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Modelovani pricinnych podminek latkového transportu

Abstract

The evidence of a flood wave passing through a catchment remains visible even for a long time
after it occurs. The morphological update in the channel and floodplains, together with the
processes related to the mass transport within the aquatic environment, can be regarded as flood
event evidence. The advancement in hydroinformatics brought the development of numerical
modeling as a tool for the solution of broad hydrological tasks. Thanks to the scenario modeling,
flood events with interconnected processes can be explored in detail. This thesis is broadly focused
on the mass transport initialization issue both in the polluted and clear middle-European water
environments. The aim of the thesis is the evaluation of the principal issues connected with the
mass transport initialization based on complex and integrated numerical modeling.

The thesis brings original datasets resulting from several case studies. The aim of the thesis is
also to bring a comparative study of methodological approaches evaluating the possibilities and
limits regarding the accuracy of inputs vs. outputs and computational time requirements. This thesis
also brings several useful comparisons and innovative solutions design.

The mass transport initialization issue is solved in both balance and event-scale processed-based
models. The partial outputs are the general water quality improvement measures designed to fulfill
the European legislative requirements. The particular site-specific threshold values of the flow
parameters necessary for the mass transport initialization are evaluated. Those values vary from
0.12 — 7.8 Nem-2 in the case of the middle and the lower river reaches to 16.3 £ 8.2 Nem-2
regarding the coarser gravels of the upper river reach.

In order to relate the causal hydrological conditions, the results were relativized by the statistical
evaluation of the event return period (QN, Qm). Even though the causal conditions for the mass
transport initialization are site-specific, the thesis aims to find regularities and link the different
geographical sites regarding the mass transport initialization tendency.

The return period is used as the results’ interconnecting parameter rather than a prognostic tool.
Nevertheless, regarding hydrological non-stationarity, the influence of the trend behavior of the
hydrological system due to the abiotic and biotic factors must be considered. The trend behavior
can be representatively studied in the catchments without structural changes or where those changes
are well-known. In the case of this thesis, the influence of the climate change and natural
disturbances’ effects on the hydrological process was studied. Even though the study did not prove
any significant influence of the drivers on the high-flow events’ magnitude, the increment of
flooding frequency is obvious. From this statement, there is a clear underestimation of the
remobilization frequency if the results will be used in a prognostic sense.
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Modeling of mass transport causal conditions

Abstrakt

Pribéh povodiiové viny zlstava patrny v povodi jesté dlouho po udalosti. Pfimym dikazem jsou
morfologické zmény v koryté ¢i inundaci a procesy spojené s transportem latek uvniti ekosystému
vodniho toku. Rozvoj vypocetni techniky ptinesl vyvoj discipliny matematického modelovéani pro
feSeni hydrologickych otazek. Diky scéndfovému modelovani je v soucasné dobé mozné detailn¢
zkoumat pribéh teoretickych povodnovych udélosti a hodnotit nasledky s nimi spojené. Disertacni
prace se zabyva Sirokou problematikou inicializace latkového odnosu jak ve znecisténém, tak
v Cistém prostiedi sttedoevropskych vodnich tokl. Hlavnim cilem studie je hodnoceni zdsadnich
témat spojenych s inicializaci latkového odnosu na zakladé¢ komplexniho vyuziti a kombinovani
nastroji. matematického modelovani. Prace nejen hodnoti samotné problémy definované
v ptipadovych studiich a tim ptfindsi originalni datové vystupy, klade si vSak za cil i srovnavat rizné
metodické pristupy a hodnotit limity a moznosti jejich vyuziti co se ty¢e podrobnosti vstupnich dat,
pozadovaného méftitka vystupti ¢i vypocetniho Casu nutného pro numerickou simulaci. Diky tomu
prace piinasi fadu srovnavacich studii ¢i inovativnich feSeni.

Problematika inicializace latkového transportu je feSena jak bilan¢né, tak epizodicky. Jsou
navrhovana opatieni pro dosazeni cilového stavu pozadovaného evropskou vodni legislativou. Dale
jsou feSeny konkrétni hrani¢ni parametry proudéni nutné¢ pro remobilizaci pevnych latek at’ uz
inertnich ¢i zatizenych toxickym znecisténim. Vysledkem studii je soubor mistné specifickych
prahovych hodnot smykového napéti v rozmezi 0.12-7.8 N-m™ v piipadé jemnozrnnych sedimentii
zatizenych specifickym zne&isténim, & 16.3+8.2 N-m™ v piipadé hrubozrnného materialu na
hornim useku toku.

Pro mozZnost srovnavani pfi¢innych hydrologickych podminek byly vysledky relativizovany
pomoci statistického vyhodnoceni pravdépodobnosti opakovani dané situace (Qn, Qm). Takto
vyjadiena pravdépodobnost opakovani referuje o soucasném stavu na zakladé zkuSenosti minulych
let. I kdyZ jsou pfi¢inné podminky remobilizace latek zavislé na mistné specifickych podminkach
proudéni, prace si klade za cil nalézt zakonitosti a propojeni jednotlivych lokalit a srovnani
potencidlu k uvolnéni latek napfi¢ riznymi geografickymi regiony.

Hodnoty Qn, Qmn byly v tomto piipadé vyuzity pro srovnani vysledkt aktualniho stavu, nikoliv
pro prognozu potencidlniho budouciho zatizeni. Nicméné€, pohybujeme-li se v nestaciondrnim
hydrologickém prostfedi, je nutné¢ =zahrnout ¢i vyloucit existenci trendového chovani
hydrologického procesu zpiisobeného jak abiotickymi, tak biotickymi faktory. Trendové chovani je
mozné sledovat pouze v prostiedi bez zdsadnich strukturdlnich zmén, ¢i tam, kde jsou tyto zmény
znamy. V tomto piipadé€ byl studovan vliv klimatické zmény a disturbanci ptirodniho prostfedi na
odtokové poméry se zaméfenim na povodnové epizody. I kdyZz vliv na kulminaéni pritoky
povodnovych udalosti nebyl prokazén, byl vyhodnocen narast frekvence povodinovych udalosti
mensiho rozsahu. Z tohoto zavéru vyplyva podhodnoceni rizika spojeného s vyhodnocenim doby
opakovani remobilizace latek, v ptipad¢, ze by se ukazatel uvazoval prognosticky.

Kli¢ova slova:

Modelovani - hydrologie - latkovy odnos - remobilizace latek - znecCisténi - bilance - povodiiova
udalost



Modelovani pricinnych podminek latkového transportu

1. Uvod

Ditikaz prichodu povodnové udalosti ztstava v povodi ve formé fluvialné-morfologickych zmén.
Podle Haddadchi et al. (2013a) 70-85% sedimentu transportovaného v suspendovaném stavu
pochézi z povrchové eroze, zatimco zdrojem hruboznnéjsiho materialu je pfedevsim bichova eroze.
Vétsina materidlu je transportovana béhem povodnovych udélosti. Sediment je uvolnén a
akumulovan podle mistn¢ specifickych podminek poté, co jsou piekroCeny mezni hodnoty
hydrodynamickych parametrt, napt. kritické smykové napéti pro erozi t. a pro depozici 14. Podle
Buzek (2000) bylo béhem moravské povodné 1997 odpovidajici Q100 transportovano 51% objemu
suspendovaného materidlu celkové nameétfeného ve sledovaném obdobi 23 let. K podobnym
zavérim dospély studie na stfednim Labi (Biittner et al. 2006; Schwartz 2006; Lair et al. (2009)
potvrzuje tato zjisténi dlouhodobym vyhodnocenim bilance sedimentu hlavnich evropskych fek.
Uvadi priklad 222 t jemnozrnného erodovaného a odneseného materialu z 32 km dlouhého useku
sttedniho Dunaje pii povodni 2002 odpovidajici Q100. Na druhé stran¢ je erodovany material
akumulovan podél stfednich ¢i dolnich Usekit v klidnych vodach jezovych zdrzi, v biehovych
partijich, ¢i v lagunach v pfibfezni zén€. Tyto klidné zoény slouzi jako nadrze pro akumulaci
sedimentu, ktery, je-li zatizen navazanym znecisténim, pfedstavuje vyraznou ekologickou hrozbu.
Dokumentace podobnych akumulaci je soucasti studiji ze stfedniho Labe (Biittner et al. 2006;
Kriiger et al. 2006; Schwartz 2006) a horniho Ryna (Jacoub & Westrich 2006). Znalost spoustécich
podminek latkového odnosu je zasadni pro pochopeni hydrologického procesu a jeho dusledk.
Cela fada inZenyrskych studiji méla za cil zmé&fit pocatecni hydrodynamické podminky pro vznos
sedimentu v umélych fyzikalnich Zlabech (e.g.El Kadi Abderrezzak et al. 2014; Wilcock & Crowe.
2003). Vysledkem téchto studiji je rekonstrukce pfirodniho procesu za podminek do zna¢né miry
idedlnich a ¢asto uvazujicich pouze ustalené proudéni.

Tyto podminky se v pfirodé vétSinou nevyskytuji a mohou vést k ptilisSnému zjednoduseni
procesu a nasledné k jeho konceptualizaci do soustavy po vétSinou empirickych vztahl.Vyvoj
v oboru hydroinformatiky umoznil implementaci teoretickych znalosti do plné integrovaného
systému nastrojii matematického modelovani, ktery, je-li sprdvné navrzen a verifikovan, miize
nadale slouZit pro feSeni mnohych kol v rdmci scénatfového modelovani.

Scénafové modelovani je casto zaloZeno na konceptu stacionarity (absence trendu)
hydrologického systému (Matalas 1998). Tento pfedpoklad vychazi ze statistického vyhodnoceni
doby opakovani/piekro¢eni z historickych dlouhodobych ¢asovych tad, které se hojné€ vyuziva pro
relativizaci hydrologickych podminek. TakZze informace obdrzené z minulych zkuSenosti slouzi
jako nastroj pro pfedpovédi stavu budouciho (Li & Duffy 2011). Na druhé stran¢, problém
nestacionarity hydrologického systému je diskutovan v fad¢ studiji zabyvajicich se dlouhodobymi
zménami hydrologickych podminek (Dettinger and Cayan 1994; Hannaford and Marsh 2006; Wilby
et al. 1997; Zampieri et el. 2014) a vlivem disturbanci krajiny a klimatickych trendii na tyto zmény
(Alila et al. 2009; Kuras$ et al. 2012; Zeng et al. 2014). Je tedy nezbytné, abychom pochopili povahu
vysledkl scénafového modelovani v rdmci nestacionarniho hydrologického rezimu (Van De Wiel et
al. 2011) a abychom pouzivali statistickou veli¢inu doby opakovani /piekroceni spiSe pro srovnani
ruznych vysledkli sou¢asného stavu nez pro predpoveéd’ stavu budouciho.
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2. Cile prace

Hlavnim cilem této prace bylo ptispét ke znalosti modelovani pficinnych podminek odnosu latek
v ficnim systému a diskutovat mozné disledky tohoto procesu vzhledem k environmentalnimu
vlivu na prostiedi vodnich ekosystému a na lidskou spolecnost. Dale byla definovana fada dil¢ich
cili nezbytnych pro ziskani potfebné znalosti a zkuSenosti. Tyto dil¢i cile jsou:

(1) urcit a analyzovat rizikové procesy spojené s transportem latek v riznych geografickych
podminkach Ceské republiky,

(2) vyuzit a kriticky zhodnotit dostupné softwarové vybaveni a vhodnost kombinace
jednotlivych nastroji k sestaveni vysoce komplexniho modelovaciho systému schopného
popsat cyklus fluvialné-morfologickych zmén. Tento systém by mél zahrnout jak pficiny,
tak nasledky hydrodynamického procesu. Dale bylo cilem diskutovat moznosti téchto
systémi a limitujici faktory z hlediska schematizace a konceptualizace procesu na zaklade
podrobnosti a presnosti vysledki a citlivosti parametrizace modelovaciho systému,

(3) zpracovat regionalni ptipadové studie zalozené na problematice latkového odnosu a vytvorit
tak cenna data pro zahrani¢ni literaturu.

3. Material a metody

Aby byly naplnény cile vySe vyty€ené, byly navrZzeny a zpracovany tii ptipadové studie.
Navrzena metodika a zvolené postupy byly zalozeny piedevsim na vybéru nastrojii matematického
modelovani v celé §ifi od jednoduchych konceptudlnich bilanénich modeld kvality vody v métitku
celého povodi pies 1D modely popisu proudéni az po vysoce komplexni fyzikalné zalozené modely
transportu sedimentu v ramci 2D, nebo quasi 3D popisu nerovnomérného proudéni, nebo 3D
modelu popisujiciho cely hydrologicky cyklus at’ uz v bilan¢ni ¢i v udéalostni podob¢. Nicméné
specifické ukoly, jako statistické vyhodnoceni pritokovych podminek v nestacionarnim
hydrologickém systému, byly feSeny jinymi metodami.

Ptipadové studie byly zaméfeny na ficni useky rozdilnych méfitek (micro-mezzo-macro)
situované v riznych fyzicko- a socio-gegrafickych prostorech a s riznymi nasledky transportu latek
na pfirodni a socio-ekonomické prostiedi. (Obr 1).
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Pripadova studie 1

Znedisténi z nebodovych zdrojii pochazi nejéastdji ze splachti z ornych piad. Castice, na které
jsou navazany nutrienty, jsou transportovany do nizSich ¢asti povodi. Povodi feky Olsavy patii
k typickym zemédélskym perifernim oblastem Ceské republiky. Ackoliv doslo k vyraznému
zlepSeni kvality vody v prib¢hu minulych dvaceti let, celkové nevyhovujici stav stadle naznacuje
znacné znecisténi jak z bodovych, tak z nebodovych zdrojii. Model celého povodi byl sestaven,
parametrizovan a vyuzit pro analyzu tohoto vyrazného latkového odnosu zaloZenou na scénafovém
modelovani (1) zmén ,,]land use” a (2) zintenzivnéni €isténi komunalnich odpadnich vod. Dusledky
navrzenych zmén byly diskutovany pfedev§im z hlediska dosazeni celkového dobrého

ekologického stavu definovaného evropskou legislativou, konkrétné ramcovou smérnici o vodach
WDF (2000/60/EC).

Usti nad
Labem

Plzen

@ Pardubice
A*{b
/W
5 Ostrava
I1.
Brno
v I
s
/ 0 25 50
Main river - Case Study site |:| Main reservoir Main municipalities mmmw———Km

Obr 1: Lokalizace piipadovych studii zahrnujicich riizné oblasti Ceské republiky.

Pripadova studie I1

Primyslové a vysoce urbanizované aredly jsou ¢asto umistény v bezprostiedni blizkosti vodnich
tokl. Tyto zény piedstavuji vyznamny zdroj nebodového znecisténi, Casto toxického charakteru.
Transport rozpusténych latek v povodi feky Labe, kterd byla v obdobi od 50.do 90. let minulého
stoleti povazovana za jednu z nejvice znecisténych fek stiedni Evropy, podle van der Veen (2006)
vyrazné poklesl. Nicméné¢, jemnozrnné sedimenty pribézné ukladané v oblastech s nizkou rychlosti
proudéni (Schwartz 2006) vykazuji extrémni hodnoty koncentraci tézkych kovi a latek
specifického organického znecisténi. Remobilizace tohoto sedimentu a nasledné uvolnéni

3



Modelovani pricinnych podminek latkového transportu

navazanych latek do vodniho ekosystému ptedstavuje zdvaznou environmentalni hrozbu (Forstner
et al. 2004; van der Veen 2006). Abychom mohli zhodnotit pravdépodobnost vznosu téchto
ulozenin, byly sestaveny 4 hydrodynamické modely, do kterych byly integrovany matematické
vztahy popisujici sediment transportu (Gsek Labe od Pardubic po Hiensko, Bilina ptfedstavujici
nejvice znecistény piitok). Modely fadné€ parametrizovany a verifikovany poslouzily k simulaci
sady syntetickych okrajovych podminek. Vysledky byly nadale zpracovany a porovnany ve formé
pravdépodobnosti opakovani/piekroceni daného stavu.

Pripadova studie 111

Vysledky piredeslych studii jsou zatizeny soucasnym/historickym stavem hydrologickych
podminek v ramci predpokladu stacionarniho hydrologického systému. V soucasné dob¢ neni vSak
pochyb o nestacionarnim chovani hydrologického systému zplisobeném kombinaci nékolika
faktort. Pfedevsim se jedna o vliv klimatické zmény a zmény vyuziti uzemi. Pro analyzu téchto
faktorii byla vybrana Cisté ptirodni povodi Vydry (CZ) a GroBe Ohe (GE), jenz disponuji
unikatnimi dlouhodobymi z4znamy zachycujicimi redlny vliv klimatické zmény a zmény
vegeta¢niho krytu. Javoti potok, situovany v povodi Vydry v jadrové zéné Sumavy se svym veelku
mirnym sklonem a s €isté pfirodnim charakterem koryta poslouzil jako mikro-méfitkova ptipadova
studie rozsdhlych fluvidlné-morfologickych zmeén, nésledki povodiovych udalosti s dobou
opakovani i 1 rok. Ackoliv fluvidlné-morfologické zmény neptedstavuji v tomto prostfedi ptimou
hrozbu lidské spolecnosti, zlstdvaji viditelné jako stopa historické povodinové udalosti.
Hydrodynamicky model byl sestaven s cilem zhodnotit pravdépodobnost spusténi latkového
odnosu. Tento model byl integrovan s modelem bifehové eroze a transportu nekohezivniho
sedimentu a byl dale propojen s hydrologickym modelem §irsi lokality narodniho parku Sumava.
Pfi¢inné podminky fluvidlné-morfologickych zmén byly zkoumany a nasledné analyzovany
z hlediska nestacionarity hydrologiského systému, kvili hodnoceni mozného vlivu jiz zazitych
zmén hydrologického procesu, ¢i zmén v budoucnu ocekavanych. Urychleni procesu transportu
latek by mohlo znamenat vazny problém jak pro osidleni niZSich fi¢nich usekd, tak pro dynamiku
povodiiovych udalosti. Reka Volyiika v podhtiti Sumavy se vyznacuje jak vysoce dynamickym
fi€nim prostfedim, tak vcelku hustym osidlenim v bezprosttedni blizkosti toku (Vimperk a ptilehlé
obce). Biehova eroze jiz zplsobila poni¢eni nckolika staveni a infrastruktrury. Experinmentalni
vysledky ziskané v treti ptipadové studii tedy nabyvaji i socio-ekonomického vyznamu.

NejdilezitéjSim tkolem bylo rozhodnuti, které procesy zahrnout do modelu (Van De Wiel et al.
2011). Modelat musi vzdy rozumné bilancovat mezi prvky procesu numerického modelovani,
kterymi jsou: (1) poZzadovana presnost a podrobnost vysledk, (2) naro¢nost feSeni na vstupni data,
(3) vypocetni ¢as (Obr 2). Nedostatek dat pro spravny popis pfirodniho procesu a pro parametrizaci,
kalibraci a verifikaci modelu je vzdy jednim z nejvice limitujicich faktort. PoZadavky na vstupni
data dramaticky rostou s nartistem komplexity zahrnuté v modelu. (Aksoy & Kavvas 2005).

Problematika definovanda v pfipadovych studijich byla feSena néstroji pokrocilého numerického
modelovani dostupnymi ze skupiny aplikaci MIKE by DHI. Tyto ndstroje umoznuji sestaveni plné
kompatibilniho modelovaciho systému pro popis pficin a nasledkt hydrologické odezvy v métitku
jednotlivych lokalit ¢i celych povodi. Na obrazku 3 je nastinén vyvojovy diagram modelovaciho
systému sestaveného pro tcely této disertacni prace.
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Obr 2: Ptiklad procesu volby metodologického piistupu (podrobné&ji popsano v Kaiglova et al., 2015a). Metody
hodnoceni remobilizace sedimentu podle pozadavkli na vstupni data, vypocetniho Casu a pfesnosti obdrzenych
vysedku.

Uprostted systému je hydrodynamickd simulace parametri proudéni v ptfipadé¢ plné
dynamického udélostniho modelovani, kterd muze byt nahrazena zjednodusenym vypoctem
proudéni v rdmci rocni bilance latkového odnosu. Simulace je zalozena na vysledcich studie
hydrologického modelovani (Aksoy & Kavvas 2005), vstupujicich do hydrodynamického modelu
formou pocatecnich a okrajovych podminek. Konkrétn¢ se jedna o hydrologickou situaci, ktera
vede ke smykovému napéti proudéni v toku a predstavuje ve schématu pfi¢inu zahdjeni transportu
latek. Nasledek procesu je simulovan ve fluvialné-morfologické ¢asti schématu, konkrétné v ramci
modell kvality vody, transportu sedimentu a bfehové eroze. Konfigurace modelovacich ndastroja
tedy umoznuje dynamické zpracovani vysledki simulace proudéni (at’ uz hydrodynamického ¢i
bilanéniho charakteru) pomoci diferencialnich rovnic popisujicich transport latek do kazdého
vypocetniho bodu.

Ackoliv jsou né&které c¢asti modelovaciho systému propojeny jen jednosmérmnym tokem
informaci, potieba simultalnich béht je zdiraznéna pii modelovani fluvidlné-morfologickych zmén
koryta, protoze zde se v systému objevuje smycka zpétné vazby. Fluvidlné-morfologické zmény
jako vysledek jednoho Casového kroku jsou totiz piimo vlozeny do bathymetrie, kterd je hlavni
doménou hydrodynamického modelu (e.g. Kiat et al. 2008, Simpson & Castelltort 2006, Yang et al.
2004).

Z inzenyrskych studiji na zéklad¢ hydraulickych zlabti vime, Ze pohyb sedimentu dané zrnitosti
je zapocat praveé tehdy, kdyz smykové napéti prekroci kritickou hodnotu. Nicméné, jak Gspésny je
pfenos téchto informaci do redlné piipadové studie? A 1 kdyZz nalezneme dané pficinné
hydrologické podminky, jak bychom méli hodnotit dileZitost tohoto nasledku? Pravé parametr
pravdépodobnosti vyskytu vyjadifeny dobou opakovani/ptekroceni miize slouzit pro zodpoveédéni
druhé otazky. Pti znalosti danych pravdépodobnosti bychom mohli byt schopni srovnavat koryta
v ruznych fyzicko-geografickych podminkéch.

Diskutovani nevhodnosti konceptu hydrologické stacionarity (Matalas 1998) mélo za cil
kvantifikovat a kvalitativné¢ hodnotit vliv zmén hydrologického rezimu z divodu klimatickych
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zmén na problematiku latkového odnosu. Ptirodni prostfedi povodi Horni Vydry (profil Modrava),
bylo zkoumano spolu s Grofle Ohe (profil Schonberg) a Horni GroBle Ohe (profil Taferlruck) a
testovano pro pritomnost zmén odtokového rezimu pozorovatelnych z dlouhodobych ¢asovych tad.
Hlavni otazka zné¢la: ,,Jak se méni distribuce odtoku bé¢hem roku a co tyto zmény znamenaji pro
frekvenci a kulmina¢ni hodnoty povodnovych udalosti?* Neparametricky Mann-Kendal test (Hirsch
et al. 1982) byl aplikovan na vSechna meteorologicka hydrologickd data. Vysledkem testu bylo
potvrzeni ¢i vyvrdceni existence monotematického trendu. Sen’s (Gilbert 1987) neparamtetricka
metoda byla vyuzita pro stanoveni sklonu ptipadného linearniho trendu.

Detailni popis jednotlivych toku informaci, znazornénych na obrazku 3 (6-11):

(1) Primarni vstupni data pofizena terénnim Setienim ¢i monitoringem. Neménné vlastnosti povodi
jsou v modelu interpretovany jako stavebni bloky, zatimco casové promeénlivé vlastnosti systému
vstupuji jako Casové fady formou okrajovych podminek.

(2) Dal$imi primarnimi vstupy jsou hydraulické vlastnosti vstupujici do hydrodynamické simulace
nebo do bilan¢niho vypoctu odtoku formou parametri, jejichz definice je do znacné miry ovlivnéna
schematizaci modelu. Tyto vlastnosti se mohou ménit s intenzitou povodiové udalosti (Jifinec P.
2014; osobni komunikace)

(3) Odtokova odezva jako vysledek hydrologické simulace vstupuje ve formé Casovych fad do
hydrodynamického modelu jako horni okrajova podminka.

(4) Parametry proudéni jako vysledek hydrodynamické simulace vstupuji do modelti biehové eroze
a parametry sedimentu transportu jako proménné transportnich rovnic.

(5) Objem materidlu uvolnéného biehovou erozi vstupuje do modelu transportu sedimentu jako
zdroj nezpevnéného sedimentu.

(6), (7) Morfologické zmény vypoctené v modelech transportu sedimentu a biehové eroze jsou v
kazdém casovém kroku vyuZzity pro odpovidajici zménu bathymetrie, zdkladni domény
hydrodynamické simulace.

(8) Potencidlni zdroje znecisténi a jejich objem vyhodnoceny bilancnim modelem povodi jsou
propojeny s modelem bilance odtoku.

(9) Latky jsou transportovany podle primérnych odtokovych podminek vyhodnocenych bilanénim
modelem a jsou degradovany podle konceptu rozpadu prvniho fadu. Po fadné verifikaci je model
schopen poskytnout informace o charakteristickych koncentracich, rezimu odtoku, celkovém
odnosu latek a o podilu bodovych vs. nebodovych zdrojii znecisténi a struktury kazdé ze skupin.

(10) Po verififikaci celého schematu mize byt navrZzen scénaf zmény primarnich vstupli do modelu.
Vysledky scénaifového modelovani mohou byt porovnany s vysledky, které poskytuje model
soucasného stavu. Takto dostaneme odhad G¢innosti navrzenych zmén.
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4. Vysledky a diskuze

Na kvalitativni aspekt latkového odnosu lze pohlizet z dvou riiznych thli pohledu: (i) Lair et
al (2009 ftesi transport latek pochazejicich z nebodovych zdroji, které jsou mobilizovany pfii
povodiové aktivité, zatimco (ii) Nilsson & Malm-Rendfélt (2008) spiSe vyzdvihuje problémy
zpusobené mensi intenzitou fedéni a samociSténi béhem malych pritokl. Bilanéni model kvality
je schopen pfi zahrnuti hydrologického rezimu celého roku fesit oba aspekty zaroven a byl proto
vyuzit pro zpracovani Ptipadové studie I. Ve venkovském povodi feky OlSavy bylo navrzeno
n¢kolik scénaiti pro zlepseni kvality vody podle pozadavkl evropské legislativy. Tyto scénare
byly srovnavany s modelem soucasného stavu. Model testoval G¢innost opatfeni zahrnujicich
znecisténi jak z bodovych, tak z nebodovych zdrojl, nebo jejich kombinaci. Scénafe na zmirnéni
znedisténi vod byly zaloZeny (i) na zavedeni ¢&isténi odpadnich vod (COV) z drobnych
komunalnich zdroji a aplikaci terciérniho stupné COV z velkych komunalnich zdrojt; (ii) na
zatravnéni orné pudy s velkym rizikem eroze (Obr 4).

Share of individual measures on total efficiency
by water quality parameters

T ™M

I Q s
82zp88
nZ Z o

o
o
Clr ¢l C)
n Measure 2 - Nonpoint sources

Measure 1 - Point sources

Land cover (Corine 2000)

- built-up area

Arable land

Pastures

- Forest

Total efectiveness rate
of both applied measures

Modified water users and area

é@ Industrial
6 Sewerage

(i Wastewater treatment plant

0.0-1.9
2.0-49
— 5.0 - 14.9

- o 15.0 - 29.9
Modified settlement areas 0 25 5 10 km
(grassing of 5% arable land) I e more than 30.0 %




Modelovani pricinnych podminek latkového transportu

Obr. 4. Celkova ucinnost dvou opatieni aplikovanych na model soucasného stavu kvality vody v povodi Olsavy
v ramci parametrit BODs, N-NH,", N-NOs, P, a COD. (Ptipadova studie I)

Druhotnym vystupem modelu kvality vody byla kvantifikace nebodovych zdroji znecisténi na
bazi rocnich thrnti odnosu latek z povodi a jeho sezénniho chodu. Ptipadova studie I predstavuje
tedy bilancni model nebodového znecisSténi. Nicméné studie Aksoy & Kavvas (2005), Buzek
(2000), Schwarz (2006) tvrdi, ze nebodové znecCisténi pochazi predevSim ze splachu plochy
povodi beéhem obcasnych povodiovych udadlosti. Transport latek béhem povodnovych udalosti byl
zahrnut jako hlavni zamér Piipadové studie II.

Priméarnim uc¢elem Ptipadové studie II bylo identifikovat hrani¢ni podminky pro potencialni
remobilizaci znecisténého sedimentu v rozdilnych prostiedich s jednotnym problémem. Podle
Lair et al. (2009) mé znecisténi inundaci zdvazny vliv na integritu sladkovodnich ekosystémii. Je
to zplsobeno nepiedvidatelnosti nebodového znecisténi jak z hlediska Casovani, tak z hlediska
rozsahu. Aby byli vodohospodati schopni zvazit vSechny hrozby spojené s transportem latek
z povodi, musi mit detailni informace o klicovych zdrojich latek. Mize to byt jak pfimé
znecisténi, které dosdhne vodniho toku béhem povodné, ¢i nepfimé (,,sekundarni) znecisténi
zpusobené uvolnénim polutantli uloZzenych v komplexech castice-polutant ulozenych ve starych
fluvidlnich sedimentech. Takové ulozeniny mohou byt remobilizovany zpravidla pfi povodiové
aktivité hlavniho toku, proto feSeni tohoto problému vyzaduje hydrodynamicky ptistup. Piiklad
feSeni je uveden prave v pripadové studii I zabyvajici se transportem latek ze siln€ antropogenné
upravenych tsekl v povodi Labe.

Ackoliv feSeni podobnych problémt nalezneme v literatufe (Biittner et al. (2006); Jacoub &
Westrich (2006); Lair et al. 2009), tato studie byla prvni studii numerického modelovani silné
znedisténych jemnozrnnych sedimenti v CR takového rozsahu. Dil¢im cilem studie bylo tedy
sestavit a verifikovat metodologicky pfistup kteSeni jednotlivych pifipadi. Hlavnimi
piedpodklady studie byly (i) limitovand dostupna data a (i1) potfeba navrhu fadné jednotné
metodiky pro hodnoceni a srovnani vzdalenych lokalit srozdilnym hydrologickym a
hydraulickym reZimem. Remobilizace jemnozrnného sedimentu vyla vyhodnocena v modelech
s riznou schematizaci horizontdlniho planu (1D, 1D CS distribuovany, 1D+ a 2D). VSechny
modely byly zalozeny na vypoctu rovnic ,,shallow water®, vyuZivajicich modelovaci pfistupy
s prumérnou vertikalni komponentou. Porovnani vysledki obdrzenych jednotlivymi metodami je
uvedeno v tabulce 1.

Tabulka 1 Srovnani vysledkd obdrzenych z vyhodnoceni 1D CS Distribuovanych map smykového napéti a
vypoctenych pii zahrnuti transportu sedimentu v rdmci schematizace 1D+ a 2D. (Pfipadova studie 1)

T[Nm7] Q[m’s™
ID lokality Popis lokality ' 1'D CS 1D+ 2D ' 1.D CS 1D+ 2D
distribuovany distribuovany
B9-1 Pod jezem 0.8 1.3 1.0 5.0 7.4 5.8
B9-2 Nad propadlym mostem 0.8 1.5 0.8 3.6 4.0 3.8
B9-3 Pod propadlym mostem 1.0 1.3 1.1 4.5 7.9 7.9
B8-1 Brehové oblasti 1.0 1.1 1.0 7.0 8.1 8.0
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Hlavnim pfinosem Ptipadové studie II je soubor vysledkt tendence k remobilizaci jemnozrnnych
sedimentt v 31 znecisténych oblastech.
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Obr. 5. Remobilizace jemnozrnnych sediment ze dvou vybranych lokalit. Vlevo je zobrazena lokalita L19 a
L20 mezi chemi¢kou Spolana a soutokem Labe s Vitavou. Sedimenty jsou jiz progresivné erodovany 1.5 dne
v lokalité L19 (Obtistvi) a 10 hod v lokalité¢ L20 (Libisska tan). Zaplava pochazi z labské syntetické povodné
odpovidajici Q50 (pritok Labe je 1480 m’s™', zatimco na Vltavé dosahuje 1500 m’s™"). Napravo je vyobrazena
situace na lokalitach L21 a L22 po proudu od rafinerii Paramo. Sedimenty jsou erodovany po zaplaveni z horni
inundace (pritok Labe je 912 m’s™). (Piipadova studie II)

Soubor vysledkti modelovacich studii (Obr 5) nabyva na mezindrodnim vyznamu, protoze se
jedna o prvni klasifikaci hrozby sekundéarniho znecisténi zplsobeného starymi ekologickymi
zatézemi na severu Ceské republiky. Podle naseho vyhodnoceni dochazi k remobilizaci
jemnozrnného sedimentu béhem protékani lokality s tranzitnim proudénim. N-letost pfi¢innych
hydrologickych podminek byla vyhodnocena v Sirokém intervalu od < 1 rok v nejméné stabilnich
oblastech az po >100 let v oblastech, kde k remobilizaci doslo az po pieteceni vysokého télesa,
oddélujiciho lokalitu od transitniho proudéni. Statistické vyhodnoceni vymezuje oblasti
zvlastniho z4jmu, z nichZ vétsina je lokalizovana do 35 km od hranice s Némeckem. Pfi¢innych
prutokl je dosazeno i béhem 150 dni v priabehu primeémého roku. Parametry proudéni pii
remobilizaci byly pozorovany v rozmezi 0.12-0.89 m-s ' v ptipadé vertikilng pramérnych
rychlosti a 0.12-7.8 N-m* v piipadé smykového napéti. Jak je patrné z kvalitativnich rozbort,
sediment je na vSech sledovanych lokalitach zatizen Cetnymi toxickymi latkami, vyskytujicimi se
v alarmujicich koncentracich. Environmentalni aspekty obdrzenych vysledkli jsou tedy
diskutovany s ohledem na hrozbu sekundarniho znecisténi nize polozenych vodnich ekosystémd.
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Obr. 5. Schéma fi¢ni sité¢ se zahrnutim vSech hodnocenych lokalit klasifikovanych na zakladé pficinnych
podminek remobilizace jemnozrnnych sedimentii. Zajmové lokality jsou zobrazeny a ocislovany od hrani¢niho
profilu ve vzestupném poradi (Ptipadova studie II).

Metody z Ptipadové studie II byly v mirn€ pozménéné podobé pouZzity pifi zaméfeni na
transport pevnych inertnich castic (sedimentu) v ramci Ptipadové studie III. Studie hodnoti
tendenci vysoce ptirodniho toku Javofi potok k remobilizaci st€rkového materidlu a nasledné ma
za cil detekovat pfi¢inné podminky fluvidlné-morfologickych zmén. Remobilizace Stérkového
dnového materialu byla zpiisobena lokalnimi vertikilng pramérnymi rychlostmi 1.8+0.1 m-s™
vedoucimi ke zbytkovému smykovému napéti (t. = T — 1) 16.3£8.2 N'm™. N-letost danych
pritokl nelze z kratké Casové fady pozorovani v misté instalovaného hladinoméru jednoduse
vyhodnotit. Nicméné, povodiova udalost zaznamenana v ¢ervnu 2013, kterd byla vyuzita jako
redlna okrajova podminka, rovnomérné zasdhla povodi vétSiho fadu (Horni Vydra, profil
Modrava), kde je dlouhodobé méteni s oficialnim vyhodnocenim N-letych pratoki k dispozici.
Pricinné lokalni pritokové podminky byly tedy vztaZzeny k datim oficidlniho monitoringu a
vysledna N-letost dané situace byla vyhodnocena v itervalu Q; — Qs.

Podle Jacoub & Westrich (2006) by méla byt modelem hodnocena zvlast kazda frakce
sedimentu 1 kdyz tento ptistup podhodnocuje vzajemné interakce jednotlivych frakci a mize vést
ke zkresleni vysledkl. Parametry zrnitosti vstupujici do modelu byly tedy ménény za ucelem
popisu remobilizace jednotlivych frakci. Remobiliza¢ni kritérium bylo vyhodnoceno pro kazkou
frakci (D4o — Dgg). Metoda vztazeni uvolnéni mistné specifickych zrnitosti k pfi¢innym
hydrologickym podminkdm byla navrzena a nazvana ,,Prepocetni kiivky remobilizace . Tato
metoda shrnuje jednotlivé vysledky lokality do obecné charakteristky tseku (Obr 7) Proto by
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metoda mohla slouzit k posuzovani tendence k vyskytu fluvidlné-morfologickych zmén
v ruznych usecich a k jejich vzajemnému porovnani.
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Obr. 7: Prepocetni kiivky remobilizace sestavené na profilovych lokalitich (A, B, C) na zaklad¢ frekvence
vyskytu pri¢innych podminek remobilizace dané frakce (Ptipadova studie III).

Porovnanim morfologie koryta pted a po povodinové udalosti mize byt vyhodnocen objem
erodovaného materialu (e.g. Eaton & Lapointe 2001). Tento objem muze byt nadale porovnan
s vysledky numerické simulace (Obr 8). Nicméné, vyskyt povodnovych udalosti je vysoce
nepiedvidatelny. Proto je vétSinou piesnd geometrie koryta pifed a po povodni nezndma.
Technologie dalkového prizkumu mohou vyfesit tuto absenci detailnich topografickych dat,
protoZe mohou mapovanim pokryt mnohem vétSi oblasti nez tradi¢ni geodeticky priazkum.
Ptipadova studie III profituje z disponovani vysoce detailnimi daty korytové morfologie,
potizenymi UAV fotogrametrii (Mifejovicky 2012-2014, nepublikované vysledky) pfed a po
povodnové udalosti.
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Obr. 8: Vyhodnoceni remobilizace pfi uvaZzovani parametru Ds, jako charakteristické zrnitosti. Vlevo je
horizontalni plan se zobrazenou zménou bathymetrie pii splnéni remobiliza¢niho kritéria. Vpravo jsou
odpovidajici pfi¢né fezy zobrazujici stav pied a pfi remobilizaci.
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Diky statistickému vyhodnoceni mohou byt porovnavany i1 vysledky vzdalenych oblasti
z raznych geografickych prostredi. Tak ziskdme ptehled o stabilité¢ jednotlivych tsekti a prvotni
priazkum problematiky latkového transportu. Piipadova studie I pfinesla informace o primérnych
transportnich podminkédch nepfimo vyvozenych zkoncentraci jednotlivych latek v toku.
Ptipadové studie II a III se detailnéji zabyvaji specifickymi podminkami proudéni, které
zpusobuji inicializaci transportu latek.

I kdyZ se nebudeme fidit tvrzenim Papalexiou et al. (2013), ze doba opakovani extrémnich
hodnot priitoku, vyhodnocena za pouziti Gamma rozdéleni, je podhodnocend, takze vyjimecné
vysoké priitoky nejsou tak ojedin€lé, jak vychazi ze statistického vyhodnoceni, nalezneme jesté
jeden problém pti pouzivani doby opakovani jako predikéni veli¢iny. VSechny vysledky této
studie (srovnané na zaklad¢ doby opakovani vyskytu danych situaci) jsou ziejmé zalozeny na
predpokladu hydrologické stacionarity, které je v hydrologii podle Matalas (1998) nemozné
dosédhnout. Hydrologii nazyva ,,Manifestaci klimatu‘. Proto vyvstala potfeba diskutovat vyznam
a problematiku interpretace nasich vysledkii na zakladé hodnoceni stacionarity naseho systému.
V kazdé¢ zkoumané oblasti jsou samoziejmé jiné faktory, zplsobujici trendové chovani
hydrologického systému. Tyto faktory/pfi¢iny je mozné Clenit na piirodni (klimatickd zména,
pfirodni disturbance krajiny) a antropogenné¢ podminéné (Uprava koryta, zména vyuziti
krajiny...). Bylo nutné tuto studii zamé&fit na ,,prirodni factory, které jsou pritomné v celé Stredni
Evropé. Takové faktory je mozné celkem jednoduse popsat v ramci numerickych modell a 1ze
jim nejpiiméji rozumét pii interpretaci vysledkid analyzy dlouhodobych ¢asovych fad. Podle Lu et
al. (2013), ktery studoval odezvu odnosu latek na klimatickou zménu, 1% zména srazek
zpusobuje 2% zménu v intenzité odnosu latek. Proto byly ¢asové fady srazek hodnoceny spolu
s fadami teplot, pritoktl a zmén vyuziti uzemi. Uéelem studie bylo rozpoznat dynamicky vyvoj
kazdé ze slozek odtokové odezvy.

Problematika byla studovana v pfirod¢ velmi blizkych povodich (Pfipadova studie III),
lezicich v jadrovych oblastech NP Sumava a NP Bavorsky les, kde jsou v sou¢asné dobé velmi
diskutovéna témata vlivu klimatické zmény (regiondlni faktor) a disturbance lesa, zplisobené
vétrnymi polomy a kiirovcem (lokalni faktor), na pfirodni prostiedi. Ackoliv se fada studii
zabyvala vlivem plsobeni kiirovcové kalamity na biodiversitu (JonaSova & Prach 2004; Miiller et
al. 2010), kvalitu vody (Beudert et al. 2015) nebo odrazivost povrchu (Hais 2003; Hais et al.
2009), efekt vlivu klirovce na odtok stale neni ziejmy.

Prvnim ptedpokladem by mohl byt ziejmy vliv klirovcové kalamity na cely hydrologicky
rezim horského pasma, ktery by mél vyznamny vliv na fluvialni procesy pozorované v zajmové
lokalité Javoiiho potoka. Nicméné, hydrologicka analyza tfi povodi Sumavy a Bavorského lesa
(Horni Vydra, GroB3e Ohe a Horni GroB3e Ohe) prokazala na vSech tiech povodich pouze drobné
zmény v celkovych ro¢nich odtokovych vyskach. Toto tvrzeni je v souhlasu s nevyznamnymi
zménami srazkovych wthrni a pfivedlo néds kbliz§i analyze trendového chovani v ramci
variablitity uvnitf roku a v rdmci ro€nich €ar piekroceni pritokll. Tato detailni analyza méla za
ukol zjistit zmény kulminacnich priatoka a frekvence vyskytu povodnovych udalosti nasledné
ovlivitujicich fluvialni procesy v experimentalnim useku Javotfiho potoka. Hlavnim zjiSténim
Ptipadové studie III je nartst nizkych pritokid v pozdnim 1été¢/brzkém podzimu, zatimco celkové
ro¢ni uhrny odtoku se nezménily. Toto tvrzeni podtrhuje vyznamny pokles evapotranspirace na
vazné poskozenych stanovistich. Tento pokles souvisi s naristem infliltrace a perkolace do
hlubsich vrstev béhem letni sezony a je pravdépodobné spojen s vyskytem kiirovcové kalamity.
Dtkazem je narGst odtokového koeficientu o 9%. Na druhé strané byl zaznamenan vyrazny
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narast unorovych (+1.8°C) a dubnovych (+4°C) teplot, ktery byl zplisoben urychlenim jarniho
tani a statisticky vyznamnym nartistem odtoku a vysokych pritokd v mésici bfeznu. Tento nartst
byl pozorovan napii¢ métitky, nadmoiskymi vySkami, krajinnym pokryvem a jeho zménou.
Uhrny a intenzita srazek ziistaly beze zmény. Trend nartstu dubnovych teplot byl reportovan
z pozorovani dlouhodobych ¢asovych tad uz v ¢lanku Béssler (2008), ktery umistil prvopocatek
existence tohoto trendu do roku 1961. Nejvyraznéjsi trend byl pozorovan v obdobi od roku 1980,
coz mohlo podle Bisslera podpofit aktivitu kiirovce. K podobnym vysledkiim vzorce teplotnich
zmén dospél Kliment et al. (2011) i v jinych pramennych oblastech Ceské republiky.

Upper GroBe Ohe Grofle Ohe Upper Vydra
23 TV vV V V 111 X IX IX I 25 1 VoIV Il I 11
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Obr. 9: Trendy relativnich percentilti odtoku (P10 P90) v obdobi od 1978 — 2011: $ed¢€ jsou vyplnény percentily
statisticky vyznamné, kdy p je minimaln¢ < 0.05; p < 0.05: *, p < 0.01: **. Jednotlivé mésice (fimské islice),
kdy byl vyhodnocen trend (p < 0.05), jsou zobrazeny v horni (narGst) a dolni (pokles) ¢asti obrazk.

Frekvence povodinovych udélosti vykazuje v Pfipadové studii [II mirny nérGst. Nicméné
kulminacéni pritoky zlstavaji beze zmény. To by mohlo znamenat celkové podhodnoceni
rizikového procesu spojeného s transportem latek zpovodi. Na druhé stran¢ chytrym
hospodaienim s vodnimi toky spojenym se zmirfiovanim povodiovych rizik by nemélo dojit
k narGistu objemu latek v priméru transportovanych jednou udélosti z pfirodniho dtavodu.
Z Ptipadové studie I je patrné, ze objem nezadoucich transportovanych latek pochéazejicich ze
splachu plochy povodi by mohl byt redukovan pfi implementaci strategii vyZadovanych
evropskou legislativou. Nicméné, bude tfeba aplikovat Cetnd opatfeni pro zmirnéni hrozby
sekundarniho znecisténi ze starych ekologickych zatézi. Vysledky ptipadové studie II mohou
slouzit jako zaklad pro vymezeni problematickych oblasti a prioritizaci navrhli opatieni.
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5. Zavéry

Prace se zabyva problematikou inicializace latkového odnosu. Téma bylo feSeno metodami
numerického modelovani za pomoci nastrojii vybranych zcelé fady dostupnych software.
Komplexni modelovaci systém byl navrzen a vyuzit v riznych prostorovych i ¢asovych méfitcich
(Ptipadova studie I, II, III). Jednotlivé pfistupy k modelovani byly srovnavany a diskutovany
z hlediska pozadavkii na vstupni data, vypocetni ¢as a piesnost vysledkil v ramci tfi Pfipadovych
studii. Pfipadové studie byly navrzeny tak, aby se zabyvaly rtiznorodymi rizikovymi procesy
spojenymi s inicializaci transportu latek, které Ize o¢ekavat v podminkach Stiedni Evropy. Model
bilance latek (Ptipadové studie I) byl sestaven v typickém perifernim rurdlnim povodi feky
Olsava, zatimco epizodické modely simulujici nestacionarni povodnové udalosti byly sestaveny
nejprve ve znecistenem prostiedi fek Labe a Biliny (Ptfipadova studie II) a dale v prirodnim
prostiedi jadra Sumavy (Pfipadova studie I1T)

Vysledkem Pripadové studie I je diferenciace zdrojii zneciSténi, kvantifikace skupiny
nebodovych zdroji a sestaveni souboru opatfeni, pro zlepSeni kvality vody v toku. Pfipadova
nezbytnych pro uvolnéni pevnych ¢astic. Hodnoty pti¢inného smykového napéti byly pozorovany
v §irokém intervalu 0.12-7.8 N-m * v piipadé jemnozrnnych sedimentii na stiednim a dolnim
toku (Piipadova studie II) a 16.3+8.2 N-m™ v piipadé hrubozrnného §térku horniho useku
(Ptipadova studie III). Tyto castice byly siln¢ znecCiSténé v Ptipadové studii II a inertni
v Ptipadové studii III.

Kromé toho byla diskutovana nestacionarita pfirodniho srdzko-odtokového procesu
(Ptipadova studie III), konkrétné vliv klimatické zmény a disturbance lesa (ktirovcova kalamita a

polomy). Nebyla pozorovana vyznamna zména kulminacnich pratokt, ale byl prokazan nartst
frekvence vyskytu povodiovych udalosti v dasledku téchto ptirodnich zmén.
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1. Introduction

The evidence of the high flow event remains within the catchment in the form of qualitative
changes of the fluvial morphology. Haddadchi et al. (2013a) states that 70—85 % of sediment
transported as a suspended load originates from surface erosion while coarse sediment originates
mostly from bank erosion processes. The majority of the material is transported during high-flow
river activity. Sediments are mobilized and accumulated accordingly to the local flow conditions,
once they exceed the threshold values, e.g. critical shear stress for erosion 1. and deposition Tcg.
According to Buzek (2000), the Moravian high-flow event observed in 1997, which had a return
period of 100 years (further used as RP), transported 51 % of the total suspended material within
the recorded period of 23 years. Similar findings result from the studies on the Middle Elbe
(Biittner et al. 2006; Schwartz 2006). Lair et al. (2009) prove the findings by long-term
evaluation of the sediment balance of the main European rivers giving an example of 222 t of
fine-grained material eroded and transported from the 32 km-long river reach of Danube River in
the year 2002, with a flood event with an RP of 100 years. As the opposite aspect of the process
and as a consequence, there are many calm water zones along the middle and lower reaches that
serve as a reservoir for the particle-mass bound complexes representing various ecological
threads. Documentation of such deposits can be found in studies of the Middle Elbe (Biittner et
al. 2006; Kriiger et al. 2006; Schwartz 2006) and Upper Rhine (Jacoub & Westrich 2006).

The knowledge of the triggering conditions for the mass transport occurrence is crucial for the
understanding of hydrological process and adequate consequences. Many engineering studies
have been performed in order to measure the initial hydrodynamic conditions for sediment
movement (e.g.El Kadi Abderrezzak et al. 2014; Wilcock & Crowe. 2003) or the influence of soil
properties on erosion (Bryan 2000) in fully- or semi-artificial channels. Those studies bring
knowledge about the reconstruction process under ideal conditions and often steady-state
hydrodynamic conditions. Those conditions are hardly experienced in nature, and can lead to
process generalization and conceptualization into mostly empirical mass transport formulae. The
innovation process in hydroinformatics enabled the incorporation of the theoretical knowledge
base into fully-integrated modeling systems, once they were well-designed and properly verified
as suitable for numerous solutions within scenario-based modeling.

Scenario modeling often uses the concept of hydrological stationarity (Matalas 1998). An
example of the utilization of the hydrological stationarity concept is the return period assessment.
This broadly-used relativization of hydrological conditions is based on the statistical evaluation
of the long-termed historical time series. Thus, the information obtained by the last epoch
evaluation tends to serve as the prediction tool (Li & Dufty 2011). However, the non-stationary
hydrologic behavior is discussed within the topics of long-term observation of runoff changes
(Dettinger & Cayan 1995; Hannaford & Marsh 2006; Wilby et al. 1997; Zampieri et al. 2015)
and the role of landscape disturbances and climatic trends in the hydrological cycle (Alila et al.
2009; Kuras et al. 2012; Zeng et al. 2013). It is therefore necessary to understand the nature of the
results obtained by scenario modeling within the non-stationary hydrological regime (Van De
Wiel et al. 2011) and to use the return period assessment as a tool for actual state results
comparison more than a prediction tool.
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2. Aims of the study

The main aim and motivation for the study was to contribute to the understanding of the causal
conditions of the mass transport initialization and to discuss the possible consequences of this
process regarding the environmental impact on the aquatic ecosystems and human society.
Several partial goals were fulfilled in order to gain the necessary knowledge base. Those partial
goals were namely:

(1) to detect and analyze risk processes connected with mass transport in various geographical
conditions of the Czech Republic;

(2) to use and critically discuss the available software packages and their combination in order
to design highly complex modeling systems with the ability of the mass transport
description regarding the causes and consequences. To discuss the possibilities of these
systems and limiting factors of the process generalization, conceptualization and
schematization,;

(3) to process the regional case studies based on the mass transport phenomena and create
valuable data for international literature.

3. Material and methods

In order to fulfill these goals, three case studies were designed and processed. The
methodological design was mostly based on the modeling tools. The methods cover the simple
conceptual WQ balance model at the catchment scale, 1D models of the flow description up to
highly complex models of the sediment transport induced by the 2D or quasi-3D unsteady flow or
the 3D model of the entire hydrological cycle. Specific issues were resolved through other
methods, such as statistical evaluation of the runoff conditions in the non-stationary hydrological
regime.

Case studies were focused on the 4 river reaches of various scales (micro-mezzo-macro)
located within different physical and socio-geographical regions with different consequences of
mass transport on the natural and socio-economic environment (Fig 1).

Case study 1

Non-point pollution mostly derives from arable land wash. The particles, bound with nutrients,
are transported downstream the catchment. The catchment of the OlSava River belongs to a
typical rural peripheral area of the Czech Republic. The WQ, although improved significantly in
last two decades, still expresses high levels of pollution by both point and non-point sources. In
order to analyze the causes of extended mass transport, the basin scale model was set up,
parameterized, and further used for the scenario modeling under land use variation and waste
water treatment intensification. The consequences of such possible changes were discussed
regarding the impact on the riparian settlement and overall good ecological status defined by the
European legislative, chiefly the WDF (2000/60/EC).
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Fig 1: Localization of the case study sites, covering various regions of the Czech Republic

Case study 11

The industrial and highly-urbanized areas that are often placed near or within the river
floodplain represent a significant source of non-point pollution of a toxic character. The dissolved
mass transport in the catchment of the Elbe River from the 1950s — 90s was regarded as one of
the most polluted in Europe (van der Veen 2006) and has decreased substantially. Nevertheless,
the fine-grained sediments that have accumulated in areas of low flow velocity (Schwartz 2006)
show an extreme concentration of heavy metals and specific organic matters. The remobilization
of those sediments and consequent release in aquatic environments could represent a significant
environmental threat (Forstner et al. 2004; van der Veen 2006). In order to qualify the probability
of the remobilization, 4 hydrodynamic models integrated with sediment mass conservation
equations were constructed (in Upper Elbe and the most polluted tributary Bilina). The models
were parameterized and simulated by using a set of synthetic boundaries. Finally, the results were
evaluated by the return period assessment.
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Case study 111

The results of the previous studies are predetermined by the actual and historical flow
conditions within a stationary hydrological system. Currently, there is no doubt on the non-
stationarity of the hydrological processes that are caused by a combination of several factors.
Among others, climate and land use changes play the key roles. For analysis of those factors, the
mountainous, fully natural catchments of the Vydra (CZ) and Grof3e Ohe (DE) served as a unique
record for the real influence of climate and vegetation cover change understanding. Javoti Brook,
located in the Bohemian Forest plateau, with a moderate slope and fully-natural channel served as
a micro-scale case study of the extended morphological changes as the consequences of floods
with a one-year return period. The morphological changes, although not representing the direct
threat for human environments, remain as a footprint of historical flood events. In order to qualify
the probability of mass-transport triggering, the hydrodynamic model was integrated with the
bank erosion and non-cohesive sediment transport module and coupled with the detailed
hydrological model of the wider locality of National Park Sumava. The causes of morphological
changes were explored and further analyzed within the non-stationary hydrological system in
order to evaluate the possible impact of the ongoing changes of the hydrological processes that
were experienced and expected. The acceleration of mass load could involve the downstream
settlement significantly, as well as the increment in the dynamic of flood events. The catchment
of Volyiika River represents an intersection with highly-dynamic mountainous processes and
dense settlement near the river reach (Vimperk). Bank erosion processes caused the destruction
of several holdings and infrastructure, thus the experimental nature of the results obtained in the
3rd case study give a socio-economical aspect and greater importance.

The most important task is to decide which process to include in the model (Van De Wiel et
al. 2011). The modeler has always to hold a reasonable balance within the objectives of the
modeling process: (1) requirement of accuracy in the results; (2) level of ambitiousness in the
data of the solution and (3) computational time (Fig 2). The lack of data for real process
description and parameterization or model calibration and verification is always one of the most
limiting factors for complex modeling studies. The data requirements of any model dramatically
increases with complexity (Aksoy & Kavvas 2005).

The solution of the tasks as defined by the cases tudies was processed by using avaliable
advanced tools of the numerical modelling from the software group MIKE by DHI. The group of
software enables the construction of fully compatible complex modelling system for the
description of causes and consequences of the hydrological response at the catchment or local
scale. The flow chart of the modeling scheme used for the purpose of this thesis is presented in
Fig 3.

In the center of the system, there is a hydrodynamic simulation of the flow parameters for the
fully-dynamic, process-based event modeling that can be substituted by simple flow balance
modeling in the case of yearly mass transport balance studies. The simulation is based on the
results of the hydrologic modeling study (Aksoy & Kavvas 2005) entering the hydrodynamic
model in the form of initial and boundary conditions. The hydrologic situation, resulting in
stream shear stress, represents the cause of the mass transport initialization in the model. The
consequence of the process is simulated in the morphological part of the scheme, within the WQ,
sediment transport, and bank erosion model. Thus, the tools configuration dynamically processes

19



Modeling of mass transport causal conditions

the results of the flow modeling (hydrodynamic or flow balance) by introducing the mass
transport differential equations at every computational point.

1D HD description with treshold 1D/1D+ HD decription with ST 2D HD description with ST
Approach . . . . .
shear stress evaluation simulation simulation
* Charasteristic cross-sections « Charasteristic cross-sections .
. e . o * Detailed Bathymetry
Requirments || ¢ Treshold flow conditions for * Cross-sectional characteristic . . .
. . . * Grid of sediment properties
sediment entrainment sediment
. Description of the axial and radial
. Mean stream velocity and mean .
Outputs Mean stream velocity and probable cross-sectional conditions for flow component. And full sediment
conditions of sediment entrainment . . transport based on stream power
sediment entrainment .
and/or concentration profile
Accuracy
LESS Computational time

Data requirments

Fig. 2: An example of methodological approach selection process. Further described in Kaiglova et al., 2015).
Methods of evaluation of sediment remobilization according the data requirements, computational time and
accuracy of results obtained.

Although several processes are connected only with a one-way flow of information, the
importance of simultaneous runs is accentuated in the modeling of morphological consequences,
since there is a feedback loop (morphological cycle loop). The bed level change directly
influences the bathymetry that is the main domain of the hydrodynamic model (e.g. Kiat et al.
2008; Simpson & Castelltort 2006; Yang et al. 2004).

From engineering studies, the movement of sediment with a specific grain size within the
artificial channel is known to start when the bed shear stress exceeds a critical point. But can this
information be transferred to a real case study? Once the proper hydrodynamic parameters and
flow conditions of triggering runoff events are found, how should the importance of such
consequences be evaluated? The probability of these occurrences (return period) of such flood
consequences can be a key factor necessary for answering such questions. Knowing such
probabilities, channels under different physical-geographical conditions are able to be compared.

Discussing the invalidity of the concept of hydrological stationarity (Matalas 1998), the aim
was to quantify and qualify the impact of climate change-induced hydrological variations on the
mass transport problem. The natural catchment of the Upper Vydra was tested together with
Grosse Ohe (Schonberg gauge) and the Upper nested catchment (Taferlruck gauge) in order to
detect any changes regarding the runoff conditions visible from long-term observations. The main
question was, “How do the distributions of runoff conditions change during the year and what
implication do these changes have on the frequency and magnitude of high-flow events?” The
non-parametric Mann Kendall test (Hirsch et al. 1982) was applied to all meteorological and
hydrological data sets to detect monotonic trends. SEN’s nonparametric method (Gilbert 1987)
was used to calculate the slope of linear trends.
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Detailed description of individual information flows displayed in the Figure 6 (1-10):

(1) Primary model input data are derived from field observations or monitoring. Constant
catchment properties are transferred within the model building blocks. Meanwhile, time
variable properties enter the model as boundary conditions in the form of a time series.

(2) Other primary model input data are the hydraulic variables entering the hydrodynamic or
flow balance model in the form of model parameters according to the schematization. Those
properties can vary with the flow magnitude (Jifinec, P., 2014; personal communication).

(3) Runoff response resulting from the hydrological simulation in the form of a time series
enters the hydrodynamic model at the upstream boundary condition.

(4) Flow parameters resulting from the hydrodynamic simulation enter to the bank erosion
and sediment transport model as parameters of the sediment conservation equations.

(5) The volume of bank material released by bank failure as calculated within the bank
erosion model enters the sediment transport model as a non-consolidated sediment source.

(6), (7) Bed level change resulting from the morphological changes calculated by the bank
erosion and sediment transport model in each time step is transferred to the hydrodynamic
model in the form of updated bathymetry — the main building block of the model.

(8) Potential sources of pollution and their volume, estimated by the catchment balance
model, are integrated with the flow balance model.

(9) Substances are routed according the average flow parameters estimated by the flow
balance model and decayed by first-order degradation, specified within the water quality
model. The individual river reaches provide information about characteristic concentrations,
flow regime, total mass transport, point vs non-point sources, and structure of individual
groups.

(10) After verification of the model results, the scenario can be proposed as variation of the
primary model inputs after running the entire modeling scheme and the results can be
compared with the model of the current state to obtain the efficiency estimate.

4. Results and discussion

The qualitative aspect of the mass transport problem can be regarded from two general
perspectives: (1) Wash load caused by non-point source pollution and remobilized by high-
flow activity, as regarded in the work of Lair et al (2009), or the approach described by (2)
Nilsson & Malm-Renofilt (2008), stressing the problems caused by less dilution and self-
purification during low-flow acitivity. The catchment-scale water-mass transport model is
capable of solving both of the aspects by including the whole year’s hydrological regime, and
therefore was selected for the Case Study I processing. Several scenarios for WQ
improvement were designed in the rural basin of OlSava river according the EU legislative
requirements and tested by comparison with the model of the current state. The model tested
the efficiency of these measures considering water pollution from both point and non-point
pollution sources and the combination of the two. The scenarios of the pollution reduction
measures were based on the implementation of wastewater treatment at small, untreated
municipal sources, application of tertiary treatment at large, communal point sources, and
grassing of arable land that was at high risk of soil erosion. (Fig 4).
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Fig. 4. Total effectiveness of two measures applied in the model of the current state of water quality in the
Olsava River Basin (Case study I) in parameters BODs, N-NH,", N-NOs, P, and COD.

The secondary output from the WQ model is the quantification of non-point sources in the
form of annual total yields and the seasonal regime. The Case Study I thus represents a
balance model of non-point pollution. Nevertheless, the studies of Aksoy & Kavvas (2005),
Buzek (2000), and Schwarz (2006) state that non-point pollution originates from the
catchment drainage during the occasional high-flow events. Thus, the mass transport during
high-flow events was considered as the main focus of Case Study II.

The primary aim of Case Study II was to identify threshold values for potential
remobilization of polluted riparian sediment in different environments associated with a
similar problem. According to Lair et al. (2009), floodplain pollution represents a severe
impact on the integrity of freshwater ecosystems. It is due to the unpredictability of the form
of non-point pollution, timing, and magnitude. Water managers have to consider all the
threats regarding mass transport by being aware of all the key sources of mass in the
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catchment. It can be direct pollution leaked in the river network by high-flow activity or
indirect (“secondary”) pollution, caused by desorption of pollutants stored in the particle-
pollutant complexes in old fluvial deposits. Such deposits tend to be remobilized mostly by
main recipient high-flow activity, and thus, the problem requires a hydrodynamic solution
approach. The problem of mass transport derived from the industrial, highly-
anthropogenically-modified river courses and riparian zones in the Elbe Basin is an example
(Case Study II).

Even though similar goals, as Case Study II presents, can be partially found in Biittner et
al. (2006); Jacoub & Westrich (2006); Lair et al. (2009), being the first numerical modeling
study on the fine-grained sediment remobilization issue in the Czech Republic, having such a
spatial extent, and due to the scarce or non-existing similar solutions in foreign literature,
there was an additional partial aim of the methodological approach design and verification.
The main prerequisites were the limited data availability and the need of an appropriate
method design for the objective evaluation and comparison of the remote sites with different
hydrological and hydrodynamic flow conditions. The remobilization of fine-grained
sediments was estimated by using various types of horizontal flow discretization (1D, 1D CS-
distributed, 1D+ and 2D) based on shallow water equations using depth-averaged modeling
approaches. The applicability of each method tested is discussed in the Table 1.

Table 1 Comparison of results for the 1D CS distributed flow shear stress maps, 1D+ with sediment transport
calculation and 2D sediment transport calculation

t[Nm?] Qm’s ]
Site ID Site description 1D CS 1D CS
distributed 10 2D gisibutea !PT 2P
B9-1 Downstream the weir 0.8 1.3 1.0 5.0 7.4 5.8
B9-2 Upstream the collapsed bridge 0.8 1.5 0.8 3.6 4.0 3.8
B9-3 Downstream the collapsed bridge 1.0 1.3 1.1 4.5 7.9 7.9
B8-1 Middle reach banks 1.0 1.1 1.0 7.0 8.1 8.0

The main contribution of Case Study II is the resulting data of the tendencies of fine-
grained sediment and its remobilization at 31 polluted sites.
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Fig. 5. Remobilization of fine-grained sediment layers at two selected sites. The left picture depicts L19 and
L20 between the Spolana chemical plant and the Vltava confluence. Sediments are already progressively
eroded after 1.5 days at the L19 site (Obfistvi) and after 10 hours at the L20 site (Libi$ska tin). Inundation is
generated from the Elbe flood with RP corresponding to 50 years (Elbe discharge is 1480 m’s', while Vltava
discharge reached 1500 m’s™"). The right picture depicts L21 and L22 downstream from the Paramo
refineries. Sediments are eroded after flooding from upstream inundation (Elbe discharge is 912 m’s ™).

The dataset resulting from the numerical modeling studies gains international importance
in representing the first classification of the secondary pollution threats caused by told
ecological burdens of the Northern Czech Republic. According to the evaluation, the
remobilization of fine-grained sediments occurs as expected when site is connected with the
transient flow. The RP of the causal hydrological conditions ranged from <l year at less
stable sites up to >100 years at sites where remobilization occurred after a high dividing
structure experienced overflow. The statistical evaluation points out areas of special interest,
most of which are situated up to 35 km upstream from the German border. Causal discharges
are reached during 150 days within an average year. Flow parameters at remobilization were
observed within the range 0.12-0.89 m-s—1 in the case of depth-averaged velocities and
within 0.12-7.8 N-m—2 in the case of bed shear stresses. As seen in the qualitative survey of
sediment deposits, numerous toxic pollutants were found to occur in alarming concentrations
at all sites. The results’ environmental aspects were therefore discussed with a view to the
threat of downstream aquatic ecosystems’ possible secondary pollution.
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Fig. 5. Schematic plan of the evaluated river network with all sites classified based on causal flow conditions.
Study sites are visualized from the border/confluence in ascending order.

Similar method as Case Study II, but focusing only on solid particle (sediment) transport
was used in Case Study III. The study was focused on the evaluation of gravel remobilization
competence in a fully-natural stream of the Javoii Brook in order to detect causal flow
conditions of fluvial changes. The remobilization of bed material consisted of well-sorted
gravel that was forced by local depth averaged velocities 1.840.1 m's™, resulting in excess
shear stress (T = T — T) varying within 16.3£8.2 N'-m™. The RP of the short discharge time
series (4 years) from the in sifu water stage measurement is difficult to estimate. Nevertheless,
the flood event recorded in June 2013 was used as the real-case boundary condition that
affected the entire catchment at a larger scale (Upper Vydra, Modrava gauge), where the long-
term monitoring and RP evaluation is available. Thus, the causal in situ discharges were
related with official monitoring data and the resulting return period of the remobilization
could be estimated as Q; — Qs.

According to Jacoub & Westrich (2006), each granulometric fraction of the sediment
sample has to be simulated individually, even though the approach eliminates particle
interactions and lead to misinterpretation of the results. The grain size was varied in order to
describe the movement of individual fractions separately. The remobilization of the middle
and higher grain fractions (D4 — Dgg) were evaluated using the arbitrary set remobilization
criteria. The method of site-specific grain entrainment relation to the causal flow conditions
was proposed. The method called “remobilization rating curves” aggregates individual results
into a general reach property (Fig 7). Thus, the method could serve for the sediment transport
competence assessment in various reaches.
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By comparing the channel morphology before and after the flood events, the magnitude of
the eroded material can be established (e.g. Eaton & Lapointe 2001; Pizzuto et al. 2010).
However, flood events are largely unpredictable; thus, the data about channel morphology
before a flood event is often missing. Remote sensing technologies can solve this absence of a
detailed topography description, as the data resulting from a remote survey can cover much
larger regions than geodetic surveys. Case Study III benefits from the presence of highly
spatially distributed datasets on channel morphology surveyed by UAV Photogrammetry
(Mitejovicky 2012-2014, unpublished results) pre- and post- flood event.
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Due to the statistical evaluation (RP) of the causal flow conditions, the results from remote
sites of different geographical conditions are comparable, bringing the overview of reach
stability and the screening of the mass transport initialization issue. The flow conditions
represented by flow velocities or excess shear stress are comparable across geographical
scales as well. Case Study I brought information about the average transport conditions that
are indirectly derived from the in-stream concentrations. Case Studies II and III refer in more
detail to the specific flow conditions necessary for mass transport initialization.
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Even in disregarding the conclusion statement of Papalexiou et al. (2013) that the
frequency of extremes values (RP) evaluated using Gamma distribution is underestimated,
thus the occasional high-flow events are not as rare as according to the RP evaluation, there is
another problem with the predictive ability of RP. All the results of this study (joined by the
RP characteristics) are based on the assumption of the hydrological stationary that, according
to Matalas (1998), cannot be achieved in hydrology, being that they are the “manifestation of
climate” (the hydrological boundary conditions). Therefore, the importance or reliability of
our results that are based on the probabilistic evaluation of RP obtained in various regions
should be discussed by focusing on the question of the hydrological stationarity. The key
drivers of the oscillations or trend behavior are different in each of the studied environments.
They can be divided into natural causes (climate change) and anthropogenic causes (channel
modification, land use change, etc.). It is necessary to focus on the “natural” oscillations,
present all over Central Europe. Those can be sufficiently described in the numerical models
and can be most directly understood by analyzing the long-term runoff time series. According
to Lu et al. (2013), who has studied sediment load response to climate change, a 1% change in
precipitation can cause a 2% change in the sediment load. Thus, the precipitation records were
studied together with temperature and land cover time-series in order to detect any dynamic
progress in each component of the runoff response.

Focusing then on the nearly-natural catchment (Case Study III) located in the core of the
Bohemian Forest (National Parks Sumava and Bayerischer Wald), the current most-discussed
topic is the influence of climate change (regional factor) and forest disturbance (local factor)
of the natural environment caused by the wind storm-induced bark beetle outbreaks. Although
there are several studies focused on the effects of the bark beetle outbreak on biodiversity
(JonaSova & Prach 2004; Miiller et al. 2010), WQ (Beudert et al. 2015), or surface reflectance
(Hais 2003; Hais et al. 2009), the effect of those drivers on the hydrological regime still
remain unclear or uncertain.

The first expectation could be that the highly-notable influence of the bark beetle
infestation on the whole hydrological regime of the mountain range would have a strong
influence on the fluvial processes observed in the experimental reach of Javoii Brook.
Nevertheless, the hydrological analysis of three Bohemian Forest catchments revealed only
small changes in annual runoff yields of all studied runoff time series (Upper Vydra, Grof3e
Ohe, and Upper GroBe Ohe). This was in accordance with the insignificant changes in
precipitation yields. Analyzing of trend behavior in intra-annual variability and high-flow
measures was later done in order to detect any effect on magnitude or frequency of high-flow
events consequently affecting the fluvial processes in the experimental reach of Javoii Brook.
In the main findings of Case Study III, the low flow measures significantly increased in the
late summer/early autumn period, while total runoft yields did not change. This underpins the
importance of diminished evapotranspiration losses from severely disturbed stands, which
enable more groundwater recharge during summer and likely describes the effect of a bark
beetle infestation. The indirect evidence of the forest disturbance effect is the 9% increment
of the runoff coefficient observed in the nested catchment of the Upper GroBe Ohe River
corresponding with 30% of the area covered by dead forest. In contrast, the overall warming
in February (+1.8°C) and April (+4°C) accelerated snow melt and significantly increased
runoff and high flows in March in all catchments, irrespective of size, land cover, or land
cover changes, while precipitation yields and intensities did not change. The increasing trend
in April temperatures was reported even from a longer time-series evaluation by Béssler
(2008), who places the first beginning of the trend existence in the year 1961. The most
pronounced trend in air temperature took place in the period from 1980, and according to
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Bissler, could support the bark beetle infestation. Similar air temperature trend patterns were
detected in other Czech headwater catchments as well (Kliment et al. 2011).
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The frequency of high flow events is slightly increasing in Case Study III, though the
magnitude remains unchanged. That could mean that the return period is overestimated,
which could be caused by the hydrological stationary assumption, and an overall
underestimation of the risk processes connected with the mass transport initialization topic.
Clever water management, connected with flood-risk mitigation, the magnitude of the
remobilization caused by individual flood events should not increase from natural causes. As
seen in Case Study I, the magnitude of wash load-induced mass transport could be decreased
by implementing strategies required by the EU legislatives. Numerous measures to mitigate
secondary pollution of aquatic ecosystems caused by the old ecological burdens must be
implemented. The results of Case Study II can serve as a basis for the detection of most
problematic sites and prioritizing measure design.

5. Conclusions

The thesis is focused on the issue of the mass transport initialization. The topic was solved
by numerical modeling methods, selected from a broad scale of evaluation tools. The complex
modeling system was designed and used at different spatial and temporal scales (Case Studies
I, II, TIT). Several modeling approaches were compared and discussed regarding the data and
computational time requirements within the 3 case studies (I-III). Case Studies were designed
to deal with different environmental risks caused by the mass transport initialization expected
in Central Europe. The mass balance model (Case Study I) was set up in the peripheral area of
the Czech Republic, represented by OlSava catchment, while mass transport process based
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models simulating the non-stationary high-flow episodes were set up first in the polluted Elbe
River environment (Case Study II) and in a natural environment in the core of the Sumava
mountains (Case Study III).

The results of the Case Study I are the differentiation of the WQ pollution sources, the
non-point pollution quantification, and the measures for WQ improvement application and
evaluation. The results of the Case Study II and III bring information about the site-specific
causal flow conditions necessary for the entrainment of solid particles, widely-dispersed shear
stresses about 0.12—7.8 N-m * and 16.3£8.2 N-m™, for fine-grained sediment of Case Study II
and coarser particles of Case Study III respectively. Those particles were heavily polluted in
Case Study II, but untainted in Case Study III.

The non-stationarity of the natural (Case Study III) rainfall-runoff process, namely climate
change and forest disturbance (bark beetle outbreak or windbreak) was discussed. No
significant role of those drivers was proven regarding the magnitude of the high-flow events,
but the increment in the frequency of those events can be expected as a consequence.
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