure 3

3 Results

3.1 Snowpack changes

Table 3 shows an overview of the pre-experimental and post-experimental snowpack conditions. The three snow
blocks in Ex 2-4 consisted of snow with similar conditions being isothermal, well ripened with bulk densities
above 400 kg- rhand contained considerable initial liquid water. These snowpack conditions are referred to in the
text as “ripe snow”. Pre-experimental snowpack conditions in Ex1 differed from the other three. Snow
temperatures were mostly below the freezing point and the bulk density was around 2500@gpite this, a

small amount of pre-experimental LWC was found in the top 5 cm, where the snow temperature was around the

freezing point (Ex1). Nevertheless, these snowpack conditions are referred to as “cold snow”.

Unlike our expectations, the experiments resulted in greater density changes in ripe snow compared to the changes
in cold snow. The total bulk density increased by between 17 and 54 ky&w 2-4 compared to a 4 kg3m
increase only in Ex 1 (Table 3),. On the contrary, LWC increased in all experiments by very similar values of

approx. 2 %.
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Table 3

An increased deuterium content of snow, caused by the isotopically enriched sprinkling water, indicate additional
storage of rain water. Our results showed a considerable increase in deuterium content (Table 4) only for ex. 2-4
(ripe snow conditions). In comparison, Ex. 1 (cold snow) showed a more ambiguous picture, indicating that only
little rainwater volume remained in the snow after the experiment; if at all, the deuterium content even decreased
slightly (by -0.88 %o). Details of the deuterium content of the main components before and after the experiments

are listed in Table 4.

Table 4

3.2 Snowpack runoff

All experiments showed a quick response in snowpack runoff within 10 min (Ex1) to 27 min (Ex4) after the start
of sprinkling (Fig. 4). However, the first significant increase of deuterium content (signalizing the appearance of
the rainwater) was detected in the runoff somewhat later which indicates that rainwater initially pushed out the
pre-event LWC and only then started to contribute to the runoff with some delay. Time lags and peak flow times
of main hydrograph components are summarised in Table 5. The difference between rainwater time lag and total
water time lag indicates the delay with which rainwater appears in the snowpack runoff relative to other source of
LWC. Interestingly, this delay was considerable in experiments 2-4 (at least 12 minutes), but only minor (6

minutes) in experiment 1 which was the only one conducted on cold snow.

Also the difference between total runoff and rain runoff demonstrate that water from other sources than rain such
as pre-experimental LWC dominated snowpack runoff at the beginning of the sprinkling experiment. Again it is
experiment 1 that deviates from the other by featuring a higher rain contribution in the total runoff already during
the first sprinkling periods (Fig. 4). Towards the end of the experiment (sprinkling period 4) rain contributed only
27 % in Ex4 but 82 % in Ex1.

The total water time lag was similar between the four sprinkling periods of each experiment, with the exception
of Ex1 that featured a considerably longer time lag in the first sprinkling period compared to all subsequent periods,

which may hint at the development of preferential flow paths early on during the experiment.
Figure 4

Table 5

3.3 Water balance

All experiments showed a negative snowpack mass balance (Table 6), which is characterized by cumulative total
runoff (output) exceeding the cumulative rain input (Fig. 5). This required that additional melt occurred during all
experiments. Cumulative event runoff computed according to Eq. 1 and 2 consisted of between 22.0 % (Ex4) and
76.4 % (Ex1) of rainwater (Table 6, Fig. 5). The storage of rainwater was calculated according to Eq. 5 which
revealed that averaged over the entire experiment the snowpack retained 21.6 % (Ex1) to 69.6 % (Ex4) of the

original rainwater volume. However, the rainwater storage ratio varied over the course of the experiment. After
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the first sprinkling period the ratio was always highest and decreased with subsequent sprinkling periods (Table

6), and even depleted almost completely towards the end of Ex1.
Figure 6

The pre-LWC represented an important source of non-rain water in the snowpack runoff, especially during the
first sprinkling period. The LWC deficit for each sprinkling period is shown in table 6. For example, in Ex1 only
0.9 mm of pre-LWC was available (Table 3), but 4.1 mm of non-rain water appeared in the outflow after the first
sprinkling period (Table 6), resulting in a LWC deficit of 3.17 mm that must have been satisfied by snowmelt. In
contrast, the initial snowpack in Ex2-4 contained sufficient pre-LWC to fully explain the non-rain component to
the runoff from the first sprinkling period. But also towards the end of these experiments some meltwater is

required to explain the observed snowpack runoff.

Table 6

4 Discussion

4.1 Rainwater interaction with the snowpack

Samples from snowpack runoff at the beginning of the sprinkling experiment revealed, that the first water to
exfiltrate from the snowpack originated from pre-LWC, and not from the rain. Only with a certain time lag did
rain start to appear in the runoff samples. Obviously, rainwater introduced to the snowpack pushed existing pre-
LWC water out of the snow block during the onset of the runoff generation. First water samples taken from the
runoff featured a similar deuterium content as the pre-LWC, we may thus assume that pre-LWC predominated in
the non-rain water at the beginning of the experiment, but as the pre-LWC storage depleted meltwater took over.
The process where rainwater shifted the pre-LWC out of the snow matrix has been described as piston flow (Feng
et al., 2001; Unnikrishna et al., 2002). The piston flow effect probably played a role not only at the beginning of
runoff generation. Time shifts in peak flow times suggest that rainwater pushed non-rain water even beyond the
initial phase, although the effect weakened over the course of the experiment (Table 5). A similar behaviour was

also described in Juras et al. (2016).

Comparing the volume of retained rainwater within the first sprinkling period with the amount of released non-
rain water (Table 6) reveals that in all experiments the initial snowpack had liquid water deficiency. Available
pore space in the snowpack was filled after beginning of the sprinkling, which also resulted in relatively little
rainwater runoff during the first sprinkling period. The rainwater contribution however increased during
subsequent sprinkling periods, as available storage capacity for liquid water depleted and pre-LWC water
exfiltrated. During all experiments the ratio of rainwater in total snowpack runoff was well below 100 % at all
times (Fig. 4). This indicates that some rainwater is constantly retained in the snowpack (refrozen or as LWC) over

the entire course of the sprinkling within both, cold as well as ripe snow.

Differences in the results from Ex1 relative to results from the other experiments demonstrated that the contribution

of rainwater to the runoff is influenced by the initial snowpack conditions. Cold snowpack containing low pre-

LWC volume allowed high contribution of rainwater to the runoff (Ex1). On the other hand, ripe snowpack with

considerable pre-LWC volume showed stronger indication of piston flow, which resulted in mostly non-rain water
8
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to appear in early snowpack runoff. Adding rain, pre-LWC and additional melt resulted in total cumulative runoff
volumes exceeding the cumulative rain input on average by 27 % for the experiment with ripe snow (Ex2-4). To

the contrary, runoff from the cold snowpack exceeded rain input only by 3 %.

4.2 Hydrological response of snowpack with different snow conditions on ROS

Our results showed that rainwater was transported much faster in cold snow (Table 5) which indicated the presence
of preferential flow (Section 3.2). On the other hand, experiment with ripe snow, resulted in a much slower
transport of rain water and showed evidence of the matrix flow regime. These findings are in agreement with
previous studies of Schneebeli (1995) and Wirzer et al. (2016b), but see Colbeck (1975) who reported long time
lags to be typical for rain on cold snowpacks. Preferential flow is mostly observed in layered snow, where
microstructural transitions can be found in the density profile (Hirashima et al., 2014; Techel et al., 2008). During
preferential flow the wetting front is disaggregated into many smaller flow fingers, within which the hydraulic

conductivity can be very high (Waldner et al., 2004) allowing water to be transported faster.

The hydraulic conductivity is connected to the intrinsic permeability of snow (Calonne et al., 2012) and varies
with the snow grain size and density (Hirashima et al., 2014). The intrinsic permeability increases as the snow
density decreases (Calonne et al., 2012), which is in agreement with our results. The snow in Ex1 was characterized
by a low density and therefore supported faster generation of snowpack runoff compared to Ex2-Ex4. On the other
hand, ripe snow typically features rounded snow grains and initial saturation which are associated with higher
hydraulic conductivities. This opposing effect may have led to the findings of Colbeck (1975) cited above. In our
experiments however, the distinctly lower density of the snow in Ex1 in combination with the occurrence of
preferential flow seem to have prevailed other effects and caused a considerably faster transport of liquid water

through the snowpack if compared to the experiments in ripe snow.

Ex1 aside, Ex2-4 showed similar initial snowpack conditions with the exception of snow depth (Table 3). This
allowed to verify that rainwater time lags were expectedly sensitive to the transport distance. Time lags recorded
during Ex4 were markedly longer than those recorded during Ex2-3, which supports a positive correlation between

snow depth and water transport times as also noted by Wever et al. (2014).

4.3 Internal mass exchange

Our results provide an evidence of internal mass and energy exchange processes in the snowpack during the
sprinkling experiments. Such processes represent refreezing of rainwater and generation of snowmelt (Avanzi et
al., 2015; Wever et al., 2015), whereas mass has additionally been exchanged by the displacement of pre-LWC by

rainwater.

After the first sprinkling period the cold snowpack in Ex1 released more non-rain water than can be explained by
available pre-experimental LWC. The corresponding LWC deficit even increase over the course of the sprinkling
experiment (Table 6). This leads to the conclusion that snowmelt must have occurred as one of the processes
involved in runoff generation. Further, rain water retained in the snowpack at the end of the experiment was larger
than the final LWC which suggests that at the same time some rain water has been refrozen. Nevertheless, these

processes may have been limited to comparably small amounts of water since the LWC deficit as well as the

9

70



10

15

20

25

30

retained rain water volume were relatively small compared to the runoff volume. This conclusion is also supported
by the small difference between the deuterium concentration of the snowpack before and after the experiment
(Table 4).

Ex4, to the contrary, started with sufficient LWC to explain the runoff originating from non-rain water until
sprinkling period 4. While snowmelt may or may not have happened during the entire experiment, it must at least
have occurred during sprinkling period 4. But apparently pre-experimental LWC has dominated the runoff
generated early on during the experiment (see discussion on piston flow regime). The same applies to Ex2 and 3,
for which snowmelt was evidenced from at least sprinkling period 2 onwards. In all 3 experiments the deuterium
concentration differed considerably in snow samples collected before and after the experiment. This suggests that

mass exchange processes have had a larger turnover compared to Ex1.

4.4 Using a variable non-rain water reference in eq (4)

The deuterium concentration of pre-experimental melt water and samples taken from the entire snowpack profile
differed within all experiments (Table 4). This is caused when snowmelt is not produced over the entire snow
profile (Ex 1). Snowmelt prevails in the upper part of the snowpack. And indeed, the deuterium concentration of

pre-experimental melt in Ex 1 was very close to values sampled from top level of the snow profile.

We can expect that the pre-experimental melt (sourcing from pre-LWC) is continuously depleted and meltwater
is also concurrently produced from the snowpack with different isotopic concentration. This is why we introduced
an enhanced approach of hydrograph separation between rainwater and non-rain water by allowing the non-rain
water isotopic reference value to be variable in time. This method was compared to the more traditional approach
(c.f. Juras et al., 2016) where a constant isotopic value is used from either pre-experimental meltwater or sampled
from the entire snowpack. Also different parameters (t, S) in equation 4 were tested. Table 7 summarises rain water
time lags, rainwater peak times and cumulative rainwater of all experiments that resulted from our sensitivity tests.
While in general the differences between results from different approaches were small, notably different time lags

resulted when using a constant isotopic value sampled from the entire snow column.

Especially in Ex1 when the isotopic value from the snowpack is used, the resulting rainwater time lag of 0 is
unrealistic. While differences between the approaches are minor, using a time variant non-rainwater reference
value seems to be a reasonable approach to arrive at more accurate estimations of rainwater time lags and outflow

volumes.

Table 7

5 Conclusion

In this study we investigated liquid water transport behaviour through natural snow by means of sprinkling
experiments. Using deuterated water enabled to disentangle the fate of rain water and initial liquid water content.
Furthermore, the approach provided evidence of rain water refreezing and meltwater generation to occur together

over the course of the sprinkling experiments.
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Interestingly, a sprinkling experiment on a cold snowpack resulted in markedly different water transport dynamics
in comparison to experiments on melting snow. Snowpack runoff responded comparably quickly to the onset of
sprinkling, and rainwater arrived in the runoff with a short delay only. The overall share of rainwater in the runoff
was around 80 % indicating that internal mass exchange processes played a minor role. Data from this experiment
further suggested the development of preferential flow paths that allowed rainwater to propagate increasingly

efficient through the snowpack as the sprinkling continued.

On the other hand, experiments conducted on wet isothermal snowpack, showed a different behaviour. Snowpack
runoff was considerably delayed relative to the onset of the sprinkling, and consisted of initial liquid water content
only. Rainwater appeared in the runoff only with further delay and with a relatively low share, where the overall
contribution of rainwater in the runoff did not exceed 50 %. At the same time, the total runoff volume exceeded
rain input plus initial liquid water content which requires that additional water from snowmelt contributed to the
runoff. Both findings demonstrate that internal mass exchange processes were important for runoff generation

during rain on a melting snowpack.

Data availability

All data are available on request.
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Table 1 - Details of the experiments

Sertig 1
Sertig 2
Dischma

Fliela

Table 2 — Parameters used in equation 4 for every single experiment.

46.7227267N 9.8505897E
46.7227856N 9.8507236E
46.7209731N 9.9219625E
46.7436736N

9.9812761E

Experiment  t [min] S[]
Ex1 20 45
Ex2 95 45
Ex3 88 45
Ex4 215 45

1850 m
1850 m
2000 m
2150 m

15
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Ex1
Ex2
Ex3
Ex4

17.-19.3 2015
22.—-24.4.2015
29.4 —2.5. 2015
7.-9.5.2015



Table 3 — Experimental snow block conditions before and after each experiment. Bulk density values were derived
from the entire snow profile sample.

Snow properties Pre-experiment After-experiment Difference
Mean | St. Dev. Mean |St. Dev.

Ex1 — Sertig, Snow pits 17.-19.3.2015
Bulk density [kg.cm?] 247 4 251 8 4
Total LWC [%] 0.2 11 1.7 0.5 1.6
Total LWC [mm] 0.9 0.3 8.3 2.4 7.4
Snow depth [cm] 54.4 3.7 48.2 3.0 -6.2
Snow temperature [°C] -1.0 0.6 0.0 0.0 1.0

Ex2 — Sertig, Snow pits 22.-24.4.2015
Bulk density [kg.cnmd] 408 18 425 12 17
Total LWC [%] 3.7 0.1 5.3 0.7 1.6
Total LWC [mm] 11.0 0.3 13.9 1.1 2.8
Snow depth [cm] 29.7 2.2 25.8 2.1 -3.9
Snow temperature [°C] 0.0 0.0 0.0 0.0 0.0

Ex3 — Dischma, Snow pits 29.-1.5.2015
Bulk density [kg.cnmd)] 403 33 457 14 54
Total LWC [%] 3.8 0.3 6.3 0.1 2.6
Total LWC [mm] 10.6 0.8 16.9 0.3 6.3
Snow depth [cm] 28.1 25 26.6 2.1 -1.6
Snow temperature [°C] 0.0 0.0 0.0 0.0 0.0

Ex4 — Fluela, Snow pits 6.-8.5.2015
Bulk density [kg.cnmd)] 477 21 495 9 18
Total LWC [%] 3.5 0.5 5.6 0.3 21
Total LWC [mm] 28.7 4.3 45.8 3.7 17.1
Snow depth [cm] 88.4 21 81.6 2.4 -6.8
Snow temperature [°C] 0.0 0.0 0.0 0.0 0.0

Table 4 — Overview of deuterium concentration changes within each experiment. Reference values were used in

eg. 1 and 4 for hydrograph separation. Snow samples were taken by extracting a vertical core from the entire snow
profile.

Reference
Pre-experimental reference value value after Difference
experiment

Rainwater Meltwater  Snow sample Snow sample  Snow sample

Ex1 -23.11 -88.64 -138.88 -139.76 -0.88

Ex2 -5.60 -123.49 -120.41 -116.32 4.09

Ex3 22.61 -132.47 -122.00 -105.84 16.16

Ex4 -13.16 -118.66 -127.48 -116.22 11.26
16
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Table 5 — Hydrograph analysis of different artificial rain-on-snow event.

Time lag Time lag Rainwater

Sprinkling . ; Peak time Peak time rain
period total rain velocity total [min] [min]
[min] [min] [cm.minY]
Ex1 - Sertig 17.-19.3.2015snow depth = 54.4 cm
1 10 16 3.40 27 33
2 4 4 13.60 22 27
3 4 4 13.60 20 27
4 5 5 10.88 25 25
Ex2 - Sertig 22.-24.4.201%n0w depth = 29.7 cm
1 15 27 1.10 35 40
2 13 13 2.28 31 36
3 17 17 1.75 28 10
4 13 14 2.12 30 10
Ex3 - Dischma 29.4.-1.5.2015snow depth = 29 cm
1 13 26 1.08 33 36
2 9 9 3.12 29 34
3 11 11 2.55 28 31
4 9 9 3.12 27 27
Ex4 - Fliela 6.-8.5.2015 snow depth = 88.4 cm
1 27 oo* na* 50 na*
2 27 27 3.27 47 49
3 27 27 3.27 46 53
4 32 32 2.76 47 51

* rainwater was not recorded in response to the first sprinkling burst
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Table 6 — Water balance computed from every outflow peak of the four experiments.

Sprinkling  Input LW.C. Total Rain out Rain out No_n- Vc_)lume Vol_ume
. deficit out Rain out rain stored Rain Stored
period - [mml mm) (M1 D] mml (mm] (%]
Ex1 - Sertig 17.-19.3.2015
1 10.39 3.17 8.14  4.04 49.65  4.10 6.35 61.10
2 10.39 5.36 11.48 9.29 80.95 219 1.10 10.56
3 10.39 6.87 10.52 9.01 85.62 151 1.38 13.31
4 10.39 9.15 1253 10.26 81.85 2.27 0.13 1.29
Total 41.56 42.67 32.60 76.40 10.07 8.96 21.56
Ex2 - Sertig 22.-24.4.2015
1 10.13 0 898 176 19.63 7.22 8.37 82.60
2 10.13 4.66 14.00 5.57 39.76  8.43 4.56 45.04
3 10.13 11.55 11.49 4.60 40.04 6.89 553 54.59
4 10.13 24.76 20.02 6.81 34.03 1321 3.32 32.75
Total 40.52 54.49  18.74 3440 3575 21.78 53.74
Ex3 - Dischma 29.4.-1.5.2015
1 10.39 0 720 158 21.89 5.62 8.81 84.83
2 10.39 0.25 10.44 5.14 49.21 530 5.25 50.55
3 10.39 4.98 11.14 6.41 5755 473 3.98 38.30
4 10.39 11.55 16.22 9.64 59.46 6.58 0.75 7.17
Total 41.56 45.00 22.77 50.60 2223 14.25 45.21
Ex4 — Fliela 6.-8.5.2015
1 10.39 0 462  0.00 0.00 4.62 10.39 100.00
2 10.39 0 12.38 1.89 15.28 10.49 8.50 81.79
3 10.39 0 12.08 3.16 26.14 8.92 7.23 69.61
4 10.39 16.13 28.40 7.60 26.75  20.80 2.79 26.87
Total 41.56 57.48  12.65 22.00 4483 28.91 69.57
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Table 7 — Different methods for estimation of reference non-rain water isotopic value were used in this table. 1.
Constant value of a) entire snow sample, b) pre-experimental melt water and 2. Different parameters t, S in
equation 4, where a) parameter used from Table 2, b) modified parameter from Table 2; t =t/2, S = S, ¢) modified
parameter from Table 2; t = 2t, S = S, d) modified parameter from Table 2; t =t, S/2 = S, e) modified parameter

from Table 2;t=1, S = 2S.

Non-rain reference
isotopic source

Time lag rain [min]

Peak time rain
[min]

Total rain output
[min]

Ex1l Ex2 Ex3 Ex4 Ex1l Ex2 Ex3 Ex4 Ex1 Ex2 Ex3 Ex4
1 @ Only snow 0 29 31 39 30 42 38 62 342 182 216 16.2
b) Only melt 16 27 26 87 33 40 36 - 28.1 19.1 232 127
a) Mixing - used 16 27 26 87 33 40 36 - 32.6 18.8 22.8 128
b) Mixing - t/2 15 27 26 87 29 40 36 - 33.8 185 22.3 138
2 ¢) Mixing - 2 t 16 27 26 87 33 40 36 - 314 19.1 232 128
d) Mixing - S/2 16 27 26 87 33 40 36 - 325 18.8 22.8 128
e) Mixing -2 S 15 27 26 87 33 40 36 - 32.6 18.8 22.8 128
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Figure 1 — Experimental setup of rainfall simulator.
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Figure 2 - Generalized mixing curve of non-rain wateh.ci{t) representing a transition from the deuterium
concentration of pre-experimental LWC to a value which is influenced by additional melt.
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Figure 3 — Graphical definition of peak times and time lags.
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Figure 4 - Runoff from the experimental snow block during all artificial ROS
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Figure 5 — Cumulative outflow from the investigated snow cube.
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4.4. Clanek IV - Modeling liquid water transport in snow under rain-on-snow conditions

considering preferential flow

Wiirzer, 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, doi:10.5194/hess-2016-351, 2016
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Modeling liquid water transport in snow under rain-on-snow
conditions — considering preferential flow
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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.

Keywords: snow cover, water transport, snowpack runoff, mountain hydrology, preferential flow, rain-on-snow, one-
dimensional snow model
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1 Introduction

The flooding potential of Rain-on-snow (ROS) events has been reported for many severe floods in the US (Kattelmann,
1997; Kroczynski, 2004; Leathers et al., 1998; Marks et al., 2001; McCabe et al., 2007), but also in Europe (Badoux et al.,
2013; Freudiger et al., 2014; Réssler et al., 2014; Sui and Koehler, 2001; Wever et al., 2014b) where for example up to 70%
of peak flow events could be attributed to ROS events for Austria (Merz and Bldschl, 2003). With rising air temperature due
to climate change, the frequency of ROS is likely to increase in high elevation areas (Surfleet and Tullos, 2013) as well as in
high latitudes (Ye et al., 2008). Besides spatial heterogeneity of the snowpack and uncertainties in meteorological forcing,
deficits in process understanding make the consequences of extreme ROS events very difficult to forecast (Badoux et al.,
2013; Rossler et al., 2014). For hydro-meteorological forecasters, it is particularly important to know a priori how much and
when snowpack runoff is to be expected. Particularly, a correct temporal representation of snowpack processes is crucial to
identify whether the presence of a snowpack will attenuate or amplify the generation of catchment-wide snowpack runoff.
Most studies investigating ROS only consider the generation of snowpack runoff on a daily or multi-day timescale, where an
exact description of water transport processes is less important than for sub-daily time scales (Wever et al., 2014a). Water
transport processes are further usually described for snowmelt conditions, but not for ROS conditions, where high rain
intensities may fall onto a cold snowpack below the freezing point. In this study however, we particularly focus on snowpack
runoff generation at sub-daily scales with special attention to the timing of snowpack runoff which is influenced by
preferential flow.

Many studies have shown that flow fingering or preferential flow is an important water transport mechanism in both
laboratory experiments (Hirashima et al., 2014; Katsushima et al., 2013; Waldner et al., 2004) as well as under natural
conditions, using dye tracer (Gerdel, 1954; Marsh and Woo, 1984; Schneebeli, 1995), temperature investigations (Conway
and Benedict, 1994) or by measuring the spatial variability of snowpack runoff (Kattelmann, 1989; Marsh and Pomeroy,
1993, 1999; Marsh and Woo, 1985). The variability of snowpack runoff is defined by the distribution and size of preferential
flow paths (PFP), which are dependent on the structure of the snowpack and weather conditions (Schneebeli, 1995). Beyond
its importance for hydrological implications, preferential flow may also be crucial for wet snow avalanche formation
processes, where snow stability can be depending on the exact location of liquid water ponding (Wever et al., 2016a).

Most snow models describe the water flow in snow as a uniform wetting front, thereby implicitly only considering
the matrix flow component. The history of quantitative modeling of water transport in snow starts with Colbeck (1972), who
first described a gravity drainage water transport model for isothermal, homogeneous snow. This was done by applying the
general theory of Darcian flow of two-fluid phases flowing through porous media, neglecting capillarity. Because water
transport is not just occurring in isothermal conditions and snow can therefore not be treated as a classical porous medium,
Illangasekare et al. (1990) were the first to introduce a 2D model being able to describe water transport in subfreezing and
layered snow. A detailed multi-layer physics based snow model, where water transport was governed by the gravitational
part of Richards™ Equation described in Colbeck (1972) was introduced by Jordan (1991). With the implementation of the

2
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full Richards™ Equation described by (Wever et al., 2014a), the influence of capillary forces on the water flow was firstly
represented in an operationally used snowpack model.

A model accounting for liquid water transport through multiple flow paths was developed by Marsh and Woo
(1985), but not being able to explicitly account for structures like ice layers and capillary barriers. Recently, multi-
dimensional water transport models were developed, which allow for the explicit simulation of PFP (Hirashima et al., 2014).
These models are valuable for describing spatial heterogeneities and persistence of PFP, but have not yet been shown to be
suitable for hydrological or operational purposes. In general, multi-dimensional models are limited by the fact that they are
computationally intensive, thus not thoroughly validated for seasonal snowpacks and yet lack the description of crucial
processes such as snow metamorphism and snow settling.

In snowpack models which are used operationally, PFP are not yet considered. The recently introduced Richards*
Equation solver for SNOWPACK led to a significant improvement of modelled sub-daily snowpack runoff rates. For this
paper, we further modified the transport scheme for liquid water by implementing a dual-domain approach to represent PFP.
This new approach is validated against snow lysimeter measurements which were recorded during both natural and artificial
ROS events.

The study aims to better describe snowpack runoff processes during ROS events within snowpack models that can
be used for operational purposes such as avalanche warning and hydrological forecasting. This requires that the model
results remains reliable, i.e. that improvements are not realized on the expense of a decreased model performance during
periods without ROS, and that the model must not be too computationally expensive. This is the first study to test a water
transport scheme accounting for preferential flow which has been implemented in a snowpack model that meets the above
requirements.

Our analysis of simulations of over 100 ROS events targets the following research questions:

- Is snowpack runoff during ROS in a 1D model better reproduced with a dual domain approach to account for
preferential flow than with traditional methods considering matrix flow only?
- Are there certain snowpack or meteorological conditions, for which the performance specifically benefits if

preferential flow is represented in the model?

This paper is structured as follows: Section 2 describes the snowpack model setup, the water transport models, input
data and the event definition. Results of the simulations are shown in Sect. 3. This includes data of sprinkling experiments of
ROS (3.1), natural ROS events (3.2) and the validation of the model on a long-term dataset from two alpine snow

measurement sites (3.3). The results will be discussed in Sect. 4, followed by the general conclusions found in Sect. 5.
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2. Methods

All results in this study are derived from simulations with the one-dimensional physics based snowpack model
SNOWPACK (Bartelt and Lehning, 2002; Lehning et al., 2002a; Lehning et al., 2002b; Wever et al., 2014a) using 3
different water transport schemes, described in Sect. 2.2. The model was applied to four experimental sites that were set up
for this study in the vicinity of Davos (Sect. 2.3). These sites were maintained over two winter seasons between 2014 and
2016 where data was recorded for several natural ROS events. At the same sites, we conducted a set of 6 sprinkling
experiments to simulate ROS events for given rain intensities (Sect. 2.4). Furthermore, we conducted simulations for two
extensive datasets from the European Alps: Weissfluhjoch (Switzerland, 46.83° N, 9.81° E, 2540 m MSL, WSL Institute for
Snow and Avalanche Research SLF (2015), abbreviated as WFJ in the following) and Col de Porte (France, 45.30° N, 5.77°
E, 1325 m MSL, Morin et al. (2012), abbreviated as CDP in the following). These datasets provide meteorological input data
for running SNOWPACK as well as validation data, including snowpack runoff. Both datasets have already been used for
simulations with SNOWPACK (Wever et al., 2014a) and provide data over more than 10 years each.

Below, the SNOWPACK model and the different water transport models are described first, followed by the
description of the field sites for ROS observation in the vicinity of Davos. Then, we detail the setup of the artificial
sprinkling experiments. After summarizing the WFJ and CDP dataset, we finally present the definition of ROS events that is
used in this study. Most analyses were performed in R 3.3.0 (R Development Core Team, 2016) and figures were created

with base graphics or ggplot2 (Wickham, 2009).

2.1 Snowpack model setup

The setup of the SNOWPACK model is similar to the setup used for simulations in Wirzer et al. (2016). For all
simulations, snow depth was constrained to observed values, which means that the model interprets an increase in observed
snow depth at the stations as snowfall (Lehning et al., 1999; Wever et al., 2015). The temperature used to determine whether
precipitation should be considered rain (measurements from rain gauges) or snow (from the snow depth sensors) was set to
achieve best results for reproducing measured snow height for precipitation driven simulations for the Davos field sites
(between 0°C and 1.0°C). For WFJ and CDP, this threshold temperature was set to 1.2°C, where mixed precipitation
occurred proportionally between 0.7°C and 1.7°C. Turbulent surface heat fluxes are simulated using a Monin—Obukhov bulk
formulation with stability correction functions of Stearns and Weidner (1993), as described in Michlmayr et al. (2008). At
the Davos field sites (Sect. 2.3) incoming longwave radiative flux is simulated using the parameterization from Unsworth
and Monteith (1975), coupled with a clear sky emissivity following Dilley and O'brien (1998), as described in Schmucki et
al. (2014). For the roughness length z0, a value of 0.002m was used for all simulations at the Davos field sites and WFJ,
whereas a value of 0.015 was used for CDP. The model was initialized with a soil depth of 1.4, 2.2 and 2.14 m (for WFJ,

CDP and Davos field sites, respectively) divided into layers of varying thickness. For soil, typical values for coarse material
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were chosen to avoid ponding inside the snowpack due to soil saturation. Soil heat flux at the lower boundary is set to a

constant value of 0.06 W m™, which is an approximation of the geothermal heat flux.

2.2 Water transport models

The two previously existing methods for simulating vertical liquid water movement within SNOWPACK are either
a simple so-called bucket approach (BA) (Bartelt and Lehning, 2002) or solving the Richards’ Equation (RE), a recently
introduced method for SNOWPACK (Wever et al., 2014a; Wever et al., 2014b).

The bucket approach represents liquid water dynamics by an empirically determined irreducible water content 6,
which defines if water stays in the corresponding layer or will be transferred to the layer below. This residual water content
varies for each layer according to Coléou and Lesaffre (1998). The Richards’ Equation represents the movement of water
in unsaturated porous media. Its implementation in SNOWPACK and a detailed description can be found in (Wever et al.,
2014a).

The preferential flow model presented in this study is based on the RE model, but follows a dual-domain approach,
dividing the pore space of the snowpack into a part representing matrix flow and a part representing preferential flow. For
both domains Richards’ Equation is solved subsequently. The preferential flow model is described by (i) a function for
determining the size of the matrix and preferential flow domain, (ii) the initiation of preferential flow (i.e., water movement
from matrix flow to preferential flow) and (iii) an return flow condition from preferential flow to matrix flow.

The area of the preferential domain (F) is as a function of grain size (Eq. 1), which has been determined by results

of laboratory experiments presented by Katsushima et al. (2013) and field observations with dye tracer:

F =0.0584r,'* 1)

where ry is grain radius (mm). F is limited between 1% and 90% for reasons of numerical stability. The matrix
domain is then accordingly defined as (1-F). Water is transferred from the matrix domain to the preferential domain if the
water pressure head for a layer in the matrix domain is higher than the water entry pressure of the layer below, which can,
according to Katsushima et al. (2013), also be expressed as a function of grain size. This condition is expected to be met if
water is ponding on a microstructural transition (i.e. capillary barriers, ice lenses) inside the snowpack. Additionally,
saturation was equalized between the matrix and the preferential domain, in case the saturation of the matrix domain
exceeded the one in the preferential domain. To move water back into the matrix part, we apply a threshold in saturation of
the preferential flow domain and water will flow back to the matrix domain once this threshold is exceeded. This threshold is
used as a tuning parameter in the model.

Refreezing of liquid water in the snowpack is crucial for modeling water transport in subfreezing snow and may
also be important for modeling preferential flow. The presented preferential flow model has also been used to simulate ice
layer formation under the presence of preferential flow by Wever et al. (2016b). Thereby, a sensitivity study on the role of

refreeze in the preferential flow domain and the return flow condition from preferential flow to matrix flow was conducted.
5
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It was found that neglecting refreeze led to the best results for reproducing ice layer formation, but did not significantly
affect the performance in reproducing measured hourly snowpack runoff. Therefore, refreeze in the preferential domain is
neglected in the presented study. The threshold in saturation for preferential flow (return flow condition) was determined as

0.1. Further details on the implementation of the PF model and its performance can be found in Wever et al. (2016b).

2.3 Davos field sites

Four field sites have been installed within an elevational range of 950 to 1950 m MSL in the vicinity of Davos,
Switzerland, with one meteorological station and 3-4 snow lysimeters each (15 in total, 0.45m diameter). The meteorological
stations provided most data necessary for running the SNOWPACK maodel, missing parameters were estimated according to
Sect. 2.1. Lysimeters were installed at ground level with an approximate spacing of 10m horizontal distance. The lysimeters
consisted of a funnel attached to a precipitation gauge buried in the ground, which monitored snowpack runoff with a tipping
bucket. To block lateral inflow at the snow-soil interface, each lysimeter was equipped with a rim of 5 cm height around the
inlet. The multiple snow lysimeter setups allowed analyzing the spatial heterogeneity of snowpack runoff. Snowpack
properties (SWE, LWC, HS, TS) were manually measured directly before each natural ROS event so that the initial
conditions of the snowpack are known in detail. LWC was measured with the “Denoth meter”, a device introduced by
Denoth (1994). The onset of runoff was defined as the time when cumulative snowpack runoff (measured and simulated,

respectively) has reached 1 mm.

2.4 Sprinkling Experiment Description

During winter 2014/15, a total of 6 artificial sprinkling experiments were performed on all four Davos field sites
described above to be able to investigate snowpack runoff generation for different snowpack properties. The experiments
were conducted with a sprinkling device especially developed for sprinkling on snowpack. The device was a refined version
the sprinkling device described in Juras et al. (2013). For each experiment, the device was placed above a snow lysimeter,
covered by an undisturbed natural snowpack. The water used for sprinkling was mixed with the dye tracer Brilliant Blue
FCF (concentration 0.4 g I™) to be able to observe PFPs within the snowpack. Sprinkling was performed in 4 bursts of 30
minutes each, interrupted by 30 minutes breaks. Sprinkling was conducted over a 2x2m plot centered above the lysimeters,
and with an intensity of 24.7 mm h™, leading to a total of 49.4 mm artificial rain in each of the experiments. The intensities
were determined by calibration experiments on lysimeters not covered by snow and are valid for a certain distance between
the nozzle and the sprinkled surface and water pressure at the nozzle. Despite the fact that this value still represents a very
intense ROS event, it is within range of natural ROS events and similar or much lower compared to previous studies (19 mm
h: Eiriksson et al. (2013); 48-100 mm h*; Singh et al. (1997)). For the sprinkling experiments, the exact timing of rain and
intensities are known and the snowpack runoff measured at 1 minute intervals allowed precisely analyzing the performance

of model simulations. Figure 1 shows a horizontal cut of a snowpack after the sprinkling experiment and a topview of the

6
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lysimeter after the snowpack was removed for cold and wet conditions, respectively. The blue color indicates where water

transport took place and where sprinkled water was held by capillary forces or refrozen.

2.5 Extensive dataset for in-situ validation

Two long-term datasets from two study sites in the European Alps providing snow lysimeter data and high quality
meteorological forcing data for running the energy balance model SNOWPACK were chosen to validate the different water
transport models systematically. Datasets of both study sites used for the extensive in-situ validation are publicly available.
The Col de Porte (CDP) site, located in the Chartreuse range in southeast France has been described in Morin et al. (2012)
and the Weissfluhjoch site (WFJ) in the Swiss Alps has been described in Wever et al. (2015). WFJ (46.83° N, 9.81° E) is
located at an elevation of 2540 m MSL and CDP (45.30° N, 5.77° E) is located at 1325 m MSL. CDP experiences a warmer
climate than WFJ and as a consequence the snowpack produces snowpack runoff more often throughout the entire snow
season and ROS events are more frequent than at WFJ. A multi-week snowpack builds up every winter season at CDP, but
is, in contrast to WFJ, interrupted by complete melt in some years. The WFJ site is equipped with a 5 m? snow lysimeter,
which measures the liquid water runoff from the snowpack. It has a 60 cm rim to reduce lateral flow effects near the soil-
snow interface (Wever et al., 2014a). CDP is equipped with both a 5 m? and a 1 m* lysimeter. Here we use data from the 5
m? lysimeter, but include data from the 1 m? lysimeter to discuss the uncertainty associated with measurements of the
snowpack runoff. The studied period for WFJ is from October 1% 1999 to September 30" 2013 (14 hydrological years).
Because of possible errors in the lysimeter data in the winter seasons of 1999/00 and 2004/05 as described in (Wever et al.,
2014a), these data were excluded from the study. For CDP the studied period is from October 1% 1994 to July 31* 2011 (17

winter seasons) according to the data availability from the 5 m? lysimeter.

2.6 CDP+WFJ event definition

As the number and characteristics of ROS events are strongly dependent on the event definition, special care needs
to be taken to determine begin and end of a ROS event. Being interested in the temporal characteristics of snowpack runoff
during ROS, we need to include the entire period from the onset of rain to the end of ROS induced snowpack runoff. Here
we use an event definition according to Wirzer et al. (2016) with slightly decreased thresholds to identify ROS events.
According to this definition, a ROS event requires a minimum amount of 10 mm rainfall to fall within 24h on a snowpack
with a height of at least 25 cm. While the event is defined to begin once the first 1 mm of rain has fallen, the event ends once
there is less than 3mm of cumulative snowpack runoff recorded within the following 5h. This definition resulted in a
selection of 61 events at CDP and 40 events at WFJ. The model simulations were subsequently evaluated over a time
window that extends the event length by 5 and 10 hours at the beginning and end, respectively (Fig. 2). These extended
evaluation periods allowed to also investigate a possible temporal mismatch between modelled and observed snowpack

runoff.
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3 Results
3.1 Experimental sprinkling experiments

During the winter period 2014/15, 6 sprinkling experiments (Ex1-Ex6) were conducted on 4 different sites to be
able to investigate snowpack runoff generation for different snowpack properties. With distinct differences in snowpack
properties but controlled rain intensities, these experiments were expected to reveal the influence of snow cover properties
and differences between the water transport models best. For all experiments, initial snow height (HS), snowpack
temperature (TS), and LWC profiles were measured (Table 1). According to these measurements, the snowpack conditions
on which the sprinkling experiments were conducted can be separated into two cases: The first 3 experiments were
conducted on dry and cold (i.e. below the freezing point) snow and will be called winter experiments. The snowpack of Ex4
and Ex5 was isothermal and in a wet state. At the onset of Ex 6 however, the snowpack was not completely isothermal and
had just little LWC. Nevertheless the snowpack already passed peak SWE and was in its ablation phase. Therefore the later 3
experiments (Ex4-Ex6) will be referred to as spring experiments in the following.

For all winter experiments (Fig. 3 and Fig. 4, (a,b,c)), both modeled and observed total event runoff remained below
the amount of sprinkling water. During Ex3 no snowpack runoff was observed, because visual inspection afterwards
revealed an impermeable ice layer covering both the lysimeter and the adjacent ground. During spring conditions, on the
other hand, snowmelt lead to snowpack runoff exceeding total sprinkling input, except for measured snowpack runoff in Ex6
(Fig. 3 and Fig. 4, (d,e,f)).

Additionally, Fig. 4 shows, that just the PF model was capable to reproduce all 4 peaks of observed snowpack
runoff for winter conditions (Ex1+2), even if the first peak of Ex1 was strongly underestimated. For spring conditions
however, all 3 models managed to represent 4 peaks corresponding to the four sprinkling bursts, but the PF model showed
best correspondence with observed snowpack runoff (Fig. 3 and Fig. 4 (d,e,f); Table 1). Regarding the onset of snowpack
runoff, the PF model especially led to faster snowpack runoff for the first 2 winter experiments, where the RE and BA
models showed delayed snowpack runoff onset. For spring conditions the faster snowpack runoff response of the PF model
led to a slightly early snowpack runoff. Maximal snowpack runoff rates for dry and cold conditions were generally
overestimated by all models, in case snowpack runoff was measured and snowpack runoff was simulated, whereas wetter
conditions led to a minor underestimation.

Regarding the overall correlation between measured and simulated snowpack runoff, PF outperformed the other
models (Table 2), in particular during winter conditions. Summarizing, this initial assessment suggests that the PF approach
has potential advantages in particular a) as to the timing of snowpack runoff and b) for cold snowpacks which are not yet
entirely ripened.
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3.2 Natural occurring ROS Events

In January 2015, two ROS events occurred in the vicinity of Davos. They were observed over an elevational range
of 950 to 1560 m MSL on the same sites on which also the sprinkling experiments were conducted. Figure 5 shows the
course of cumulative rainfall and snowpack runoff for both dates and all sites. Pre-event conditions (HS, LWC, TS) were
measured shortly before the onset of rain for both events and are shown together with coefficients of determination (R?) for
hourly snowpack runoff of the different models Table 2.

For the event of 03.01.2015 (Fig. 5, upper row) the lower sites Serneus and Klosters (950 and 1200 m asl) showed a
similar snowpack runoff dynamics regarding the delayed onset and the total amount (cumulative sum averaged over the 3
corresponding lysimeters: 20.3 mm and 21.1 mm, respectively). Also the heterogeneity between data from the individual
lysimeters was relatively low (Range of 3.1 mm and 3.9 mm, respectively). For the highest located site (Davos), however,
the snowpack runoff measured by all 4 lysimeters showed a greater variability in the delayed onset of snowpack runoff (0 to
7 hours) and the total amount of snowpack runoff (mean 24.7 mm; range of 57.9 mm). For the lower sites (Serneus and
Klosters), the PF and RE models generated snowpack runoff too early (PF: 2 to 3 hours; RE: 0.3 to 1.4 hours). The BA
model generated snowpack runoff rather too late (1.3 to 2 hours), but still within range of the variability of observed
snowpack runoff for Serneus. However, the lysimeter snowpack runoff showed good accordance with modelled PF and RE
snowpack runoff, whereas the BA always led to underestimation of snowpack runoff. At the higher elevation site Davos, the
RE model led to a better representation of mean observed snowpack runoff amount, when compared with BA and PF. The
mean observed snowpack runoff onset however was represented best by the PF model (0.3 hours early) if being compared to
BA (3.7 hours delay) and RE (1.2 hours delay).

For the event of 09.01.2015 (Fig. 5, bottom row) the lower sites showed again little temporal and spatial
heterogeneity in lysimeter runoff (Range of 1 mm and 2.2 mm, respectively), whereas this was more the case for Davos
again (Range of 13.3 mm). Observed mean event snowpack runoff was more diverse for all elevations, where Klosters had
the highest cumulative snowpack runoff (Serneus 13.3 mm; Klosters 17.7 mm; Davos 7.8 mm). If compared to observed
total snowpack runoff, the PF model overestimated snowpack runoff for Serneus and underestimated snowpack runoff for
Klosters, whereas the RE and especially the BA model underestimate event snowpack runoff for both sites. For Davos, all
models were overestimating event snowpack runoff and led to early snowpack runoff. Except the RE model, which
represented onset of snowpack runoff correctly for Serneus, none of the models were able to model snowpack runoff onset

correctly for any of the sites.
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3.3 Validation on an long-term dataset
3.3.1 Modeled and observed snowpack runoff for the whole dataset

Given the partly contradictory findings on the performance of the three model variants based on the above
assessment for artificial ROS simulations under controlled conditions (Sect. 3.1), as well as natural ROS events (Sect. 3.2),
further more systematic model test were needed. Therefore we validate the different models based on extensive datasets from
the two sites WFJ and CDP, as described in Sect. 2.4.

Before we focus on the specific performance of the PF model for a large number of individual ROS events, we first
analyzed the overall model performance throughout the whole study period, i.e. over entire winter seasons. Therefore we
analyzed observed and modeled hourly snowpack runoff provided snow heights were above 10 cm to ensure that lysimeter
runoff was caused by snowpack runoff and not rainfall. For both sites, R* values for PF were slightly higher than for RE
(Table 3), which both clearly outperformed the BA. Also the root mean squared errors (RMSE) of the PF model were lower
compared to RE and BA. We can therefore conclude that the implementation of the PF approach slightly improves water

transport over entire winter seasons.

3.3.2 ROS event characteristics of the extensive dataset

Average characteristics of the individual ROS events at CDP and WFJ are summarized in Fig. 6. The temporal
course of rain and snowpack runoff rates averaged over all events at WFJ (40 individual events) and CDP (61 individual
events) are shown in Fig. 6 (a). ROS events at WFJ showed, on average, higher maximum rain intensities than at CDP,
leading to higher average snowpack runoff intensities in the beginning of the events. Whereas at WFJ, ROS events tended to
be short and intense, at CDP the event rainfall extended over a longer period of time. Interestingly, we observed relatively
high initial snowpack runoff rates before the actual begin of the ROS event, especially for WFJ, which suggests that many
ROS events at this site occurred during the snowmelt period. Averaged over all individual events, snowpack runoff reached a
peak after 1 and 4 hours after the onset of rain for WFJ and CDP, respectively. At WFJ snowpack runoff and rain rates in the
beginning of the events were generally higher than at CDP. The course of mean temperature during ROS events at both sites
is shown in Fig. 6 (b). For both sites, mean air temperature (TA) dropped with the onset of rain. At WFJ, this drop was more
distinct and mean TA was higher than at CDP. The mean initial ROS event snow height (HS) for WFJ was 95 cm, which is
approximately the average snow height during mid-June (for 70 years of measurements). The mean initial HS for CDP is 67
cm. With a SD of 42 cm, the variability of initial HS for WFJ was higher than for CDP (29 cm).

3.3.3 Modelled and observed snowpack runoff at the event scale

Below we investigate the performance of the three water transport schemes at the event scale. Modeled snowpack

runoff was assessed against observations by the coefficient of determination (R?) and the root mean squared errors (RMSE).
10
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To further analyze the representation of snowpack runoff timing, we defined an absolute time lag error (TLE) as the
difference between the onsets of modelled and observed snowpack runoff in hours. The onset of snowpack runoff is defined
as the time when cumulative snowpack runoff has reached 10% of total event-snowpack runoff.

Figure 7 shows boxplots of R? (a,d), RMSE (d,e) and absolute TLE (c,f) for all 40 ROS events at WFJ (a,b,c) and
61 events at CDP (d,ef), respectively. For WFJ, R? values show that the BA model performance was inferior to the RE
model which was in turn outperformed by the PF model. The PF also led to a reduction in RMSE by approximately 50% and
20%, if compared to the BA and RE model, respectively. Whereas the median of TLEs for all models at WFJ was 0 and
therefore all models reproduced the onset of snowpack runoff very well, the interquartile range decreased from BA via RE to
the PF model. For CDP, a distinct increase in R? values could be observed between BA and both RE and PF which showed a
similar median R% The interquartile range of R? values was generally higher than for WFJ and increased from BA to RE,
whereas it was decreasing for PF. Also the RMSEs significantly decreased with RE and PF, compared to the BA model.
Similarly to WFJ, the median TLE for CDP was zero, except in the case of RE, where negative median TLE indicates that
modelled snowpack runoff was on average a bit delayed compared to the observations. Nevertheless, the PF model showed
the most consistent results, whereas the BA model showed the largest spread in TLE for individual events. The magnitude of
TLE was generally higher for CDP than for WFJ and mostly negative, which means that the modelled snowpack runoff was
delayed compared to lysimeter snowpack runoff. For BA and PF, TLE was more often positive (early modelled snowpack
runoff), which led to a very good median for BA, but also a larger interquartile range. The PF model led to the same median
as the RE model, but showed the smallest interquartile range. As reference we added the comparison between the 1 and 5 m?
lysimeters installed at CDP (Sect. 2.5) to Fig. 7, referred to as RL. This comparison can be seen as a benchmark
performance, as it represents the measurement uncertainty of the validation dataset. As expected, RL shows the highest
overall performance measures, but while the results for both PF and RE were reasonably close to those of RL, the BA model
performed considerably worse.

The results shown in Fig. 7 may be influenced by both a time lag as well as the degree of reproduction of temporal
dynamics. To separate both effects, we conducted a cross-correlation analysis, allowing a shift of up to 3 hours to find the
best R? value. Figure 8 shows both the time lag, as well as the best R? value achieved. Interestingly, the BA model showed
best correlations if the modeled snowpack runoff was shifted by 1 or 2 hours (consistently too early compared to
observations). The RE model, on the other hand, showed best correlations for a shift in the other direction (consistently too
late compared to observations). Neither was the case for PF with lags centered around 0.

The R? of the cross correlation analysis gives some indication of how well the temporal dynamics of the observed
snowpack runoff can be reproduced, neglecting a possible time lag. The results in Fig. 8 show an improvement in R?values
for both sites and all models if a time lag is applied. Greatest improvements were observed for the BA model, which even

outperformed the RE model at WFJ, albeit not for CDP. The good timing with the PF model is confirmed by almost no lag
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for WFJ and only a small lag for CDP needed to maximize R?. Both RE and PF had maximized R®values in range of the

lysimeter comparison (RL).

4 Discussion

Even though preferential flow of liquid water through snow is a phenomenon that is known and investigated since a
long time, it has not yet been accounted for in 1D snow models that are in use for operational applications. The results of this
study show that including this process into the water transport scheme can improve the prediction of snowpack runoff
dynamics for individual ROS events as well as for the snowpack runoff of entire snow seasons. Moreover, the representation
of the onset of snowpack runoff is improved. This is particularly important at the catchment scale, where a delay of
snowpack runoff relative to the start of rain may affect the catchment runoff generation, especially if the time lag varies
across a given catchment.

During the sprinkling experiments, sprinkling intensities were higher than average rain intensities during ROS but
still within range of peak rain intensities during naturally occurring ROS events in the Swiss Alps (Réssler et al., 2014;
Wiirzer et al., 2016) and the Sierra Nevada, California (Osterhuber, 1999). The use of the PF model clearly led to a better
representation of the runoff dynamics for all experiments, including shallow and ripe snowpacks during spring conditions as
well as cold and dry snowpacks representing winter conditions. The improvements were strongest for winter conditions,
suggesting that under these conditions accounting for preferential flow is most relevant. This is supported by observations of
preferential flow paths during winter conditions (Fig. 1 (a)), which were not visible after the spring experiments. During
winter conditions just a fraction of the lysimeter area was colored with tracer, indicating preferential flow of the sprinkled
water (Fig. 1 (b)), whereas spring conditions left the whole cross section of the lysimeter colored (Fig. 1 (c)). While a fast
runoff response can be expected for wet and shallow snowpack and may be easier to handle for all models tested, it is the
cold snowpacks that both RE and BA models did not manage to represent well: runoff from these models was more than one
hour delayed (Ex1 and Ex2), and missed approx. 10 mm of snowpack runoff within the first hour of observed runoff. This
can partly be explained by the fact that BA and RE need to heat up the subfreezing snowpack before they can generate
snowpack runoff, whereas refreezing is neglected in the preferential domain of the PF model and runoff can occur even in a
not yet isothermal snowpack. Adjusting parameters like the irreducible water content &, for the BA model could probably
lead to earlier runoff under these conditions, but thereby lead to earlier runoff, for example for WFJ events, where TLE
already is positive for several events.

Despite the improved representation of the temporal runoff dynamics of the PF model (Table 1), the total event
runoff of both RE and PF models is very similar for most conditions. Notably, the total event runoff for dry snowpacks is
mostly overestimated by all models, suggesting underestimation of water held in the capillarities. In cold snowpacks,

dendricity of snow grains may still be high, such that water retention curves developed with rounded grains underestimate
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the suction. Additionaly, high lateral flow was observed during the experiment for those conditions (Fig. 1a). This leads to
an effective loss of sprinkling water per surface area of the lysimeter, which of course cannot be reproduced by the models.
Therefore, observed snowpack runoff likely underestimates the snowpack runoff that would have resulted from an equivalent
natural ROS event and we assume that the performance of the PF and RE models to capture the event runoff is probably
better than reported in Table 1.

Interestingly, despite having the coldest snowpack, time lag for the 1* natural ROS event at Davos was shorter than
for the other 2 sites. This relationship where a cold and non-ripe snowpack led to smaller lag times was also found during
sprinkling experiments conducted by Juras and Wurzer (unpublished data). We assume that this is an indication for the
presence of pronounced preferential flow paths under those conditions, which is also supported by the high spatial variability
of snowpack runoff. Glass et al. (1989) state that the fraction of preferential flow per area is decreasing with increasing
permeability, which itself has found to be increasing with porosity (Calonne et al., 2012). Therefore, with a decreasing
preferential flow area due to lower densities, the cold content of a snowpack loses importance, but saturated hydraulic
conductivity is reached faster within the preferential flow paths. The combination of those effects then is suspected to lead to
earlier runoff. This behavior should be ideally reproduced by the PF model and indeed the onset of runoff is caught well for
this event.

The PF model led to improvements for hourly runoff rates at CDP and WFJ for a dataset comprising several years
of runoff measurements. This is an important finding, demonstrating that the new water transport scheme aimed at a better
representation of preferential flow during ROS events, did not negatively impact on the overall robustness of the model. To
the contrary, the overall performance over entire seasons could even be improved. Whereas all models represent the overall
seasonal runoff better for WFJ (Table 3), this was not found on the event scale (Fig. 7). However, the CDP simulations
exhibit a larger interquartile range in R? values and are therefore generally less reliable. The observed differences in model
performance between both sites may either be caused by differences in snowpack or meteorological conditions or by issues
with the observational data. Despite an obvious contrast in the elevation of both sites, the average conditions during ROS
events seem to vary. Figure 6 suggests that at WFJ short and rather intense rain events dominate. The higher maximum rain
intensities at WFJ, compared to CDP, are probably due to the later occurrence of ROS at this site (May-June), where air
temperatures and therefore rain intensities are usually higher than earlier in the season (Molnar et al., 2015). Regarding mean
intensities over the event scale, data shown in Fig. 6 further imply that short and intense ROS events typically attenuate the
rain input (ratio runoff to rain < 1), whereas long ROS event rather lead to additional runoff from snowmelt, which is in line
with results presented in Wiirzer et al. (2016).

Snow height is generally higher at WFJ where the average initial snow height for the ROS events analyzed was 30
cm higher than at CDP. Ideally, the performance of the water transport scheme in the snowpack should not be affected by the
snow depth. At both sites, the snowpack undergoing a ROS event is mostly isothermal with a mean initial LWC of 1.9 vol%
(CDP) and 3.3 vol% (WFJ). The initial snowpack densities at both sites were quite different. At WFJ, densities for all ROS
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events are around 450-500 kg m™, whereas for CDP densities are spread from below 200 kg m™ up to 500 kg m™. This
suggests that the variable performance of all models at CDP (Fig. 7d) may be associated with early season ROS events. A
linear regression fit suggests a positive, albeit weak correlation of snowpack bulk densities and event-R? for the RE and PF
model at CDP, but not for the BA model. For WFJ on the other hand, a clear correlation between R? and HS was found for
the BA model (R? =0.44), but not for RE and PF model. This leads to the assumption that performance of RE and PF model

is slightly better for higher densities, whereas the BA performance is primarily dependent on snow height.

5 Conclusions

A new water transport model is presented that accounts for preferential flow of liquid water within a snowpack. The
model deploys a dual-domain approach based on solving the Richards® Equation for each domain separately (matrix and
preferential flow). It has been implemented as part of the physics based snowpack model SNOWPACK which enables for
the first time to account for preferential flow paths within a model framework that is used operationally for avalanche
warning purposes and snow melt forecasting.

The new model was tested for sprinkling experiments over a natural snowpack, dedicated measurements during
natural ROS events, and an extensive evaluation over 101 historic ROS events recorded at 2 different alpine long-term
research sites. This assessment led to the following main conclusions:

Compared to alternative approaches, the model accounting for preferential flow (PF) demonstrated an improved
overall and in particular more balanced performance, by showing smallest interquartile ranges for R? values for a set of more
than 100 ROS events. When evaluated over entire winter seasons, the performance statistics were superior to those of a
single domain approach (RE), even if the differences were small. Both PF and RE models, however, outperformed the model
using a bucket approach (BA) by a large margin (increasing median R? by 0.23 and 0.39 for WFJ and 0.47 and 0.46 for
CDP). In sprinkling experiments with 30-min bursts of rain at high intensity the PF model showed a substantially improved
temporal correspondence to the observed snowpack runoff, in direct comparison to the RE and BA models. While the
improvements were small for experiments on isothermal wet snow, they were pronounced for experiments on cold
snowpacks.

Model assessments for over 100 ROS events recorded at two long-term research sites in the European Alps revealed
rather variable performance measures on an event-by-event basis between the three models tested. The BA model tended to
predict too early onset of snowpack runoff for wet snowpacks and a delayed onset of runoff for cold snowpacks, whereas RE
was generally too late. Combined with results from a separate cross correlation analysis, results suggested the PF model to
provide the most balanced performance concerning the timing of the predicted runoff.

While there is certainly room for improvements of our approach to account for preferential flow of liquid water

through a snowpack, this study provides a first implementation within a model framework that is used for operational
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applications. Adding complexity to the water transport module did not negatively impact on the overall performance and
could be done without compromising the robustness of the model results.

Improving the capabilities of a snowmelt model to accurately predict the onset of snowpack runoff during a ROS
event is particularly relevant in the context of flood forecasting. In mountainous watersheds with variable snowpack
conditions, it may be decisive if snowpack runoff occurs synchronously across the entire catchment, or if the delay between
onset of rain and snowpack runoff is spatially variable e.g. with elevation. In this regard, accounting for preferential flow is a
necessary step to improve snowmelt models, as shown in this study.
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Table 1: Snowpack pre-conditions and execution dates for the sprinkling experiments as well as R? values for the different model
simulations. Measured values are snow height (HS), bulk liquid water content (LWC), bulk snow temperature (TS).

Initial snowpack conditions R? of hourly runoff of the simulations
Experiment HS [cm] LWC [vol%] TS [°C] DATE RE PF BA
Serneus (Ex1)  48.5 0.1 -1.3  26-Feb-15 0.22 0.45 0.09
Davos (Ex2) 54.5 0.4 -2.5  27-Feb-15 0.25 0.6 0.08
Sertig (Ex3) 71.5 0 -1.6 28-Feb-15 NA NA NA
Klosters (Ex4)  15.7 6.9 0 26-Mar-15 0.78 0.96 0.86
Klosters (Ex5) 7 4.9 0 8-Apr-15 0.71 0.84 0.88
Davos (Ex6) 39.3 0.9 -0.6  10-Apr-15 0.52 0.82 0.37
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Table 2: Snowpack pre-conditions and R? for hourly snowpack runoff for natural events Jan 03 + Jan 09

Site Pre-event snowpack conditions R? for hourly snowpack runoff

HS (cm) LWC (vol%) TS (°C) RE PF BA
n Serneus 19 0 0 0.61 0.35 0.83
§ Klosters 24 0 -0.1 0.73 0.66 0.79
s Davos 20 0 0.4 0.28 0.30 0.13
" Serneus 14.5 0.1 -0.2 0.94 0.56 0.79
§ Klosters 18 0.1 -0.2 0.84 0.66 0.70
g Davos 19.5 0.1 -0.6 0.00 0.04 0.01
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Table 3: R? and mean absolute errors for hourly snowpack runoff for 17 and 14 years, for CDP and WFJ, respectively.

R? hourly snowpack runoff RMSE of snowpackrunoff
(mmh?)
BA RE PF BA RE PF
CDbP 0.33 0.50 0.52 0.57 0.45 0.41
WFJ 0.5 0.7 0.75 0.53 0.34 0.30
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Figure 1: (a) Horizontal cut of a snowpack after the sprinkling experiment Sertig Ex1. Lateral flow and the presence of PFP were
observed. PFP were generated at regions with rain water ponding at ice layers and layer boundaries with a change in grain size
(creating capillary barriers). (b) Lysimeter area after sprinkling during winter conditions: Colored areas indicate the area where
water percolated due to preferential flow. (c) Lysimeter area after sprinkling during spring conditions: Colored area shows that
water percolated uniformly, indicating dominating matrix flow.
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5 Preferential Approach
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Figure 2: Example of a ROS event occurring at WFJ. The entire extent of the x-axis refers to the evaluation period; the bar below
the x-axis refers to the event length.
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Figure 3: Cumulative rain and snowpack runoff displayed for the six sprinkling events. Ex1 (a) - Ex3 (c) were conducted during
winter conditions, Ex4 (d) — Ex6 (f) were conducted during spring conditions.

24

109



Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-351, 2016
Manuscript under review for journal Hydrol. Earth Syst. Sci.

Published: 3 August 2016
(© Author(s) 2016. CC-BY 3.0 License.

(a) Serneus (Ex1)

(b) Davos (Ex2)

Hydrology and
Earth System
Sciences

Discussions

(c) Sertig (Ex3)

— i 1 A1 HE
i = 20 20 201
£
= i
E = 104 || 101 | LK 10
c 5 :
s S ] N '\ ,N -
: - P
= O L .I . d T T 0 L T T T 0 L T T ‘__‘—l
15h 17h 19h 14h 16h 18h 14h 16h 18h
Time Time Time
(d) Klosters (Ex4) (e) Klosters (Ex5) (f) Davos (Ex6)
301 e |
— q 30 1
A =
_C -
£ = 20 20
£ E
E ‘.;E 101 10 4
© < .
" E D L = T T T 0 L T T I T T T
15h 17h 19h 13h 15h 17h 10h 12h 14h
Time Time Time
--== obs. lysimeter runoff — obs. rainfall — sim. runoff PF — sim. runoff BA — sim. runoff RE

Figure 4: Rain and snowpack runoff displayed as hydrographs for the six sprinkling events. Ex1 (a) - Ex3 (c) were conducted

during winter conditions, Ex4 (d) — Ex6 (f) were conducted during spring conditions.
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5. Komentar k vysledkim

V této kapitole jsou shrnuty vSechny dosazené vysledky, které byly prezentovany v jednotlivych
¢lancich v kapitole vysledky. Dale jsou pfidana néktera dopliikova méfeni, ktera nebyla v ¢lancich
prezentovana a vzajemné porovnani dosazenych vysledkt ze vSech ¢lankt. Tyto dodate¢né informace

tak pfispivaji k ucelenéjs$im védeckym poznatklim ke studované problematice.

5.1. Data a lokality

Data ze zade§tovacich experimentii byla ziskana v horském prosttedi v Ceské republice, Némecku a
Svycarsku v nadmoiské vysce od 950 do 2150 m n. m. JelikoZ v uvedenych &lancich nékdy chybi
konkrétni specifikace experimentalnich lokalit, tak pro ptfehlednost jsou vSechny lokality uvedeny
v tabulce 1. Kromé& dat prezentovanych v jednotlivych clancich byla jesté ziskdna data b&hem
pocateCniho testovani zadeStovaci metodiky, ktera byla pouze ¢asteCné prezentovana v Clanku I
V kapitole 8.3.2 (Obr. 23) jsou vsak vysledky z téchto experimentli vyuZzity pro doplnéni datové sady
popisujicich zavislost rychlosti propagace vody ve snéhové pokryvce na intenzité desté. Pro lepsi
orientaci v nasledujicich kapitolach je nové zavedeno také prehledné oznaceni kazdého experimentu

nezavislé na oznaceni v publikovanych ¢lancich.

5.2. VyuZiti zadest'ovacich simulatora

V ptedlozené praci byly ptedstaveny dva zakladni koncepty simulace desté na snéhovou pokryvku in
situ. Kazdy z obou typli experimentii umoziiuje zameétit Se na rizné aspekty chovani destové vody ve
snéhové pokryvce. Pro simulaci ROS byl vyvinut specidlni zadestovaci simulator, jehoz specifikace je
popséana v ¢lanku 1. Tento simulator byl nasledné testovan v ¢lanku I a poté byla testovana i metoda
separace hydrogramu béhem ROS v ¢lanku II. Simulator i metodika byly po ziskanych zkuSenostech

upraveny a nasledné pouzity pro dalsi experimenty popisujici clanky Il a IV.

Jednotlivé typy experimentli byly uzpusobené podle ucelu studia danych charakteristik proudéni a
odtoku destové vody. Tato kapitola shrnuje a komentuje zakladni principy pouZzité metodiky simulace

deste na snéhovou pokryvku.
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Tab. 1 — Prehledné informace o vSech lokalitach. Tabulka také ukazuje, v jakém clanku byla data
Z danych experimentii pouZzita.

Datum Lokalita Typ Soufadnice l:l;glg Stat Oznac¢eni Clanek
(mn.m.)

26.2.2015 Serneus Lysimetr 48322322' ' 950 Svycarsko L1 v
27.2.2015 Davos Lysimetr 483133’; ' 1550 Svycarsko L2 v
28.2.2015 Sertig Lysimetr 48;;5;?5 ’ 1850 Svycarsko L3 v
2632015  Klosters  Lysimetr 48"385352" 1200 Svycarsko L4 v
8.4.2015 Klosters  Lysimetr 4833;3;2' : 1200 Svycarsko L5 v
10.4.2015 Davos Lysimetr 4831537’;’; ' 1550 Svycarsko L6 v
18.3.2015 Sertig Izotopy 48;53;32’ 1850 Svycarsko ID1 1l
23.4.2015 Sertig Izotopy 48;53;32’ 1850 Svycarsko ID2 1
1.5.2015 Dischma Izotopy 48;;23;2' 2000 Svycarsko ID3 m
7.5.2015 Fliela Izotopy 48;3?2;2' 2150 Svycarsko ID4 1
iasol,  Labska  lzotopy  S2TTHON 1300 reﬁﬁfﬁa IL1 I
73.2011 Spitzingsee Testovani L;.YJ.%ZYGSZL?LNEI 1265 Némecko T1 -
8.3.2011 Spitzingsee Testovani 4171%%7&()1'\"5 1265 Némecko T2 -
20.3.2011 Kvilda  Testovéani A'l%%%%zotNE 1185 regj;ﬁ( . T3 i
21.3.2011 Kvilda Testovani 4193050653%%NE’ 1185 re(SSls)ll(iéll(a T4 |
2232011 Kvilda Testovani 1%05%5322%! 1185 regzls)ll(i?(a T5 -
24.3.2011 Kvilda Testovani 41%05%53%%NE1 1185 regzls)ll(i?(a T6 -
3130011  Kvilda  Testovani 41%05%53193;3NE 1185 regji)ll(ii . T7 )
2.4.2011 Kvilda Testovani A'l%%%aol%NE 1185 re(ssall(iéll( . T8 )

5.2.1. Souvisla snéhova pokryvka — Lysimetr

Béhem tohoto typu experimentu byla zadeStovana souvisla snéhova pokryvka, kde byl na rozhrani

puda/snih umistén lysimetr s dataloggerem. Jako stopovac bylo pouzito barvivo brilliant blue FCF (BB),

které umoznilo vizualizovat mista proudéni destové vody a nésledné i charakter proudéni. Kromé

simulaci ROS byly lysimetry vyuzity také ke sledovani ptirodnich ROS. Vyuziti lysimetra pfi pfirodnich

aumelych destovych udalostech je popsano v ¢lanku IV. Na Obr 12a, b je znazornéna sestava lysimetru

s dataloggerem pied instalaci a po instalaci v terénu.
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Na zaklad¢ ziskanych zkuSenosti mizeme shrnout zakladni vyhody a nevyhody tohoto typu

experimenti:

+

Neporusena snéhova pokryvka poskytuje ptirodé blizké podminky. Dochazi k minimalnimu
ovlivnéni termalnich a mechanickych vlastnosti sné¢hové pokryvky vlivem manipulace.

Je mozné urcit typ proudéni (matricové, preferencni) ale i rozhrani dvou vrstev, kde Casto
dochéazi ke vzniku laterarniho toku.

Minimalizace okrajového efektu kvili velkému rozstiiku do okoli lysimetru.

Je mozné studovat i pfirodni dest'ové udalosti, protoze lysimetr je mozné mit instalovany po
celou sezonu. Simulaci miiZzeme provézt az na konci sezony, kdy jiz mame k dispozici vétSinu
dat odtoku.

Neni mozné urcit hmotnostni bilanci kviili neizolované experimentalni doméné a Castému
rozlivu vody do stran.

Neni mozné kontinudln€é méfit vlastnosti (teplotu, vlhkost) zasazené snéhové pokryvky, aniz by
doslo k vyraznému poruseni ptivodnich pfirozenych podminek.

Neni mozné provadét separaci hydrogramu vzhledem k nemoznosti odebirat vzorky vody na

Obr. 12 — A) Lysimetr spojeny s ¢lunkovym pritokomérem — celkovy pohled pred instalaci. B) Instalace
lysimetru a dataloggeru v terénu pied zimni sezénou (foto: autor).

5.2.2. Izolovana snéhova pokryvka - izotopové experimenty

V praci jsou uvedeny dva typy experimentt s izolovanou snéhovou pokryvkou od okoli. V prvnim typu

byla izolovana experimentalni kostka 1x1 m ponechana obnazena béhem celé simulace desté (Clanek

I). V druhém piipadé byly izolované experimentilni snéhové kostky nasledné opatfeny izolacni

vrstvou, ktera byla fixovana vahou okolniho snéhu. Experimentalni kostka tak obsahovala pouze

ptirodni neporuseny snih (¢lanek III). Celkovy pohled a srovnani vSech typt experimentt je na Obr. 13.

Praxe ukazala vyhody a nevyhody tohoto experimentalniho piistupu:

+

Izolace umoznuje pfesnou hmotnostni bilanci.
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+ Moznost sledovani zmény vlastnosti (predevsim teploty) sn¢hu béhem experimentu. Umisténi
(teplotnich) ¢idel vsak muize ¢astecné narusit strukturu sné¢hové pokryvky a tim ovlivnit drahu
preferencnich cest.

+ Mozno provadét separaci hydrogramu na zaklad¢ vzorkovani vody na odtoku. Velkou vyhodou
je také prizpusobeni intenzity vzorkovani podle jednotlivych fazi odtoku (Obr. 14).

- Samotny proces izolace experimentalni sné¢hové kostky od okoli mize ¢astecné ovlivnit jeji
termalni a mechanické vlastnosti (lokalni zhutnéni), coz mize mit za nasledek zrychlené zrani
sn¢hu v kostce oproti okoli.

- Nebylo mozné pouzit barvivo v kombinaci s deuteriem. Analyza obarvené vody by mohla
zpusobit poskozeni laboratornich pfistroju.

- V¢tsi casova a personalni naro¢nost (potieba alespon 3 dny a 4 lidi).

Obr. 13 — Srovnani zadestovacich experimentit A) 1z0lovana snéhova pokryvka — nezakryta (¢lanek I,
1), B) Souvisla snéhova pokryvka (clanek IV) a C) |zolovand snéhova pokryvky zakryta (¢lanek III)
(foto: autor).
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S T R RN YT T

Obr. 14 — A) Odbeér vzorku vody na odtoku B) Rozpusténé vzorky odebraného snéhu v 10 ml lahvickach
(foto: autor).

5.2.3. Monitoring fyzikalnich veli¢in

Provadéné experimenty mély za cil kromé studia odtoku ze sn¢hové pokryvky také sledovat zmény
sn¢hove pokryvky zpisobené nasledkem desté. Z toho divodu byly vzdy pfed a po experimentu podle
technickych moznosti analyzovany zakladni charakteristiky sn¢hové pokryvky jako: vySka, hustota,
teplota, LWC a zakladni stratifikace vrstev (Obr. 15). Pti experimentech, kde byly pouzity izotopy, se

navic ve sné¢hové pokryvce analyzovala také koncentrace deuteria pied a po experimentu (¢lanek I1, I1I).

Obr. 15 — Analyza viastnosti snéhové pokryvky po experimentu. A) Méreni vihkosti snéhu v profilu, B)
Mereni celkove hustoty a odkryta teplotni ¢idla na méreni teploty snehové pokryvky béhem experimentu
(foto: autor).

Kromé vySe uvedenych analyz byla vyuzivana i dodatecnd meteorologickd méfeni z ptilehlych
meteorologickych stanic (Obr. 16a). Meteorologicka data byla vyuzita predevsim jako vstupy do modelu
energetické bilance (¢lanek II). Nastaveni experiment vSak komplikuje vyuziti téchto dat a prinasi
oproti pfirodnim ROS nékolik problémi. Zadestovaci simulator je koncipovan tak, ze je jeho konstrukce
chranéna pred vétrem, ktery vyrazné ovliviiyje trajektorii destovych kapek. Vitr se vSak bézné provazi
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ptirodni ROS a je vyznamnym hybatelem turbulentni vymény tepla, ktera zpisobuje tani pokryvky.
Druha generace zadestovaciho simulatoru (¢lanek III, IV) vyuziva jako ochranu pfed vétrem stan.
Zadestovana pokryvka je tak kvili stfeSe stanu kryta ze vSech stran. Toto zakryti tak vyrazné ovlivni
bilanci kratkovinného i dlouhovinného zateni, ale i teplotu vzduchu a relativni vlhkost vzduchu uvnitf
stanu (Obr. 16b). Pro ptfesné vystupy z EB je tedy nutné méfit vSechny veliiny uvnitf stanu.
Z technickych divodt vsak bylo mozné métit pouze teplotu a relativni vlhkost vzduchu (¢lanek III).
Data z radiace mohla byt pouzita u experimentu IL 1, kde simulator nebyl zakryt stfechou a na zasazenou

pokryvku tak dopadalo slune¢ni zatreni.

Z hlediska energetické bilance je také dilezité méftit teplotu vstupni dest’ové vody, ktera také vyznamné
ovlivituje dodateéné tani (rce 10). Zde ovSem také nastdva problém, na jakém misté¢ v hydraulickém
systému simulatoru teplotu métit. Béhem dopravy vody z barelu do trysky, potazmo pfi rozstiiku na
sné¢hovou pokryvku se mize teplota vody zménit vlivem vnéjSich faktorh (tfeni v potrubi, ohfivani
potrubi vlivem radiace, atd.). Teplota desté byla pak jesté doplitkové méfena 30 cm nad sn€hovou
pokryvkou, tak aby bylo teplotni ¢idlo zasaZeno destovymi kapkami (L1-L6, ID1-1D4). Teplotu vody
na vystupu neni tieba méfit, protoze pokud se voda ve sné¢hové pokryvce vyskytuje v kapalném stavu,
tak je vzdy ochlazena na 0°C. Tento fakt vyuzili napt. Conway et Benedict (1994) pii sledovani Cela
zvlh¢eni pomoci lokalniho otepleni snéhu na 0°C. Béhem testovani metodiky byla tato skutecnost

potvrzena.

Pro realnou simulaci desté¢ je nutné skrapét snih vodou o teploté¢ podobné teploté vzduchu. Behem
experimentil se vSak voda v barelech ohiivala vlivem radiace. Z toho diivodu je nutné zasobni barely

s vodou ochlazovat snéhem kolem barelu.

Obr. 16 — Meéreni meteorologickych veli¢in A) Profesiondlni meteorologicka stanice umisténd na
lokalité, B) Dodatecné méreni teploty a relativni vihkosti vzduchu uvniti- stanu umisténé na konstrukci
zadestovaciho simuldtoru (foto: autor).
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5.2.4. Kalibrace

Cely zadestovaci systém bylo nutné pied nasazenim v terénu dikladné testovat a kalibrovat.
blizkou intenzitu srazky s rovnomernym rozlozenim. Ukazalo se, Ze tyto pozadavky je velmi tézké
splnit. Pfedevsim pokud zadest'ovana plocha ma rozméry pouze 1x1 m. Na druhou stranu zadestovani
v terénu vétsi plochy je velmi technicky naro¢né. Kalibrace trysek byla provadéna in situ i v laboratofi.
Pratok tryskou byl kalibrovan predevsim v zavislosti na tlaku a na vysce trysky nad zadestovanou
plochou. RozloZeni umélé srazky na plose bylo kalibrovano pomoci sité¢ mérnych nadob rozlozenych na

plose. Ukazky procesu kalibrace v terénu a ziskanych vysledki jsou uvedeny na Obr. 17.

Lechler 430.368.CA Pressure (bar):
Rain intensity (mm. h‘l) Height (cm):

Obr. 17 — Kalibrace rozlozeni srazky na plose A) ukdzka provedeni in situ (foto: autor), B) ukdzka
vysledkii.

Kromé¢ trysek byl kalibrovan i ¢lunkovy pratokomér a to staticky a dynamicky. Detaily kalibrace

pratokoméru jsou shrnuty v ¢lanku L.

Pro tuto studii byla vyvinuta specialni teplotni ¢idla, ktera umoznuji kontinualné zaznamenavat teplotu
sn¢hove pokryvky. Tato cidla byla také kalibrovana a porovnavéana vzhledem ke rtutovému teploméru

pfti ponofeni do 1azné tvofenou ledem a vodou, ktera mela 0°C (Obr. 18).
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Obr. 18 — Laboratorni kalibrace teplotnich c¢idel (foto: autor).
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5.3. Dynamika odtoku béhem ROS

Experimenty byly provadény na dva typy snéhové pokryvky. Nevyzrala snéhova pokryvka se
vyzna¢ovala malou hustotou do 250 kg.m= a priimérnou teplotou pod bodem mrazu. Tato pokryvka
neobsahovala kapalnou vodu nebo pouze velmi malé mnozstvi v hornich vrstvach. Vyzrala sn¢hova
pokryvka byla charakteristickd hustotou nad 330 kg.m™ a priimérnou teplotou kolem 0°C. Vyzrala

sn¢hova pokryvka obsahovala kapalnou vodu v celém profilu.

5.3.1. Charakteristiky proudéni a odtoku ze snéhové pokryvky

Na zaklad¢ vysledkli z 6 experimentl na souvislou snéhovou pokryvku bylo zjiSténo, ze v nevyzralé
(studené) snéhové pokryvce dominovalo piedev§im preferenéni proudéni (L1 — L3) a ve vyzralé
snéhové pokryvce dominovalo matricové proudéni (L4 — L6). Charakter proudéni byl uréen pomoci

vizualizace preferencnich cest pomoci barviva BB (Obr. 19-21).

Preferenéni proudéni v nevyzralé pokryvce bylo charakteristické jak vertikalnim, tak horizontalnim
pohybem (laterarni tok). Tento fakt byl jiz dfive popisovan jinymi autory (Katsushima et al., 2013;
Waldner et al., 2004). Na rozhrani dvou vrstev, kdy jemnozrnna vrstva lezi na vrstvé hrubozrnné,
dochazi ke vzlinani (kapilarnimu sani) a k lokalnimu nasyceni nad timto rozhranim. Bylo pozorovano,
7e toto nasyceni muze dosahovat hodnot LWC > 10% (napi. L3), ale v okoli této nasycené vrstvy byla
méfena nulova vlhkost. Zaroven vzrostla teplota snéhu v této nasycené vrstvé na 0°C (Obr. 19). Po
nasyceni této vrstvy a oslabeni kapilarniho saciho tlaku dochézi k naslednému pohybu vody smérem

dolt, kdy se tvoii nové preferencni cesty (Katsushima et al., 2013).

V nékterych piipadech se charakter proudéni ménil, kdy v hornich vrstvach nebo nad rozhranim vrstev
se vyskytlo matricové proudéni, které se postupné¢ zménilo na preferenéni proudéni. Preferenéni
proudéni vznika nejcastéji v heterogennim snéhu, kde se ¢asto meéni velikost a tvar sné¢hovych krystald
(Hirashimaet al., 2014). Tento aspekt byl také uvazovan v novém modulu modelu SNOWPACK (Elanek
IV), kdy je cela snéhova pokryvka rozdélena na zony preferencniho toku a zony matricového toku a tyto

zony spolu navzajem komunikuji.

Ve vyzralé sn¢hové pokryvce prevazovalo matricové proudéni. Snéhova pokryvka byla obarvena
V celém svém objemu, protoze vétSinou port proudila destova voda (Obr. 22). Na zaklad€ podobnych
vlastnosti snéhu (LWC, hustota, Ts) predpokladame, Ze matricové proudéni nastalo i béhem izotopovych

experimentil na vyzralé snéhové pokryvce, piestoze drahy toku nebyly vizualizovany (ID2 — ID4 a IL1).

U vyzralého snéhu mizeme uvazovat pievazujici vliv vertikdlniho proudéni a minimalni vyskyt
laterarniho proudéni ze dvou duvodu: 1) Snih byl obarven pouze v ploSe dosahu trysky a byl pozorovan
minimalni pohyb vody do stran. 2) U experimentl na vyzralou pokryvku (L4, L5) byl zaznamenan vyssi
kumulativni odtok, nez u experimentti na nevyzralou snéhovou pokryvku (L1, L2). Voda tak proudila

sné¢hovou pokryvkou pfimo smérem doli. Pouze experiment L6 vykazoval vysledky mezi obéma
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uvedenymi charakteristikami. Vlastnosti snéhové pokryvky by se vSak daly charakterizovat mezi

vyzralou a nevyzralou snéhovou pokryvkou (Ts = -0.6, hustota = 355, LWC = 0.9%).

Teplota snéhu - Experiment L2 LWC ve snéhu po desti- Experiment L2
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Obr. 19 — Horizontdlni ez snéhovou pokryvku zndzornujici zvodnélou vrstvu (42 ¢cm), kterd vznikla na
rozhrani dvou snéhovych vrstev s riznou zrnitosti. Grafy v horni ¢asti obrazku ukazuji vykreslenou
teplotu a LWC pred a po experimentu. Zakrouzkovany jsou hodnoty mérené ve zvodnélé vrstve (foto:
autor).
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Obr. 20 — Rezy nevyzrdlou snéhovou pokryvkou po experimentu L2 zndzornujici proménlivost
preferencnich cest v horizontalni ose.
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Obr. 21 — Rezy nevyzrdlou snéhovou pokryvkou po experimentu L2 zndzornujici proménlivost
preferencnich cest ve vertikadlni ose.
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Obr. 22 — Rezy vyzrdalou snéhovou pokryvkou po experimentu L4 zndzoriiuji rovnomérny tok celou
pokryvkou.

5.3.2. Rychlost odezvy

Izotopové experimenty ukazaly, Ze se doba zdrZeni celkového odtoku a odtoku dest'ové vody na vytoku
lisi. Dest'ova voda se objevila vzdy pozdéji jak u pilotniho experimentu (IL1), tak u dal§ich experimentii
(ID1 — 1D4). Bylo sice provedeno malé mnozstvi experimentl, ale piesto mizeme pii porovnani

vysledkl vyvodit n€kolik zaveérh.

V ¢lanku III jsou analyzovany 4 experimenty, kdy jeden z experimentdl byl provadén na nevyzralou
sné¢hovou pokryvku. Z vysledkti jednoznacné vyplyva, ze nevyzrald pokryvka (ID1) méla pii stejné
intenzité desté rychlejsi hydrologickou reakci, nez vyzrala snéhova pokryvka (ID2-1D4). Na druhou
stranu na pfi experimentu IL1 byla skrapéna vyzrala pokryvka a rychlost propagace obou slozek odtoku
byla namétena jesté rychlejsi, nez pii ID1. Zaroven pti IL1 byl naméfen nejmensi rozdil mezi dobou
zdrzeni celkové a destové vody na vytoku (pouze 1 min). LWC zde bohuzel nebyla z technickych
divodi méfena. Mizeme ale predpokladat ze LWC byla vysokd, vzhledem k méfenému pre-
experimentalnimu tani a manualnimu uréeni vlhkosti snéhové pokryvky jako mokré, tj. penduldrni
rezim 3-8 % (Fierz et al., 2009). Manualni test byl proveden pouze pro ziskani orientaéni hodnoty LWC,
absolutni hodnotu LWC takto odhadovat nelze (Techel etal., 2011). Rychlost propagace pii experimentu
IL1 byla pravdépodobné zplisobena cca 7x vyssi intenzitou srazky, nez u experimentu ID1. To potvrzuje

také Wiirzer et al. (2016), ktery uvadi, Ze intenzita odtoku zavisi na intenzité srazky.

Tento fakt byl jesté podpoien porovnanim rychlosti propagace kombinovaného odtoku ze sn¢hové
pokryvky v zavislosti na intenzit€ desté v ramci vSech 18ti experimentt (Tab. 1). Z vysledkil linearni
regrese vykreslenych na Obr. 23 vyplyva, Ze rychlost propagace roste s intenzitou desté (r? = 0.6015, p
= 2.54 x10™). Slabsi vazba byla zjisténa mezi rychlosti propagace a poc¢atecni hustotou (r*> = 0.2518, p
=10.03385) nebo pocatecni LWC (r2=0.1709, p = 0.2687). Pii vyhodnoceni viech experimenti s riiznou

intenzitou des$té roste rychlost propagace na hustoté snéhu. Pokud ale hodnotime pouze experimenty se
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stejnou intenzitou, tak rychlost propagace klesa s hustotou snéhu (Obr. 23b). Tato zavislost je sice
tésnéjsi, ale vzhledem k malému poctu méteni malo prikazna. Z vysledkl je patrné, ze rychlost
propagace je vice zavisla na poc¢atecni LWC, nez na hustoté. Data z experimentil ze zapojené snéhové
pokryvky sice ukazuji nepritkaznou vazbu (r> = 0.217, p = 0.427), ale pokud vylou¢ime nejodlehle;jsi
naméfenou hodnotu LWC (L4), tak zavislost vyrazné stoupne (r> = 0.977, p = 0.012). Z t&chto vysledki
muzeme predpokladat, ze rychlost propagace destové vody primarné zavisi na intenzité desté a v druhé
fadé na vlastnostech snéhové pokryvky. Pokud porovnavame podobné intenzity desté, tak rychlost
propagace celkové vody negativné nejvice zavisela na pocateni vlhkosti snéhu (tj. rychlost klesa
s rostouci vlhkosti). To je pomé&mé piekvapivy vysledek, protoze napt. Jordan (1983) popisuje u
rychlosti propagace tavné vody pravy opak, tj. Ze rychlost proudéni tavné vody zavisi na pocatecni LWC
(saturaci) pozitivné (tj. rychlost roste se zvysujici se vlhkosti). Zjisténa negativni zavislost rychlosti
propagace celkové vody na pocatecni LWC miize byt spojend s popisovanym pistovym efektem (¢lanek
I1, 1II), kdy je pohyb destové vody ,,brzdén* vytlatovanim kapalné vody z pokryvky. Vysledky z L3
vSak ukazuji, ze od urcitého stupné nasyceni by mohla byt zavislost na pocatecni LWC pozitivni. Pro
toto tvrzeni vSak provedend méfeni poskytuji jen velmi malo dat a jde tak pouze o hypotézu, kterou je

tieba ovéfit dalsim vyzkumem.

Zavislost rychlosti propagace vody na odtoku béhem ROS by m¢la byt vyhodnocena na experimentech

provadénych za stejnych podminek, tj. stejné nastaveni podminek experimentt a stejnd intenzita srazky.

Pokud hodnotime rychlost propagace u zapojené sné¢hové pokryvky, tak musime vzit v uvahu, ze méteni
bylo omezeno plochou lysimetru. Z fotografii je zfejmé, ze preferencni cesty se objevovaly i mimo
lysimetr (Obr. 20). Prvni voda se tak teoreticky objevila na sné¢hové bazi dtive, ale vlivem preferenéniho
proudéni mohla odtéct mimo lysimeter. Tento fakt mtize podhodnocovat skutecnou rychlost propagace
vody skrze snéhovou pokryvku a miize tak vysvétlit priblizn€ 2.5x mensi rychlost u experimentli se
souvislou pokryvkou, nez u experimentu s izolovanou pokryvkou. Na druhou stranu vzhledem
k rozlévani destové vody do stran v nevyzralé snéhové pokryvce, muzeme predpokladat zpomaleni

propagace destové vody i z tohoto divodu.
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Obr. 23 — Zavislost rychlosti propagace vody do odtoku béhem desté na charakteristikdch snéhové
pokryvky A) LWC a B) hustoté a na C) intenzité deste.

5.3.3. Slozeni a velikost celkového odtoku

Béhem simulovanych ROS se odtok skladal z destové a nedest'ové vody. Tyto dvé slozky odtoku lze
od sebe oddélit pomoci separace hydrogramu popsané v kapitole 2.9. Tato metoda je zaloZena na
rozdilném izotopickém sloZeni dest'ové vody a tavné vody, respektive snéhové pokryvky. Jedna se tedy
o ptfimou metodu stanoveni jednotlivych slozek odtoku a je vyuzita v ¢lancich II a I11. Nedestova voda
se sklada z kapalné vody, ktera je pfitomna ve sné¢hové pokryvce pied destém (LWC) a vody vzniklé z
dodate¢ného tani, jehoz mnozstvi Ize vypocitat pomoci rovnice energetické bilance (rce 13). Tato
neptima metoda separace slozek nedest'ové vody byla pouzita v ¢lanku II. Presnost tohoto vypoctu je

vsak naro¢na na vstupy, které nejsou vzdy k dispozici.

Ze ziskanych vysledkl je ziejmé, ze mnozstvi deStové vody na odtoku zavisi na vlastnostech snéhové
pokryvky, potazmo na rezimu proudéni. Odtok z nevyzralé sné¢hové pokryvky byl z velké ¢asti tvoten

destovou vodou (ID1), zatimco z vyzralé sn¢hové pokryvky byla destova voda zastoupena maximalné
z poloviny (ID2 — 1D4, IL1).

Pomoci izotopové analyzy bylo zjisténo, ze destova voda nejdiive vytla¢uje kapalnou vodu (LWC) ze

sn¢hove pokryvky, kterd zpocatku tvofila naprostou vétSinu odtoku. Destova voda se propagovala do
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odtoku az pozdé&ji. Jakmile se ale zaCala propagovat, tak jeji podil na odtoku velmi rychle stoupnul.
Tento jev oznacujeme jako pistovy efekt a byl popsan u vytoku jak z nevyzralé, tak z vyzralé snéhové

pokryvky v ¢lanku IT a IIL

Pfi experimentech na izolovanou snéhovou pokryvku vzdy prevysoval kumulativni odtok nad celkovym
kumulativnim pfitokem. U vyzralé sné¢hové pokryvky (IL1, ID2-ID4) byla tato ptevaha vétsi, nez u
nevyzralé pokryvky (ID1). Toto mize byt v méfitku povodi potencialné dilezity faktor z hlediska

vzniku zvySenych pritoki nasledkem ROS, respektive vzniku povodni.

Nevyzrala sné¢hovd pokryvka reagovala relativn€ malym kumulativnim odtokem, v porovnani
s celkovym pfitokem. Maly odtok byl pozorovan jak u experimentl se zapojenou sné¢hovou pokryvkou

(L1, L2), tak s izolovanou sn¢hovou pokryvkou (ID1).

Velikost celkového kumulativniho odtoku byla ovlivnéna vlastnostmi snéhové pokryvky, coz mizeme

shrnout do nasledujicich bodu:

1) Beé&hem preferencniho proudéni v souvislé nevyzralé pokryvce se voda asto rozlévala do stran
(laterarni proudéni) a tim padem se nedostala do lysimetru (L1, L2).

2) Destova voda velmi rychle protekla izolovanou nevyzralou snéhovou pokryvkou a odtok tak
byl slozen pievazné z destové vody a minimalné z tavné vody (ID1).

3) V souvislé vyzralé snéhové pokryvce vyrazné pievazovalo vertikdlni proudéni nad
horizontalnim, z toho diivodu bylo vice vody zaznamenano na lysimetru (L4 — L6).

4) Ve vyzralé izolované sné¢hové pokryvce byl odtok z velké ¢asti tvofen nedest'ovou vodou, coz
navySovalo celkovy vytekly objem. Takto velké mnozstvi nedestové vody v odtoku mélo
nékolik pfic¢in. Vyzrala snéhova pokryvka obsahovala pted destém pomérné velké mnozstvi
kapalné vody (LWV > 3.5%), ktera byla vlivem desté transformovana do odtoku. Mtizeme také
predpokladat intenzivni tani, protoze sn¢hova pokryvka jiz byla izotermalni a tak se dodané

teplo spotfebovalo piimo na fazovou pfeménu a ne na ohiev sn¢hu.

Pouziti modelu SNOWPACK s vyuzitim RE ukézalo, Ze celkovy modelovany kumulativni odtok
z vyzralé snéhové pokryvky je v dobré shodé s pozorovanym celkovym odtokem (L4, LS). U nevyzralé
pokryvky (L1, L2) dochazi ke zna¢nému nadhodnoceni modelovaného odtoku nad pozorovanym. Piesto
pouziti modelu preferen¢niho proudéni (PF) ptinasi lepsi vysledky v porovnani s modely RE a ,,Bucket
approach” (BA - viz tab. 1, ¢lanek IV). Vyzvou pro dal$i vyzkum je pouziti t€chto modeld i na

experimenty s izolovanou snéhovou pokryvkou.

5.3.4. Zména snéhové pokryvky

Dést” dopadajici na snéhovou pokryvku mél vliv na zménu jejich vlastnosti a to jak u vyzrélé, tak u

nevyzralé snéhové pokryvky. U vyzralé snéhové pokryvky byly tyto zmény vyraznéjsi. Konkrétné byly
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ve snéhové pokryvce sledovany zmény ve vysce, teploté, obsahu kapalné vody, hustoté, pfipadné obsahu

deuteria.

Vyska snéhové pokryvky vlivem sesedani a ¢astenému odtavani o¢ekavané klesla a to v ramci vSech

provedenych experiment.

Teplota se ménila podle predpokladti pouze u nevyzralé snéhové pokryvky, u vyzralé izotermalni
pokryvky zlstala teplota stejna. Nevyzrald snéhova pokryvka se vlivem teplejSiho desté vzdy ohtdla,
coz se projevilo na konecném zvySeni teploty. Vnitini zvySeni teploty mohlo byt také zptisobeno

casteCnym premrzanim dest'ové vody v pokryvcee, kdy se do okoli uvolituje latentni teplo.

Obsah kapalné vody (LWC) se zvysil ve vSech ptipadech, kdy byla tato hodnota méfena (ID1 — ID4, L1
objemem vody, vzniklé dodatecnym tanim. Zadrzeni destové vody ve snéhové pokryvce lze
dokumentovat na zvySeni obsahu deuteria ve snéhu (Clanek II, III). Obr. 24 dopliuje vysledky
z ¢lanku III a ukazuje, ze zadrZeni deStové vody, dokumentované na zvyseni obsahu deuteria, neni ve
vertikalnim profilu rovnomérné a v nékterych vrstvach doslo dokonce ke snizeni obsahu deuteria. Toto
izotopické ochuzeni (vylehéeni) miZe byt zptuisobeno transportem leh¢i vody z vyssich vrstev, ktera se
nasledné zadrZela v niZze polozenych vrstvach. Vyzrala sné¢hova pokryvka vykazovala vzdy vyrazné
zvySeni obsahu deuteria ve snéhové pokryvce (ID2 — ID4, IL1). U nevyzralé snéhové pokryvky doslo
dokonce k mirnému poklesu primérné koncentrace deuteria. Tento pokles se da vSak povazovat spise
za chybu méteni. Vzhledem K narustu vlhkosti u experimentu ID1 mizeme oc¢ekavat, ze kromé tavné
vody se ve sné¢hu zadrzela i néjaka dest'ova voda. Minimalni méfend zména v obsahu deuteria tak mize
byt zplsobena geometrii preferen¢nich cest, v nichZz se destova voda mohla zadrZet. Analyzované
vzorky snéhu tak mohly byt odebrany mimo tyto preferenéni cesty a to mohlo zpusobit zkresleni

vysledki.

Zmény v hustoté sn€hové pokryvky nemiizeme hodnotit tak jednoznacné€. U experimentl s vyzralou
pokryvkou hustota v nékterych piipadech stoupla (ID2 — ID4, L6), ale v nékterych zase klesla (L4, L5,
IL1). Na druhou stranu u nevyzralé pokryvky (L1-L3, ID1) hustota vzdy stoupla. Pro pokles hustoty u
tii experimentll nebylo nalezeno Zadné objektivni vysvétleni, snad jen chyba v méfeni. Obecny
ptredpoklad je, ze hustota snéhové pokryvky se nasledkem ROS zvysi (Marshall et al., 1999). Toto

zvyseni nastava vlivem sesedani a zadrzeni destové vody.
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Obr. 24 — Vertikalni profily ze 4 experimentii na izolovanou snéhovou pokryvku, které zndzornuji zménu
obsahu deuteria nasledkem umélého deste.

5.4. Nejistoty

Z predchozich podkapitol vyplyva, Ze ptfi vyhodnoceni vysledkil ze zadeStovani snéhové pokryvky je
treba brat v uvahu fadu nejistot, které jsou zplisobeny méfici technikou nebo pouzitou metodikou

vypoctu. Pro prehlednost jsou tyto nejistoty uvedeny v nasledujicim seznamu:

- Nejistoty na vstupu a urceni pfesné intenzity a mnozstvi deste.

- Nehomogenni distribuce desté na plochu.

- Nejistota na ¢lunkovém pratokomeéru.

- Nejistoty pti vypoctu tani — problematické méfeni a pouziti veli¢in rovnice energetické bilance.
- Nejistoty pii separaci — problém s uréenim referen¢ni hodnoty nedest'ové vody. Predpokladame,

7e se tato hodnota méni podle toho, jak se méni zasoba kapalné vody ve snéhové pokryvce.
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Pii experimentech méla dest'ova voda stalou koncentraci deuteria, ale koncentrace ptirodniho
desté se ¢asto méni (McDonnell et al., 1990).

Z dtivodu proveditelnosti byly experimenty ¢asto provadény v podminkach, kdy se ROS bézné
nevyskytuji (slune¢no — vysokd radiace, bezvétii — mala turbulentni vymeéna tepla, vysoka
teplota desté, mala velikost kapek). Z toho mohou plynout dalsi nejistoty pii srovnani vysledkta

experimenti s redlnymi prirodnimi udalostmi.

5.5. Doporuceni pro dalsi studium

Béhem experimentit se stile vyvijela metodika umoziujici komplexni vyzkum proudéni vody ve

sn¢hové pokryvce. Prezentovanou metodiku vSak nepovazuji jako kone¢nou a pro dalsi vyzkum by bylo

vhodné zvazit n€kolik vylepSeni.

1)

2)

3)

Spojeni vizualiza¢nich technik pomoci barviva a metody separace hydrogramu béhem stejného
experimentu by umoznilo komplexnéjsi studium rezimu proudéni a zaroven dynamiku
jednotlivych slozek na vytoku. Nabizi se tak moznost vyuziti i jinych v hydrologii béznych
stopovacu, napf. nitraty — NOs-N (Casson et al., 2014) nebo vyuziti luminiscence pfidanim
uraninu (Gerke et al., 2013). Nevyhodou deuteria je pfedevS§im cena, ktera limituje pocet
opakovani (na kazdy experiment je tfeba analyzovat cca 200 vzorkl vody).

Zadestovana plocha 1x1 m muze byt v nékterych ptipadech limitujici, predev§im pfi
dosahovani malych intenzit desté a pii studiu lateralniho toku. Z toho divodu by bylo vhodné
zadestovat vétsi plochu. Stavajici snéhové politafe v siti CHMU umoziiuji kontinualni
monitoring odtoku a po upravé i moznost pravidelného vzorkovani odtokové vody. Mirnou
modifikaci metodiky se mlize monitoring odtoku ze sné¢hovych polstara rozsifit i na studium
ptirodnich ROS. Spojily by se tak ¢astecné vyhody zadest'ovani izolované a souvislé snéhové
pokryvky.

Pro stanoveni nékterych zavislosti s vétsi jistotou je tfeba provést vice experimentt s aplikaci
separace slozek odtoku, zejména na nevyzralou sné¢hovou pokryvku. Vysledky téchto
experimentd by bylo vhodné srovnat s vysledky modelu SNOWPACK vyuzivajici RE a PF. Jak
bylo ukazano v ¢lanku IV, tak model ma nejvétsi problémy stanovit odtok predevs§im
v nevyzralé pokryvce. Pro pfesné modelovani je vSak tfeba provést dukladnou zrnitostni

analyzu sné¢hové pokryvky a detailni popis jednotlivych vrstev.
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Nové vyvinutd metodika umoziuje simulovat destové srazky na sné¢hovou pokryvku. V ramci této
metodiky je mozné stopovat deStovou vodu jak ve snéhu pomoci vizualizace preferencnich cest, tak na
odtoku ze snéhové pokryvky pomoci separace hydrogramu. Piestoze simulace pfirozenych podminek je
omezend, tak metodika poskytuje relevantni vysledky pfi sledovani dynamiky destové vody ve sn¢hu.
Hlavni vyhodou je pfedev§im moZnost nastaveni pocatecnich podminek a kontrola procestt béhem

simulace.

Podle ptivodniho pfedpokladu bylo potvrzeno, ze destova voda se chova ve vyzralé snéhové pokryvce
rozdilng, nez v nevyzralé pokryvce. Pfedpoklad, ze destova voda proudi rychleji ve vyzralé snéhové
pokryvce, vSak potvrzen nebyl. Vlivem pistového efektu nejdiive vytlacila destova voda z pokryvky
kapalnou vodu a ¢aste¢né byla pokryvkou zadrzena, coz zpozdilo jeji odtok. Vyzrala snéhova pokryvka
transformovala dest'ovou srazku mnohem vice, nez byl piivodni pfedpoklad. To mélo také za nasledek,
ze kumulovany kombinovany odtok z vyzralé sné¢hové pokryvky obsahoval maximalné 50 % destové
vody, ale celkové prevySoval celkovy vstup desté. Tento fakt muze byt velmi dilezity z hlediska

potencialnich povodni, pfedevs§sim pokud bychom podobné chovani ocekavali i v métitku povodi.

Na druhou stranu nevyzrala snéhova pokryvka transformovala destovou vodu pouze omezené, protoze
vétSina vstupni deStové vody se objevila také na odtoku. Pocate¢ni predpoklad, ze dest'ova voda bude
intenzivné interagovat s nevyzralou pokryvkou a vétSina vody se v ni zadrzi, se také nepotvrdil. Vyzrala
pokryvka zadrzela destovou vodu pfedevsim vlivem rozlivu do stran a naslednému ptemrznuti. Lokalné
dochazelo na rozhrani dvou vrstev k vyrazné akumulaci, ktera je ale vzhledem k celkovému dodanému
objemu vyrazn¢ niz$i. Pokud bylo rozlivu zamezeno, tak voda snéhem rychle protekla a byla pouze

minimalné transformovana.

Pritomnost destové vody ve snéhové pokryvce pulsobila také zmény v jejich vlastnostech. Zmény
nastaly jak ve vyzralé, tak v nevyzralé snéhové pokryvce. Ve vyzralé pokryvce byly vSak tyto zmény

vetsi, predevsim diky vétsi interakei destové vody se snéhem.

Zaroven bylo potvrzeno, Ze rychlost hydrologické odpoveédi snéhové pokryvky zavisi predevsim na

intenzité desté a v druhé fade¢ na pocatecnich vlastnostech sn¢hu.
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Zkratka cesky anglicky
80 izotop kysliku oXygen isotope
2H deuterium deuterium
°H tritium tritium
BA Bucket approach Bucket approach
BB brilliant blue FCF
C oblacnost (%) cloudiness (%)
Ca tepelna kapacita vzduchu specific heat capacity of air
(1,29 kl.m3.°C?) (1,29 kl.m3.°C?)
CDP Col de Porte Col de Porte
S koncentrace deuteria nedestové vody  deuterium concentration of non-rain water
ron-rain (8%H %o V-SMOW) (8%H %o V-SMOW)
. koncentrace deuteria deste rain water deuterium concentration
ram (8°H %0 V-SMOW) (3°H %o V-SMOW)
c koncentrace deuteria v celkovém deuterium concentration in total sample
total vzorku (82H %o V-SMOW) (82H %o V-SMOW)
Cw specifické teplo vody (4.2 kJ kgt.°Ct)  specific heat of water (4.2 kJ.kg-1.°C-1)
d prameér sné¢hového/ledového zrna (mm) snow/ice grain diameter (mm)
e emisivita snéhu emissivity of snowpack surface
EB model energetické bilance energy balance model
Ev latentni teplo vyparu (J.kg?) latent heat of vaporization (J.kg™?)
F celkova ploc}}a prefegencnwh cestv the area of preferential domain (m?)
fezu (m?)
g gravita¢ni zrychleni (m.s?) Gravitational acceleration (m.s?)
h hydraulicka vyska (m) hydraulic head (m)
HS vyska sné¢hu (cm) snow height (cm)
Ch prenosovy koeficient pro zjevné teplo sensible heat transmission coefficient
K nenasycend hydraulicka vodivost (m.s?) unsaturated hydraulic conductivity (m.s?)
k

propustnost (m?) intrinsic permeability (m?)

135



Seznam symbolil a zkratek

Kg
Lt

Ln

LWC

Mg

MF

Ms
Pc

PF

PFP
PI

pre-LWC

Qe

Qe

Qi
Qik
Qu
Qv
Qn

Qm

Qmelt
Qnon—rain

Qnr

tepelna vodivost pady (W.m™2)
latentni teplo fazové pfemény (J.kg?)

dlouhovlnna radiace (pm)

obsah kapalné vody ve snehu (%)

mnozstvi tavné vody za den (mm.d™?)

hmotnostni tok
(mm.mint.62°H %o V-SMOW)

mnozstvi tavné vody za sekundu
(mm.s?)

kapilarni tlak (N.m)

preferen¢ni proudéni

preferencni cesta

primérna intenzita desté (m.h™t)
kapalny podil vody ve sn¢hu pied
destem (%)

rychlost proudéni ve snéhové pokryvce
(m.s?)

tok latentniho tepla evaporace,
kondenzace nebo sublimace (kJ.m?)

tepelny tok z piidy (kJ.m)

tok zjevného tepla konvektivniho tepla
ziskaného ze vzduchu (kJ.m?)

zmény vnitini energie sn&hu (kJ.m?)
vnitini energie kapaliny (W.m?)
vnitini energie ledu (W.m™)

vnitini energie vyparu (W.m?)
tepelny tok dlouhovInné radiace (kJ.m"
%)
celkova energie ziskand snéhovou
pokryvkou (kJ.m?)
pritok tavné vody (mm.h?)

pritok nedestové vody (mm.h™)

bilance zafeni (kJ.m?)
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thermal conductivity of soil (W.m?2)
latent heat of fusion J.kg™?)

long wave radiation (um)

liquid water content (%)

melt water column produced per day
(mm.d?)

mass flow
(mm.min".62°H %o V-SMOW)

melt water column produced per second
(mm.s?)

capillary pressure (N.m2)

preferential flow

preferential flow path

mean rain intensity (m.h?)

liquid water content of snow before rain
(%)

water flux in snowpack (m.s?)

latent heat flux of evaporation,
condensation or sublimation (kJ.m?)

ground heat flux (kJ.m?)

sensible heat flux (kJ.m?)

internal snowpack energy changes (kJ.m2)
internal changes of liquid phase (kJ.m?)
internal changes of solid phase (kJ.m?)
internal changes of vapour (kJ.m?)
heat flux of longwave radiation (kJ.m)

Total gained energy of snowpack (kJ.m?)

melt water flux (mm.h)
non-rain water flux (mm.h)

net radiation, (kJ.m?)
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Qr tepelny tok, zplisobeny destém (kJ.m™2)
Qrain pritok destové vody (mm.h?)
Qsn tepelny tok kratkovinné radiace (kJ.m?)
Qtotal celkovy pritok vody (mm.h™)
R? koeficient determinace
RE Richardsova rovnice
r polomér sné¢hového/ledového zrna
’ (mm)
RMSE stiedni kvadraticka chyba
ROS dést’ na snih
Rp mnozstvi deStové srazky (m)
Sn kratkovlnna radiace
SWE vodni hodnota snéhu
Ta pramérna teplota vzduchu
TDR -
TLE absolutni chyba doby zpozdéni
T, teplota desté (°C)
Ts teplota sn¢hu (°C)
t; doba zpozdéni celkového odtoku (min)
tz ¢as zpozdéni (min)
Vs objem vzorku snéhu (m?)
V-SMOW
Vi podil kapalné vody ve sné¢hu (L)
WFJ Weissfluhjoch
z geodeticka vyska (m)
a albedo sné¢hu
B tepelnd kvalita snéhové pokryvky
8°H deficit deuteria viici V-SMOW (%o)
€ permitivita
0 vlhkost snéhu (%)
A vlnova délka (pm)
u dynamicka vizkozita vody (m?.s™)
pa hustota vzduchu (kg.m)
pi hustota ledu (kg.m™)
ps hustota snéhu (kg.m)
pW hustota vody (kg.m-%)
Stefan-Boltzmannova konstanta
© (5.67 x 10" KW.m2.K4)
[0) porovistost

heat flux caused by rain (kJ.m?)
rain water flux (mm.h)
short wave radiation flux (kJ.m2)
total water runoff (mm.h?)
coefficient of determinartion
Richard's equation

snow grain radius (mm)

root mean square error
rain-on-snow

total column of rain water (m)
short wave radiation
snow water equivalent

mean air temperature
time domain refractometry

absolut time lag error

rain water temperature (°C)

snow temperature (°C)
time lag of total runoff (min)
time lag (min)
volume of snow sample (m?)
Vienna standard mean ocean water
fraction of liquid water in snowpack (L)
Weissfluhjoch
geodetic head (m)
snow albedo
thermal quality of snow
deuterium deficit to V-SMOW (%o)
permitivity
snow wetness (%)
wavelength (um)
dynamic viscosity of water (m2.s?)
density of air (kg.m)

density of ice (kg.m™)
bulk density of snow (kg.m?)
density of water (kg.m)

Stefan-Boltzmann constant
(5.67 x 101t KW.m2.K*)

porosity
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