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Abstrakt

Disertacni prace Studie vodniho reZimu malého povodi je souborem c¢tyt studii
publikovanych nebo pfijatych k publikaci ve védeckych caspisech srlznym IF (impact
factor). Tematicky se prace vénuje problematice vodniho reZimu za pomoci vyuZziti

hydrologického modelovani.

Prvni ¢ast prace resSersni formou pokryva téma srazko-odtokového (s-0) procesu,
coz je velmi slozity mechanismus, ktery zdvisi na mnoha faktorech. Jednotlivé faze s-o
procesu jsou ve vsech fyzickogeografickych podminkach podobné, vyznam dilcich faktor(
je viak rozdilny. Rozdilnosti podstatné ovliviiuji vybér, pocet a poradi dlileZitosti parametr(
volitelnych pro sestaveni vztahu mezi srdzkou a odtokem. Déle disertacni prace predstavuje
srazko-odtokové modelovani jako velmi uc¢inny nastroj simulace chovani vody v krajiné za
riznych podminek. Tato kapitola popisuje vznik discipliny, soucasny trend a stav. Jelikoz
s-0 modely se lisSi svym vyuzZitim a postupy reSeni, je stru¢né popsdna i klasifikace s-o

modell s dirazem na charakteristiku modeld, které byly pouzity pro tuto praci.

Druha &ast prace se podrobné vénuje konkrétnim studiim odtokovych rezim(, jez
jsou logicky provazany. Je rozdélena do ¢tyf podkapitol, kde jsou predstaveny diléi vystupy.
V praci je vyuzita Sirokd skala hydrologickych modelli — jednd se o modely HEC-RAS,
HEC-HMS, KINFIL, BILAN, WBCM a SRH-2D. Antropogenni zmény a vliv ¢lovéka na odtokovy
rezim jsou demonstrovany na nékolika malych povodi v Ceské republice. Jedna se o povod;,
kde je vliv ¢lovéka vice neZz patrny (vybrana povodi: Jindfichovicky potok, Lomnice,
Radovesicka a Loketska vysypka, jezero Chabarovice). Vysledky studii potvrzuji komplexni

vyuziti hydrologického modelovani pro rfeseni této problematiky.

Klicovad slova: srazko-odtokovy proces, antropogenni vliv, vodni rezim, hydrologické

modelovani



Abstract

This dissertation thesis, Study of a small catchment water regime, is a compilation
of four studies published (or accepted to be published) in scientific journals of varying
impact factors. Thematically, the thesis focuses on the question of water regimes with

regards to hydrological modelling.

The first part explores the rainfall-runoff relationship via a detailed literature
search. The rainfall-runoff relationship is an extremely complex mechanism that depends
on many factors; although individual stages of this process are always similar regardless
of different geophysical conditions, the significance of individual factors can vary. When we
attempt to determine the exact nature of a given rainfall-runoff relationship, these
differences play a major role in terms of selection, quantity and relative significance
of optional parameters. The thesis also presents the rainfall-runoff modelling as a very
powerful tool for hydrological simulations for various environments. This chapter explains
the origins of this field of study, as well as its current state and modern trends. Due to the
fact that the rainfall-runoff models vary in their possible uses and structures of their
solutions, the thesis also briefly explores a classification of these models (with particular

focus on those models that were used in this thesis).

The second part of the thesis focuses on the individual studies of runoff regimes;
there are overlaps and ties between these studies. This part is divided into four
subchapters, each presenting a given set of results. The thesis incorporates a wide variety
of hydrologic models, specifically the HEC-RAS, HEC-HMS, KINFIL, BILAN, WBCM and
SRH-2D models. Anthropogenic modifications and the human impact on runoff regimes are
demonstrated on several small water catchments in the Czech Republic. These particular
water catchments (the Jindrichovicky brook, the Lomnice catchment, the Radovesicka and
Loketska dump catchments and the Chabarovice lake catchment) have all been impacted
quite noticeably. The results of the studies confirm the complexity of possible uses

of hydrological modelling in solving these issues.

Keywords: rainfall-runoff relationship, anthropogenic modification, water system,

hydrologic mode
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1 Uvod

Srazko-odtokovy proces je jednou z vyznamnych slozek podilejicich se na obéhu
vody v krajin€. Mechanismus tvorby odtoku je velice slozity proces, na kterém se podili
mnoho faktord. Neopomenutelny je vliv pfimé ¢i nepifimé Cinnosti ¢lovéka na odtokovy
rezim, ktery prokazala fada experimetalnich vyzkumi z riiznych &asti svéta véetnd Ceské

republiky.

Otazka ovliviiovani ptirodnich procest clovékem je v soucasné dobé velmi aktudlni
a vyznam porozuméni piirodnim procesim vzristd spolu s rostouci intenzitou
antropogenniho ovlivnéni. Lidska spolecnost je odeddvna limitovana fyzickogeografickou
sférou, ovSem Clovék ji svym plusobenim neustale upravuje a pozménuje. Tak tomu je
1 v pfipadé vodnich tokl a krajiny obecné. Ptikladem je modifikace hydrografické sité,
zmeény ve struktufe a charakteru krajinného pokryvu, roustouci urbanizace krajiny, tvorba
umélych nadrzi. Vyznam vlivu antropogennich zasahti do prostfedi vodnich toki a udolni
nivy se zcela jisté projevil pfi extrémnich hydrologickych situaci ve 20. a 21. stoleti, at’ uz
ve form¢ povodni ¢i naopak pti hydrologickém suchu, a proto se tato problematika dostala

do popfedi zajmu ¢etné skupiny odbornikd.

Velmi u€innym a komplexnim nastrojem simulace chovani vody v krajiné za
riznych podminek je hydrologické modelovani. Zacatek historie hydrologického
modelovani spada do 40.-50. let 20. stoleti. Vyuzivani a vyvoj matematickych modeld stale
roste, jelikoz roste potieba nachazet nové technologie, které by napomohly lepsi predikci,
analyze 1 hodnoceni vétsich srazkovych epizod ¢i naopak sucha. S-o modely zahrnuji Sirokou
oblast vyuziti. Do dne$ni doby byla vyvinuta fada modelt, které vyuzivaji riizné postupy
feSeni. Potfeba nalezeni presnych modeld ke konkrétnim vodohospodaiskym situacim si

vyzadala klasifikaci s-o modelt.



2 Srazko-odtokovy proces

Srazko-odtokovy proces, nebo-li pfeména srazek na odtok, je pfedmétem zajmu
znaéné¢ho poctu svétovych hydrologl. Nedilnou souc¢ésti tohoto procesu je odtok vody
z krajiny, coz je komplikovany mechanismus, ktery podléha mnohym ptirodnim
zékonitostem (Blazkova 1993). Jednotlivé faze s-o procesu jsou ve vSech
fyzickogeografickych podminkach podobné, vyznam dil¢ich faktord je vSak rozdilny.
Rozdilnosti podstatné ovliviiuji vybér, pocet a potadi dilezitosti parametrii volitelnych pro

sestaveni vztahu mezi srazkou a odtokem.

Prvnim krokem tvorby odtoku ze srazek je intercepce, tzn. Ze ¢ast spadlych srazek je
nejprve zachycena a akumulovana na povrchu vegetace, kde zastavaji a nedopadaji na
povrch. Na vlastnim povrchovém odtoku se vSak nepodili vSechny spadlé srazky. Kromé
intercepce hraje vyznamnou roli retence v mikrodepresich zemského povrchu (tzv. detence)
¢1 evaporace a transpirace, které téz neptispivaji k odtoku. Efektivni srazky jsou tedy srazky,

které vytvareji povrchovy odtok.
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Obr.c.1: Obecnd struktura srazko-odtokového modelu (Jenicek 2007b)

VétSina srazek je infiltrovana do pldy. Infiltrace pfi¢inného desté probiha
v nenasyceném pudnim prostiedi a jeji velikost i ¢asovy pribeéh vyrazné ovliviiuji proces
povrchového odtoku (Kovar 1990). Srazky nejprve infiltruji do pady tzv. preferenénimi
cestami, coZ jsou drobné struktury naruSeni pudni kompaktnosti, které umoznuji snadné;si

a rychlejsi proudéni vody do pady. Pfi vétsi intenzité desté dochazi zaroven K infiltraci do



pudy. V pudé se voda gravitaéné pohybuje do hlubsich horizonti az k hladiné podzemni
vody (Danhelka 2007). V okamziku, kdy intenzita desté piekroci infiltracni ¢i retenéni
kapacitu pudy, ptebyvajici dést’ se zacne hromadit a vyplnuje deprese na povrchu terénu. Po
piekroceni infiltra¢ni kapacity, rychlosti nebo v ptipad¢, Ze srazka dopada na nepropustny
povrch je generovan povrchovy odtok (surface runoff). Vznik povrchového odtoku podléha
tiem zakladnim teoriim. Piekro¢enim infiltracni rychlosti (infiltration excess) vznika
nejzndmé;jsi koncepce povrchového odtoku tzv. hortonovsky odtok. Prekrocenim retencni
kapacity (saturation excess) vznika tzv. dunneho odtok. Zakladni rozdil mezi hortonovskym
a dunneho odtokem je, Ze pfi hortonovském odtoku se ptida nasycuje srazkami shora,
zatimco pfi ,, saturation excess“ podpovrchovou vodou zdola. OvSem napf. Naef 2002 mini
pod pojmem hortonovsky odtok jak vznik odtoku po piekroeni infiltraéni kapacity, tak
| povrchové retence. Tieti teorie uvazuje opétovnou ,,exfiltraci“ vody (return flow) v nizsich
Castech svahu, kdy se jiz jednou infiltrovana voda vraci zpét na povrch a déale odtéka

povrchové (Beven 2006). Vsechny tfi situace ndzorné ilustruje obr. ¢. 2.

Obr. ¢.2: Vznik povrchového odtoku, a) infiltration excess, b) saturation excess, c) return flow;

P —srdzZky, qo — povrchovy odtok, qr — vratny odtok, gs — podpovrchovy odtok (Beven, 2006)



Odtok vody z povodi Ize délit na povrchovy a podpovrchovy odtok. Do uzavérového
profilu povodi se voda dostava ob&éma zpusoby (Sulcova 2008). Rozlifuje se povodi
povrchovych vod, které je ohrani¢eno orografickou rozvodnici a povodi podpovrchovych
vod ohranic¢ené rozvodnici hydrogeologickou (Hradek, Kuiik 2002). Rezim odtoku je
analyzovén z hledisek svych slozek — ptimého a zakladniho odtoku, které se 1isi svou genezi.
Ptima slozka odtoku je odezvou na srazku nebo tani, zatimco zakladni slozka je vyslednici
dlouhodobeé redistribuce podzemnich vod (Kulhavy, Kovat 2000). Povrchovy odtok je tedy
odtok pfimy a tvofi tzv. rychlou ¢ast odtoku. Podpovrchovy odtok je délen na hypodermicky
a podzemni. Hypodermicky odtok zahrnuje slozku rychlou a zpozdénou podle rychlosti
nasyceni padniho profilu zpisobené intenzitou srazek. Podzemni odtok spolu se zpozdénou
slozkou hypodermického odtoku tvofi zakladni odtok. V podpovrchové nenasycené pudni
z6n¢ aerace dochazi k hypodermickému odtoku (interflow), ktery vznika proudénim v mikro
a makroporech. V zon¢ aerace dochazi k infiltraci a na svazich k laterlnimu proudéni
infiltrované vody. Hypodermicky odtok nastane v situaci, kdy do pady infiltrovana voda
stéka po mélce ulozené a malo propustné vrstvé a vyvérd opét na povrch (Janecek et al.
2002). Spolu s povrchovym odtokem tvofti rychla ¢ast interflow piimy odtok (direct runoff),
ktery se formuje zpocatku desté (Beven 2006). Podle Daihelky (2007) (u propustnych
povrchti povodi) piedstavuje hypodermicky odtok nejvétsi slozku odtoku pfi intenzivnich
srazkovych udalostech.

Béhem trvajiciho desté postupné dochézi vlivem reten¢niho G¢inku terénu ke
zvySovani akumulace vody na povrchu povodi. Retence v korytech stoupa az do okamziku
maxima odtoku. Po dosazeni kulminace pokracuje odtok z povrchové i korytove fi¢ni
retence az do vycerpani zasob, pti¢emz dochazi ke kulminaci podpovrchového odtoku
(Beven 2006). Soucasti podpovrchového odtoku je podzemni odtok v nasycené zoné
saturace (groundwater flow). Tento odtok je realizovan z podzemnich vod, kdy perkolace
(hluboka infiltrace) doplnuje zasobu podzemnich vod, a mize probihat i v suchém obdobi.
Zakladni odtok (base flow) je tvoien opozdénym hypodermickym odtokem a podzemnim
odtokem. Z&kladni odtok neni konstantni v ¢ase, méni se s intenzitou desté a jeho prabeh je

spojen s procesem infiltrace (Beven 2006).

Zakladni teorii feSici transformaci srazky odtokem popisuje Teorie jednotkového
hydrogramu, jejiz zéklad byl poprvé publikovan v roce 1932 Shermanem (Bedient, Huber,
1989). Teorie jednotkového hydrogramu vyjadiuje princip unikatni superpozice ve formé

Casové rozlozeni odtoku z jednotky pfi¢inné srazky (Danhelka 2007). Jednotkovy
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hydrogram (UH — Unit Hydrograph) je unikatni pro kazdé povodi, coz je dano
spoluptisobenim fyzicko-geografickych faktorti v odtokovém procesu.

Teorie jednotkového hydrogramu v rtiznych modifikacich a ve spojeni s dalSimi
hydrologickymi postupy je jednou z nejuzivanéjSich metod pro urceni povodinového odtoku.
Metoda jednotkového hydrogramu patii mezi metody, ve kterych se povodi schematizuje na
systém popsany transformacni funkci. Ta zprostiedkuje transformaci vstupu (¢asového
prabéhu srazek) na vystup (Casovy prubéh odtoku). Jednotkovy hydrogram je odezvou
povodi na efektivni dést’ jednotkového objemu. Jedna se o pratokovou vinu pfimého odtoku
v zavérovém profilu, ktera je zplsobena jednotkovou srazkou s jednotkovym objemem
(Blazkova 1993). Matematicky je tato metoda vyjadiena Konvolu¢nim integralem, ktery se
v diskrétni formé blizi k sumaci pfirGstkid. Je zdkladem fady matematickych modeld,
znamych jako ,,black box*.

Teorie UH podléha nekolika kritériim (Feldman 2000):

e Princip linearity (assumption of linearity) — pfimy odtok v ur¢itém casovém
intervalu je ptimo umérny odpovidajici vstupni pfi¢inné srazce.

e Princip casové invariance (assumption of time-invariance) — velikost piimého
odtoku neni z&visla na dob¢ vyskytu srazky, ktera zpusobila odtok.

e Pri¢inna srazka je s konstantni intenzitou uniformné prostoroveé distribuovana béhem
daného ¢asového intervalu.

e Pri¢inna srazka urcitého trvani zpasobi vzdy stejné dlouhou odtokovou odezvu
nehledé na intenzitu srazky.

e Princip superpozice — pratoky zptasobené po sobé nasledujicimi desti mohou byt
vypocéteny sec¢tenim pratokt vyvolanych jednotlivymi desti, s uvazenim ¢asu jejich

vyskytu (Blazkovéa 1993).
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Obr.c. 3: Bezrozmérny jednotkovy hydrogram (Kovadr 2010)

2.1 Faktory ovlivitujici odtok (klimatické, fyzickogeografické a antropogenni)

Odtok z krajiny ovliviuji rizné faktory, které se uplatiuji za konkrétni situace a za

Obecné miZeme Cinitele, které ovliviiuji odtokovy proces, rozdé€lit na predbézné
a pricinné. Predbézné charakterizuji stav podminek pred vyskytem pfi¢inného desté jako
napf. nasycenost pudy, teplota vzduchu, vlhkost ovzdusi atd. Pfi¢innymi parametry jsou
srazky, resp. jejich velikost, doba trvani a intenzita (Hladny 2008; Maté&jicek, Hladny 1999;
Langhammer 2009).

Perlman (2005) rozdéluje faktory ovliviiujici odtok do tii kategorii: meteorologické
(druh srazky, jeji intenzita, velikost, délka trvani a ostatni meteorologické a klimatické
prvky), fyzickogeografické (velikost, tvar a sklon povodi, nadmotska vyska, délka toku, typ
pud, hydraulické parametry aj.) a antropogenni (napf. zastavba, zmény land use,
antropogenni upravy v korytech a nivach fek). Netopil (1984) zdiraziuje tyto faktory
ovlivitujici  odtok: fyzickogeografické poméry povodi (poloha kazdého povodi
— hydrograficka poloha, tzn. poloha vi¢i ostatnim povodim, vlastnosti relié¢fu — vyskoveé,

sklonové poméry), klimatické poméry, vliv pidy, vliv vegetace a samoziejme
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neopominutelny vliv ¢lovéka. Souhrnné mezi nejvyznamnéjsi faktory patii podle Hradka
(1990):
o Faktory klimatické (srazky, evapotranspirace);
e Orografické poméry povodi (vyskové a sklonové poméry);
e Geologické a ptidni poméry povodi;
e Vegetacni kryt a zptisob vyuzivani krajiny v povodi;
e Akumulace vody v povrchovych depresich, nadrzich, bazinach;
e Antropogenni ¢innost v povodi.
Rozdéleni atmosférickych srazek spadlych na zem na jednotlivé funkéni slozky
a vsakovani vody z povrchu do zemé¢ zélezZi na 4 hlavnich Cinitelich (Hynie, 1961):
a. na vlivech podnebnich
b. na tvafnosti zemského povrchu
c. narostlinném porostu
d. na geologickém slozeni a utvareni reliéfu
Na vytvateni odtoku ma vliv vice &initeltl, Cermak (1968) ve své studii uvadi celkem
11 faktort: velikost povodi, tvar povodi, sklon povodi, primérna nadmoiska vyska, délka
toku, vegetace (pfedevSim lesnatost), retencni prostory, primérny ro¢ni thrn srazek,
primérny soucinitel odtoku (zastupuje propustnost pid), hydraulické parametry (soucinitel

tvaru povodiové viny, stfedni nebo maximalni rychlost toku).

V naSich podminkach jsou prevladajicim zdrojem povrchového odtoku atmosférické
srazky (dést’ a snih). Jejich mnozstvi, plosné a asové rozdéleni predurcuje i reZim nasich

toku.

2.1.1 Klimatické faktory

V piirodnim prosttedi Ceské republiky jsou hlavnim zdrojem vody atmosférické
ajeho rozlozZeni v Case. Zavislost odtoku na srdzkéch je vazana na druh srazky, jeji intenzitu,
velikost, dobu trvani a na jeji ¢asové a prostorové rozlozeni.

Vyznamny vliv na odtokovy proces ma smér postupu srazkového jadra. Postupuje-li
ve sméru toku, vznikaji nebezpecnéjsi situace, nebot’ dochazi k postupnému nasyceni povodi
(Némeckova 2005). V Ceské republice nejvice srazek piichazi zapadnim proudénim, proto
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napt. v roce 2002 byla povoden rozsahlej$i na Berounce nez na Séazaveé, kde srazky
postupovaly proti sméru toku.

Desté o nejvétsich intenzitach se u nas vyskytuji prevazné v letnim obdobi a jsou
schopny vytvofit katastrofalni povodné hlavné na tocich, které tvoii mald povodi.
Kratkodobé intenzivni srazky se v povodiiovém hydrogramu projevuji rychlym nartistem
pratoku a pak jeho rychlym navratem na ptivodni hodnoty zakladniho odtoku. Tato srazka
ale zpravidla nedoplni zasoby podzemni vody. Naopak méné intenzivni srazky se projevuji
pozvolnéjsim nartistem vodnich stavli a dosazeni kulmina¢niho priatoku trva delsi dobu. Zde
ma hlavni vliv na velikost odtoku délka trvani srazky a nasycenost povodi. Pokud spadne
srazka s velkym objemem do povodi saturovaného vodou z piedchozich destd, kulminaéni
pritok dosahuje mnohonasobné vysSich hodnot. Tyto déletrvajici regionalni desSté se
v naSich zemépisnych Sitkach vyskytuji nejcastéji v 1ét€ a na podzim a mohou zpusobit

rozvodnéni celého fi¢niho systému vétsich toka (Kemel 1980).

V zimnim obdobi se srazky zpravidla akumuluji v podobé snéhu, ktery pokryva
povrch povodi a neucastni se odtoku. Vodni toky jsou dotovany pievazné ze zasob
podzemnich vod. Na pribéh vodnosti v zimnim a jarnim obdobi s dostatkem sné¢hu ma
zéasadni vliv ¢asovy priibéh teplot vzduchu. Tani snéhu a spontannost povrchového odtoku
muize byt znané zvyraznéna vypadavanim relativné teplého desté do sn€hové pokryvky
(Kralovec 2006). Teplotni stratifikace v tomto obdobi, pfislusejici riznym nadmoiskym

vvvvvv

hodnoty specifického odtoku nez za normalnich okolnosti.

DalSim faktorem, ktery zasadné ovliviiuje proces odtoku a jeho velikost, je vypar.
Vypar je ptimym disledkem rozdilu napéti vodnich par vypafujici se vody a pfilehlého
ovzdusi. Zavisi tedy bezprostiedné na vlhkosti vzduchu, ktera byva nejcastéji vyjadfovana
sytostnim doplitkem. Vypar je v ptimé zavislosti s teplotou vzduchu. VSeobecné se da fici,
ze s rustem nadmotské vysky vzrlstd srazkovy uhrn a klesa (v diisledku poklesu teploty
vzduchu) i velikost vyparu. Znamena to, ze se vzrustem nadmotiské vysky budeme za

normalnich okolnosti pozorovat zakonity vzriist odtoku.
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2.1.2 Fyzickogeograficke faktory

Fyzickogeografické faktory jsou rozhodujicim Cinitelem pii ¢asové i prostorové
distribuci srazek spadlych v daném povodi a pfi jejich pfeméné na urcitou formu odtoku.
Mezi nejdulezitéjsi Cinitele patii vlastnosti povodi, vliv reliéfu, geologické a piidni poméry
a vegetacni kryt. Tyto faktory jsou urcujici pro to, jaky podil srazek odtece po povrchu nebo
bude infiltrovat do ptidy, a jak rychle se voda dostane do koryt vodnich tokti nebo bude plnit
zasoby podzemnich vod.

Podrobnéji se analyzou chovani odtoku a jeho nasledné odezvy na pficinnou srazku
zabyval v prvni poloving 20.stoleti americky hydrolog R. E. Horton. Po mnoho let byla jeho
infiltra¢ni teorie (nebo teorie povrchového odtoku) vysvétlenim projevi odtoku v krajing.
Nicméné postupem doby, s vyvojem dalSich zkoumani a poznani, byly nad jeho teorii
vzneseny pochybnosti a doslo se k zaverim, Ze tento model je pouzitelny jen za specifickych
okolnosti. V roce 1967 piisel Hewlett s modelem proménlivych zdrojovych ploch — variable
source areas. Tento model souvisi s nasycovanim ptidnich vrstev vodou a poskytuje piesnéjsi
reprezentaci odtokového procesu v SirSich podminkach. Touto problematikou se dale

zabyvaji napt. Hlav€ova 2001, Asce 2003, Stomph 2002, Cantén 2001 a Laganathan 1989.

Charakteristika | Hortonovsky povrchovy odtok MNasyceny povrchovy odtok
Srazky silné zavisly na intenzité srazky vice zavisly na trvani srazky
dileZitost infiltracni kapacity ddlezitost propustnosti hlubgich
Infiltrace povrchu pldnich horizontd
Casové zatina brzy po zafatku desté, kdy?z zatina pouze, pokud je plda
rozmisténi Je jeho intenzita dostatetné velka nasycena vodou

humidni oblasti s hustou vegetaci
a dobfe vyvinutymi padami; omezen
jen na ablasti s vodou nasycenou
plidou

semiaridni oblasti s fidkou vegetaci
a mélkymi padami; vyskyt na celé
ploSe povodi

Prostorové
rozmisténi

linearni nardst odtoku dolipo | | .......
svahu

Zmény na svahu

Obr. ¢. 4: Srovnadni vlastnosti Hortonovského povrchového odtoku a nasyceného

povrchového odtoku (Fluvidlni geomorfologie 2003)

Nékteré z fyzicko-geografickych ¢initelt odtoku jsou neménné (geologické poméry,
reliéf), jiné faktory naopak mohou byt vice ¢i mén¢ ménény lidskou ¢innosti, coz se podle

druhu a velikosti zmény projevi i v odtoku vody (vegetace).
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Vlastnosti povodi

Mezi vlastnosti povodi ovliviiujici odtok patii velikost, tvar povodi a hustota fi¢ni
sit¢. Velikost a tvar povodi jsou charakteristiky, které rozhoduji o ¢ase potfebném k tomu,
aby voda z ruznych dil¢ich ploch povodi dotekla do zavérového profilu. Povodi, ktera jsou
Uzk& a protahla, maji obecné niz$i parametry kulminaci odtoku ve srovnani s vé&jifovitymi
povodimi stejné velikosti. Je to dané tim, ze u nich existuje delsi doba odtoku vody
z nejvzdalenéjsich ¢asti povodi do zavérového profilu, tj. doba koncentrace (Kemel 1980).

Je logické, ze se zvétSujici plochou povodi bude rist doba koncentrace. Vinou
delsiho zdrzeni srazkové vody v povodi dochazi k tomu, ze voda ma moznost po delsi dobu
infiltrovat do ptidy a vyparovat se. To ma za nésledek, Ze s rostouci velikosti povodi se bude
sniZzovat specificky odtok (runoff efficiency) (Dub 1969). Z toho vyplyva, ze velikost povodi
je pfimo zavisla na dob¢é koncentrace, ale nepiimo zavisla na specifickém odtoku (Kemel
1980). Hustota ficni sit¢ je proménlivy faktor, ktery vyjadiuje podil thrnné délky toku
a plochy povodi. V oblastech s vétsi sklonitosti a vys$§$imi srazkovymi thrny (za jinak
stejnych podminek) vznika erozni ¢innosti ¢lenitéjsi terén s podélnymi ryhami, kterymi bud’
permanentné nebo obcas protéka srdzkova voda. V téchto oblastech je tedy zpravidla vétsi
hustota fi¢ni sit¢ a oblast je 1épe povrchové odvodnovana. Mald hustota fini sité je
nepiimym ukazatelem urcitych geologickych a ptidnich pomért (dale malé hustota fi¢ni sité
poukazuje na srazkovou dotaci oblasti). Svéd¢i to o propustnéj$im uzemi, ve kterém

srazkova voda lehce infiltruje a povrchovy odtok neni tak vyrazny (Kemel 1980).

Vliv reliéfu

vvvvvv

tim jsou rychlosti stékani vyssi a moznost vsaku mensi. V mistech, kde je reliéf terénu plossi,
voda ziistava po urcitou dobu v prohlubnich a miiZe se zna¢nou mérou uplatnit vsak 1 vypar.
Krom¢ sklonitostnich pomért hraje v procesu odtoku vody z povodi velkou roli
1 horizontalni a vertikalni Clenitost povodi. Pokud nejsou strmé a delsi svahy chranény
odolnym vegetatnim pokryvem, zpiisobi tangencidlni napéti proudici vody rozruSovani
a odnos hornich vrstev ptidy (plo$nou a ryhovou erozi).

Vliv uvedenych vlastnosti reliéfu povodi na odtok vody nemusi byt vzdy

jednoznacény v tom smyslu, Ze na hustéji roz¢lenéném a sklonit&j$im povrchu musi byt vétsi

a rychlejsi odtok. V horskych oblastech byva jeho wvelikost i rychlost daleko vice
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ovliviiovana drsnosti povrchu svahtl, vyskytem drobnych depresi, ve kterych se mize voda
akumulovat. Pokud nejsou strmé svahy pokryty vegetaci, stékajici voda v horach méa
zna¢nou rychlost (Kemel 1980).

K intenzivnimu vsakovani vody do podzemi pfispiva i humus a lesni hrabanka, které
maji v mistech s vys$i vlhkosti a propustnosti vétsi schopnost vodu rychle pfevadét pod
zemsky povrch. Takové svahy maji i vysokou akumulaéni a reten¢ni schopnost. Naopak na
svazich s hladkym povrchem bez ¢etnéjsich depresi dochazi k velkému povrchovému odtoku
I na plochach zalesnénych.

V Ceské republice piibyva ve zvétralinovém plasti s rostouci nadmotskou vyskou
hrubych ulomkl a suti, které spolu s balvanovymi moii pokryvaji z velké ¢asti svahy
nejvysSich horskych pasem. Znaény pramérny odtok v nasich horach nesouvisi s velikosti
povrchového odtoku, ale spiSe s vy$§im podilem podzemnich vod, které se pii

intenzivnéjsich a CastéjSich srazkach neustale obnovuji (Netopil 1984).

Geologické a piidni poméry

Geologické poméry mohou ovliviiovat infiltraci vody pod zemsky povrch. Mira
jejich Gc¢inku zéavisi na stupni propustnosti a podrovitosti horninového podlozi. Toky
odvodiujici povodi sloZend z nepropustnych vrstev se vyznacuji zvySenou extremitou
odtoku a nizkou zasobou podzemni vody. Zna¢né vyrovnangjsi charakter odtoku existuje
v povodich propustnych, kde bohaté zasoby podzemnich vod jsou vyznamnym regulatorem
odtoku.

S charakterem geologického podloZi zce souvisi 1 plidni poméry, jenz rozhoduji
0 moznosti vsaku vody a tim o velikosti a rozlozeni odtoku. Intenzita vsaku vody do plidy
zavisi na jejich fyzikélnich vlastnostech. S mnozstvim nekapilarnich pori intenzita vsaku
roste. Zména struktury pidy vyvolava zménu intenzity vsaku a zakonitosti pohybu vody
v pudé. V mistech, kde je povodi tvofeno propustnymi ptidami, se srazkova voda vsakuje do
niz8ich horizontdi, obohacuje zasoby podzemnich vod, které jsou pak hlavnim zdrojem
vodnosti tokll v uvedenych oblastech. I propustné plidy se ale po zaplnéni vzduSnych prostor
vodou stavaji nepropustnymi, zvlasté zamrzne-li voda v porech. Za téchto podminek mohou
vznikat velmi nebezpecné a extrémni odtokové situace (Kemel 1980).

Srazko-odtokovy vztah postihuje 1 tzv. ,,metoda ¢isel odtokovych kiivek — CN*,
kterou zavedla Sluzba na ochranu ptidy (SCS) v USA. Jedna se o jednoduchy model, jenz se

pouzivd pro vypocet charakteristik povrchového (resp. pfimého) odtoku zpiisobeného
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pfivalovym de§tém z povodi o plose od 5 do 10 km? Metoda CN kiivek je pouzitelnd
K posuzovani vlivu zptsobu vyuzivani povodi, protieroznich opatieni a dalSich zmén na
velikost povrchového odtoku a k navrhovani a posuzovani technickych protieroznich
opatfeni. Metodu nelze pouzit pro vypocet odtoku z tdni sné¢hu. Zakladnim vstupem je
srazkovy uhrn (ovSem predpoklada se jeho homogenni rozlozeni po plose povodi). Vyska
srazek je transformovan na vysku odtoku. Hodnoty CN kiivek jsou zdvislé na
hydrologickych vlastnostech ptid (infiltraci, obsahu vody v pud¢, vegetacnim pokryvu,
velikosti nepropustnych ploch, retenci — resp. intercepci a povrchovou akumulaci). A proto
jsou odvozeny 4 hydrologické skupiny pad (A — D). Cisla odtokovych kiivek CN jsou tudiz
urc¢ovana dle hydrologickych skupin ptid (na zékladé minimalni rychlosti infiltrace vody do
pudy bez pokryvu po dlouhodobém nasyceni), vlhkosti plidy (na zdkladé indexu ptedchozich
srazek) a vyuziti pady (Janecek 2002, 2008).

Charakteristika hvdrologickvch vlastnosti Skupina

Piidy s vysokou rychlosti infiltrace (> 0,12 mmmin™) 1 pfi Gplném vysyceni, zahrnujici

pievainé hluboké, dobfe az nadmémé odvodnéné pisky nebo Stérky. A

Pudy se stiedni rychlosti infiltrace (0,06 — 0,12 mm.min”) i pit1 uplném nasyceni, zahrnujici
prevazné pudy stiedné hluboké az hluboké, stredné az dobfe odvodnéné, hlinitopiséité az B
jilovitohlinité.

Pidy s nizkou rychlosti infiltrace (0,02 — 0,06 mm.min™) i pfi iplném nasyceni, zahrnujici

pirevazné pudy s malo propustnou vrstvou v pidnim profilu a pudy jilovitohlinité az jilovité C
Pidy s velmi nizkou rychlosti infiltrace (< 0,02 mmumin’) i pii tUplném nasyceni,
zahrnujici pievazné jily s vysokou bobtnavosti, pady s trvale vysokou hladinou podzemni D

vody, pudy s vrstvou jilu na povrchu nebo tésné pod nim a mélké pudy nad téméf
nepropustnym podlozim.

Obr. & 5: Hydrologické skupiny pid (VUMOP 2011)

Vegetacni kryt

Dalsim faktorem, ktery bezesporu ovliviiuje srazkoodtokové procesy v povodi je
vegetatni kryt, a to nejen kvuli ¢astecnému zachyceni srazek, ale také kvili ¢asovému
rozdéleni odtoku. Zatimco na piidu bez vegetace pusobi srazky bezprostiedné, rostlinny kryt
odtok modifikuje (ma do jisté miry tlumici vliv). Zde je potieba zdlraznit funkci lesa.
Stromy svoji korunou mohou ¢ast srazek zachytit, umoznit vypar a ptipadné odvést vodu po
kmeni pfimo pod zem. Traviny a polni rostliny tuto schopnost do jisté miry postradaji.
Vegetacni kryt muze také brzdit proudéni povrchové vody, coz ale zavisi na hustoté a druhu
rostlinnych jedinct. To znamena, Ze se celkova doba odtoku prodluzuje, a tim padem

dochazi ke snizeni kulmina¢nich odtokt a splachu z povodi.

18



Vliv lesa na srazko-odtokovy proces je predmétem mnoha vyzkumit, které se
provadéji na riznych experimentalnich povodi po celém svét€. Zakladnim cinitelem
srazko-odtokovych procest v lesich pro vznik odtoku jsou atmosférické srazky, jejich
intenzita, doba trvani, skupenstvi a plosny rozsah. Ve vodni bilanci lesnich ekosystému hraje
vyznamnou roli n¢kolik procesti. Prvnim procesem je intercepce, to znamena zachyceni
srazky vegetaci. Srazky se na rostliny vazi povrchovymi silami, takze voda nemize stékat
ani odkapavat k padé a podléha vyparu. Cast vody je v korunach stromtl zadrzovana jen
docasné, mize odkapavat, byt setiasdna vétrem nebo stékat po kmenech k povrchu (coz také
zavisi na druhu vegetace).

Vegetacni kryt tedy také ovliviiuje hydrologickou bilanci povodi. ,,Hydrologicka
bilance je obecné porovnani prirastka a ubytka vody a vyhodnoceni zmén vodnich zasob
v povodi, v hydrogeologickém rajonu, v Uzemi nebo ve vodnim Utvaru za dany ¢asovy
interval z hlediska mnoZstvi a jakosti vody, které charakterizuje prostorové a ¢asove
rozdéleni vody v piirodnim prostiedi (Neruda, Slavik 2004). Hydrologicka bilance
vyjadiuje celkovou zménu zasob vody na plose povodi za ¢asovy interval a je vyjadiena

vztahem:

P=ET+Q £AS

1eve
pedo™ /

Obr.¢. 6: Hydrologickad bilance (Serrano 1997)
Vysvetlivky: P — srazky, Q - celkovy odtok, Gi - pritok podzemni vody, Go - odtok podzemni vody,
ET — evapotranspirace, AS - mnozstvi vody, které zvysilo nebo snizilo zasoby povrchové a podzemni vody.
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Ve vodni bilanci lesnich ekosystémii se zpravidla vyd¢€luji tfi zakladni ztratové
polozky — kromé intercepce jesté evaporace (fyzikalni vypar z povrchu ptudy) a transpirace
(fyziologicky vypar dievin a bylinné vegetace), souhrnny nazev — evapotranspirace
(Cernohous 2002). Podle Kantora (2003) je evapotranspirace dievin ovliviiovana vedle
vlastnich vnitinich charakteristik vegeta¢niho krytu (strukturou dievin, vékem, zdravotnim
stavem porostll) zejména nabidkou vody v pid¢ a povétrnostnimi Ciniteli.

Lesni ptdy jsou typické kvili uspofadani svrchnich vrstev pudy a také specifickou
infiltraci. Na povrchu ptd se nachéazi hrabanka a pod ni je vrstva nahromadéni humusu, tyto
vrstvy se vyznacéuji vysokou infiltraéni kapacitou pro atmosférické srazky. Celkové je v lesni
pudé snazsi retence srazkové vody a tvorba mélkého hypodermického odtoku vody aeracni
vrstvou pudy. Tento podpovrchovy odtok tvofi u lesnich pid vyznamnou slozku celkového
odtoku z lesniho povodi (Kantor 2003). Proces infiltrace je ovlivnén jednak intenzitou
a Casovym trvanim srazek a jednak charakterem pudniho prostfedi (zrnitost, pocatecni
nasyceni).

Klimatické zmény i zmény ve vyuzivani pozemkil a charakteru vegetace maji
bezesporu vliv na hydrologickou bilanci povodi. Tento rezim je mozné dobie prezentovat
jednotlivymi  komponenty hydrologické bilance. Tato bilance v ¢&asovych krocich
kvantifikuje hydrologicky cyklus (Kovar, Kiovak 2011). Existuje nékolik modelt
hydrologické bilance. Pro stanoveni hydrologické bilance pro Ceskou republiku pouziva
CHMU model SimBa, ktery hydrologickou bilanci povodi pogita v konstantnim ¢asovém
kroku jeden mésic. Vyjadiuje zakladni bilan¢ni vztahy na povrchu povodi, v zoné€ aerace, do
niz je zahrnut i vegetaéni kryt povodi a v zoné podzemni vody (VInas 2011). VUV TGM
vyviji model hydrologické bilance BILAN (At = 1 mésic, nebo 1 den), na CZU se pouziva
napt. model WBCM-5 (At =1 den).

2.1.3 Atropogenni faktory

Antropogenni vliv na odtok vody v krajiné je velmi riiznorody a mliZze nabyvat mnoha
podob. Z tohoto hlediska je proto obtizné vyclenit veSkeré lidské aktivity, které by se na
ovlivilovani odtoku vyrazné¢ podilely. Pii zjistovani faktori, které hraji ve
srazko-odtokovém procesu nejvyznamnéjsi roli, se klade diiraz na sledovani jejich vlivu na
velikost a rozlozeni odtoku, pfipadné na mnozstvi unaseného materialu a kvalitu vody.

Langhammer (2004c¢) uvadi, Ze mezi tyto faktory patii zejména:
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zmény ve vyuziti uzemi (land use), ve struktufe a kvalité krajinného krytu (rtst
a Vyvoj vegetace);

plosné odvodnéni krajiny;

zkraceni fiéni sit€;

upravy koryt tokt;

charakter vyuziti dolni nivy (Langhammer 2004c).

Dalsi neopominutelné faktory:

krom plo$ného odvodnéni krajiny také vliv zavlah;
hospodateni na zemédélskych pudach;

hospodareni v lesnich ekosystémech.

Dalsi rozdéleni faktort plynouci pouze ze zmén vyuziti land-use:

odlesnéni krajiny;
intenzivni zeméed€lstvi;
urbanizace a industrializace krajiny;

vystavba vodnich nadrzi (Kralovec 2006).

Konkrétnéjsi rozd€leni faktorti (Smolova 2011): ztrata retenénich schopnosti krajiny

(napt. zvySovani rozlohy zastavénych ploch); regulace odtoku (naptimovani ri¢ni site,

narovnani toku tek); likvidace slepych ramen toka; znecisténi koryt tek; hluboka orba

a zaorani (rozorani) mezi; neodborna vysadba zemédélskych plodin; odlesiovani.

Pro hodnoceni fluvialnich systémt Kopp (2003) zdtraziuje potiebu rozliovat vlastnosti

(ptirodniho) fluvidlniho systému od vlastnosti ziskanych antropogenni zménou. Takové

rozliSeni je zddouci vzhledem k potfebam revitalizacnich studii (Kern 1994, Rosgen 2001,

Bohn, Kershner 2002).
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Uroven Predmét Prirodni stav Antropogenni zmény
hodnoceni — Cile — Cile
hvdrografie potencialni piirozena eroze antropogenni eroze
povedi | povodi nachylnost k extremité odioku | zmény extremity odtoku
morfometrie pov. | refenéni schopnost zmény retenéni schopnosti
fiénd sit
podélny profil zmény
piicne profily geomorfologicky tvp geomorfologického,
korvio | erozné- ekomorfologicky tvp resp. ekomorfologickeého
akumulacni typu
procesy
reZim splavenin

Obr. ¢. 7: Ndvrh schématu ucelového hodnoceni fluvidlnich systému (Kopp 2003)

Vliv jednotlivych faktorti se li§i podle extremity dané odtokové udalosti, podle
velikosti zasazeného tizemi i podle geografické polohy v hlavnich funk¢nich oblastech
vyvoje povrchového odtoku. Zmény ve funkénim vyuziti land use jsou spojovany predevsim
s hodnocenim miry pfirodniho charakteru jednotlivych typ krajinného pokryvu. Vliv
funkéniho land use na odtokovy proces je zasadni a vyrazné zmény v land use mohou mit
pii extrémnich udalostech vyznamny vliv.

V soucasné dobé¢ se setkdvame i s modely, které jsou schopné urcit, do jaké miry
antropogenni zasahy ovlivnily velikost a priibéh povodné. Hodnocena je mimo jiné fada
piikladi zmén vyuziti izemi (Ashagrie 2006, Ranzi 2002, Svihla 1997, Kiiz 2004, Kender
2004, Uhlitova a Vrana 2005, KBUK CZU a jini) ale i tak je podle O’Connela et al. (2007)
stale hodnoceni nediisledné a nedokonalé, nebot’ modely nedokaZzi pln€¢ simulovat zmény

Vv Krajiné.
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3 Hydrologické modely

Srazko-odtokové (s-0) modelovani piedstavuje velmi ucinny nastroj simulace
chovani vody v krajin€ za riznych podminek, diky kterému se predikce priabéhu a nasledkli
nic¢ivych povodni stdva kvalitné;si.

Zacatek historie hydrologického modelovani spada do 40.-50. let 20. stoleti.
V prvnich letech doslo k podrobnym popisim komponent hydrologického cyklu, coz
vyvrcholilo Shermanovou teorii jednotkového hydrogramu v roce 1932 a Hortonovym
popisem infiltraniho procesu v roce 1939 (Boughton, Droop, 2002). Nasledny rozvoj
informacni technologie pfivedl hydrologii do nové dimenze. Hydrologické modelovani
umoznilo hodnotit izemi komplexnéji a ve vétsim métitku v pribéhu odlisnych ¢asovych
intervall. Tehdej$i 1 soucasné praktické naroky na charakter hydrologickych modeli
spocivaji v jejich uzivatelské jednoduchosti, implementaci dostupnych dat a zajisténi vysoké
miry presnosti vystupnich dat (Dawdy et al. 1972). Pfednimi vyzkumnymi pracovisti, kde
probihal vyvoj simulaci chovani povodi pomoci vypocetni techniky, byly Harvard
University, Stanford University a U.S. Army Corps of Engineers. Zlomem bylo vytvoieni
prvniho dostupného hydrologického simula¢niho programu The Stanford Watershed Model,
ktery polozil zéklad dneSnim matematickym simulacnim modelim hydrologickych jevii
(Bedient, Huber 1989).

Vyuzivani a vyvoj matematickych modelt stéle roste, jelikoz roste potieba nachazet
nové technologie, které by napomohly lepsi predikci, alnalyze 1 hodnoceni vétSich
srazkovych epizod.

Matematicky model hydrologického procesu vyjadiuje kvantitativni vztah mezi
vstupnimi a vystupnimi veli¢inami. Konkrétné jde o transformaci pfi¢innych srazek do
vysledného odtoku v daném case (Maidment, Djokic 2000). Provoz modelti v podminkach
realnych aplikaci je mozny za pouZiti vypocetni procedury. Procedura ptedstavuje soustavu
vzajemn¢ souvisejicich postupil, které nefesi jen hydrologické procesy. Zarovei je nezbytna
pro provoz modelu v riznych podminkach a urcuje vyuzitelnost modelu. Hydrologicky
model oproti vypocetni proceduie popisuje definovany proces. Matematicky model
(Daiihelka et al. 2003).

Pouziti s-0 modeltl ma Siroky rozsah plisobnosti. Pfevazné jsou modely uplatiiovany
Vv operativni hydrologii, ve vyzkumu, ale 1 pfi feSeni riznych navrhl a planovani ve vodnim

hospodaistvi. V konkrétné rovin€ jde o aplikace napt. pfi navrhovani objektii ochrany
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v protipovodiiové problematice, stanoveni hydrologické bilance, modelovani Sifeni
zneCisténi ve vodnich systémech, simulace prichodu povodiovych pratokli v libovolné
Casové epizod¢ v raznych typech krajin nebo modelovani dlouhodobych pfedpoveédi na
zéklad¢ klimatické zmény (Taufmannova 2009).

Procedura hydrologického modelovani se sklada z nékolika krokd. Obecné lze
konstatovat, ze predpoveédni proces u hydrologickych modell sestava ze tfi postupti. Prvni
¢ast zahrnuje pfipravu a zpracovani dat, kterd maji byt do modelu vlozena. Druhou ¢asti
hydrologického modelovani je vlastni zpracovani hydrologické piedpovédi pro Casové
obdobi. Posledni stézejni ¢asti je interpretace vystupl pro potfeby dalSich zpracovani
a aplikaci (Danhelka 2007). Tento postup je dodrzovan napf. pro fizeni vodohospodaiskych
systémd, protipovodnovou ochranu, ale i pro posouzeni rizika bleskovych povodni na
mensich izemi apod.

S-0 modely jsou tedy modely zalozené na matematickém zakladu. Obecny
matematicky model tedy pfedstavuje algoritmus feSeni soustavy diferencidlnich
a algebraickych rovnic, kterymi je pomoci vztahli mezi proménnymi (hydrologickymi)
veli¢inami popsana struktura, nebo chovani (¢i oboji) modelovaného systému (povodi) pfi
fyzikédlnim (srazko-odtokovém) procesu (Gabriel 1982). Jestlize oznacime x (t, h) jako
vstupni a y (t, h) jako vystupni Casoprostorové veli¢iny, pak v modelu vystoupi vedle
proménnych, jejich derivace v ¢ase a poloze, ale také vnitini proménné modelovaného
systému, které charakterizuji jeho strukturu. Matematicky model celistvého systému, tj.
systémtl, kde zanedbavame prostorovou zavislost veli¢in a uvazujeme pouze zavislost
¢asovou, muzeme obecné¢ popsat nasledujici rovnici (Kovar 1990). Protoze vétSinu

diferencialnich rovnic v hydraulice nelze integrovat, je tento numericky princip zakladem

vvvvvv
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Sometimes:
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Obr. ¢. 8: Matematické reSeni diferencialnich rovnic prevodem pres numerické upravy do

diferencnich (algebraickych) rovnic (Kovar 2011)

3.1 Klasifikace hydrologickych modela

S-o modely zahrnuji Sirokou oblast vyuziti a do dneSni doby byla vyvinuta fada
modelt, které vyuzivaji rizné postupy feSeni. Potfeba nalezeni piesnych modeld ke
konkrétnim vodohospodatskym situacim si vyzadala piehlednou klasifikaci s-o modelt.

Klasifikace je zaloZena na rozdéleni do nékolika kategorii a zpiehledniuje orientaci
v této problematice. Klasifikaci s-o modelt se zabyvala fada autort, napt. Danhelka (2003,
2007), Buchtele (2002), Hradek (1990), Kovar (1990) ze zahrani¢nich napt. Beven (20006),
Maidment (1993) ¢i Feldman (2000). Stézejni publikaci je klasifikace podle WMO (World
Meteorological Organization) od Beckera a Serbana (1990), uvedend metodika je pouzivana
dodnes. Klasifikace uvedena v publikaci Danhelky et al. (2003) zcela vychazi z klasifikace
WMO uvedené v Becker a Serban (1990) a rozdéluje modely do kategorii dle:

e Ugelu aplikace (purpose of model application).
e Typu simulovaného systému (type of system to be modeled)
e Typu a miry komplexnosti hydrologického procesu (hydrological proces or related
variable to be considered).
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e Stupné kauzality simulovaného procesu (degree of causality of the process).
e Pozadovaného rozsahu casové a prostorové diskretizace (required time and space

discretization).

Klasifikace dle ucelu aplikace
Podle tohoto hlediska se s-o modely déli na modely pro potiebu operativni
hydrologie, kde model slouzi k pfedpovédi odtoku vody z povodi, pro potifebu planovani ve

vodnim hospodafstvi a pro vyzkum.

Klasifikace dle typu simulovaného systému
Toto kriterium je urcujici pro vodohospodaiskou praxi. Podle typu systému jsou

modely déleny na elementarni a komplexni. Pouziti modelu znazoriuje obr.¢. 9 podle WMO.

cislo typ simulovaného systemu ID (dle WMO)

1.| Elementiarni prvky modelovanych systému

1.1 | Hydrotopy HU

1.2 | Méné aZ stiedné velke odtokove plochy SA

1.3| Zvodnéle vrstvy AQ

1.4 | Ricni site RR

1.5 | Nadrze nebo jezera RL
2 | Komplexni syvstémy

2.1 | Komplexni systém ficnich siti, kandl a nadrzi C5

22| Povodi nebo velke odtokove plochy CB

Obr.c. 9: Klasifikace dle typu simulovaného systému (podle Becker, Serban v Darihelka et al., 2003)

Klasifikace dle typu a miry komplexnosti hydrologického procesu

Rozdéleni podle hydrologickych procesu a parametrit uvedenych v Becker a Serban

(1990) uvadi obr. &. 10.

cislo hydrologicke procesy a parametry ID (dle WMOQ)

1.| Pddni vihkost a evapofranspirace ES
2.| Objemy podzemni vody, hladina, pritok SG
3.| Pritoky & vodni stavy v fieni siti

3.1| s éasovym krokem = 1 den QF

3.2 | s Easovym krokem = 1 den QM
4. | Teplota, ledovy reZim W
5. | Splaveniny a souvisejici parametry Qs
6. | Parametry kvality vody Wa

Obr.c. 10: Klasifikace dle hydrologickych procesi a parametri (podle Becker, Serban v Danhelka et

al., 2003)
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Klasifikace dle stupné kauzality simulovaného procesu

Kauzalita je vyjadiena ve vztahu ptic¢ina — dusledek (cause — effect). V rdmci této
kategorie jsou dale zakladn¢ déleny modely na deterministické a stochastické (viz obr. 12)
Hydrologické procesy vzdy obsahuji deterministické i stochastické prvky, presto jsou
vétsinou modely zalozeny jen na jednom principu. Vystupy modeld jsou pak obvykle
zatizeny chybami, které by byly vyjadfitelné stochastickymi prostredky, jde-li
o0 deterministicky model a naopak. V¢tsina hydrologickych modelt jsou deterministické se
stochastickymi prvky (Danhelka et al., 2003).

Deterministické modely pracuji na principu pticina — dasledek, tzn. vstup uréuje
jednoznacény vystup, napi. vstupni srazka zpusobi odtokovou odezvu. Veskeré komponenty
v modelu HEC-HMS zahrnuji deterministicky piistup. Podle obtiznosti vnitinich vazeb jsou
déleny na tzv. white-box, grey-box a black-box modely (Becker, Serban, 1990):

e White-box — hydrodynamické modely, zaloZzené na zakladnich fyzikalnich

zakonech

e Grey-box — konceptualni, reflektuji zakladni fyzikalni zakony, ale ve zjednoduSené
podob¢ a jsou obohaceny o ur¢ity stupen empirizmu

e Black-box — nezahrnuji explicitn¢ fyzikalni zakony, zohlednuji vztahy, které
empiricky popisuji priciny a dasledky, procesy probihajici uvniti zastavaji skryty.
Stochastické modely neuvazuji vztah piiciny a dasledku. Jsou zaloZeny na

pravdépodobnostnim prvku, ktery ovliviuje vystup. Je-li model spustén nékolikrat za sebou
a vstupni data nejsou pozmeénéna, vysledek se vzdy bude mirné lisit pravé diky ménicimu se
pravdépodobnostnimu prvku. Modely Ize délit na modely pravdépodobnostni a modely pro
generovani ¢asovych fad (Becker, Serban, 1990):

e Stochastic Probabilistic Models — modely jsou charakterizovany hydrologickymi
funkcemi s danym pravdépodobnostnim rozdélenim, coz ovliviiuje vystupni
hodnoty.

e Stochastic Time series generation — modely vyuzivaji extrapolaci ¢asovych fad nebo
jinych hydrologickych parametr, pficemz dochazi k zachovani zékladnich

statistickych charakteristik.

Klasifikace dle poZadovaného rozsahu ¢asové a prostorové diskretizace

Mira casové diskretizace je pouzivana podle zpusobu pouziti modelu. Volba
¢asového kroku jedna hodina az jeden den je vhodna pro situace operativniho charakteru,
studie protipovodnové ochrany, eroznich jevi, modelovani §iteni znecisténi ¢i posouzeni
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jakosti povrchovych vod. Casovy krok jeden tyden az mésic vyhovuje bilanénim simulacim.
Z hlediska délky c¢asového intervalu rozlisujeme modely na kontinualni a epizodni
(udélostni). Kontinualni modely jsou c¢astéji vyuzivany k simulacim na vétSich plochach,
které byvaji postizeny regionalnimi desti. Kontinualni modely simuluji i1 viceletd obdobi.
Naproti tomu udalostni modely jsou aplikovatelngjsi na mensi uzemi, kterd jsou nachylna
k tvorb¢ bleskovych povodni. Udalostni (event models) mohou zanedbavat podzemni slozku
odtoku (Danhelka et al., 2003). Epizodni modely 1épe vystihuji ptivalové srazky. Udalostni
model je napi. model HEC-HMS.

dochézi k déleni podle schematizace hodnoceného Gzemi (obr. 11). Na zaklad¢ prostorové
diskretizace rozliSujeme celistvé, semi-distribuované a distribuované modely (Becker,
Serban, 1990):

e Celistvé (lumped) — n¢kdy oznacované za modely soustiedénych parametra.
Zvolenému prostoru odpovidaji celistvé vlastnosti pro celé povodi, neni zohlednéna
prostorova distribuce uréitych charakteristik. Modely jsou vice vyuzivané diky své
jednoduchosti. Struktura je zalozena na fyzikalni koncepci podpoiené
experimentalnimi vysledky. Muze se jednat o blackbox ¢i konceptuélni modely. Do
této kategorie patii HEC-HMS, ktery jiz vSak ve své nové verzi podporuje
i distribuované pristupy formou grida (napi. funkce ModClark).

e Semi-distribuované — princip modelu je zaloZen na rozdéleni tizemi na mensi celky
na zékladé zvolenych kritérii. Model ptedstavuje idealni kombinaci raznych
deterministickych modelu, ktery Iépe vystihuje parametry hydrologického systému
a fyzickogeografickych charakteristik, které znatelné ovliviuji odtok.

e Distribuované — modely ¢leni Uzemi na sit’ pravidelnych segmentd, piedevsim do
¢tvercoveé sité (grid), popt. trojuhelnikové. Modelované procesy jsou pak feseny pro
kazdy grid samostatné. Gridy tvoii elementérni odtokové plochy a jejich velikost
zavisi na mnoha faktorech tak, aby byla zarucena platnost tidicich rovnic. Piikladem
je model AqualLog v piedpovédni sluzbé CHMU.
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Obr.c.11: Zjednodusené schéma odlisné reprezentace prostorovych dat, a) celistvy model,
b) semidistribuovany model, c) distribuovany model (DIBAVOD, CORINE - Land cover 2000,
http://geoportal.cenia.cz)

Koncepéni celistvé modely maji delsi historii nez distribuované. Casto se v praxi
narazi na problém neuplnosti dat pro vé&tsi tzemi. V takovych ptipadech jsou
uptednostiiovany lumped modely, jelikoz pii pripravé vstupnich dat dochazi ke generalizaci.
Vysledky jsou uspokojivé a pouzitelné. Distribuované modely ptesnéji vystihuji chovani
systému, pokud maji dostate¢né homogenni data, proto se vyuZzivaji zejména v operativnich
piedpovedi. Intenzita vyzkumu i aplikaci distribuovanych modelt vzrostla za poslednich 20
let (Danhelka et al., 2003). Rostouci vyznam ziskavaji semidistribuované modely, které

umoznuji zohlednit rizné fyzickogeografické vlivy na odtok z povodi.

‘ Hydrologické modely ‘

| Deterministické modely Stochastické modely |
Stupen _<
kauzality
Hydrodynamickeé Konceptualni Black- box Pravdépodobnostni Modely pro
modely modely modely modely generovani
casovych
fad
h 4
IK| Distribuované modely | ‘ Celistvé modely |
/T~ —
Prostorova Modely s Semi- Statisticka Zadna distribuce
diskretizace parametry distribuované distribuce parametrt
vztahujici se modely (vétsi (parametry lumped
ke gridu odtokové plochy) modelu)
(elementamni
|| odtokové plochy)

Obr.c. 12: Schéma zdkladniho déleni hydrologickych modelii (upraveno podle Becker, Serban, 1990)
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3.2 Vybrané modely (HEC-HMS, HEC-RAS, KINFIL, BILAN, WBCM, SRH-2D)

Tato kapitola stru¢né piedstavuje modely pouzité pro disertacni praci, a to modely

rodiny HEC (HEC-HMS a HEC-RAS), dale model KINFIL, BILAN, model WBCM
a SRH-2D.

HEC-RAS a HEC-HMS

Programy rodiny HEC byly vyvinuty inZenyry armady Spojenych statd (U.S.

ArmyCorpsofEngineering — USACE), v jejich hydrologickém inzenyrském centru

(Hydrologic Engineering Center — HEC), které bylo zaloZeno v roce 1964.

HEC-RAS

Samotnd zkratka HEC-RAS pochazi z anglického nazvu ,,Hydrologic Engineering

Center’s River Analysis System®. Z nazvu lze jiz urcit, co dané programy umoznuji a pro

jaky ucel byly vyvinuty. Jedna se tedy o soubor nastroji, které slouzi k analyze

hydrologickych dat.

HEC-RAS je program vyvinuty pro jednorozmérny hydraulicky vypocet celé fi¢ni sité.

Program obsahuje ¢tyfi jednorozmérné fi¢ni analyzy.

1. Analyza ustaleného proudéni (Steady Flow Water Surface Profiles)

Tato slozka modelovaného systému je urcena pro vypocet profili povrchovych vod
pro ustalené proudéni. Ustalené proudéni je mozné modelovat v bystfinném, ficnim
ale 1 smiSeném reZimu proudéni v ficnim profilu.

Simulace neustaleného proudéni (Unsteady Flow Simulation)

Tento nastrouj simuluje neustalené proudéni v siti otevienych kanald. Tento zpiisob
byl vyvinut z UNET (Unsteady Network model) (HEC USACE 2016). Primarn¢ byl
vytvoien pro vypocet fiéniho proudéni, ale uz s vydanim verze 3.1 model umi po¢itat
se smiSenym typem proudéni. Veskeré hydraulické vypolty tykajici se prirezl
mostl, propustkti a dalSich objektd na toku, které byly vyvinuty pro ustalené
proudéni, byly zaclenény i do tohoto modelu. Mezi specidlni vlastnosti tohoto
nastroje patii — analyza pralomu hraze, pteliti a priirva ochrannych bifehovych hrazi,
Cerpaci stanice, provozy piechrad a proudéni tlakovym potrubim (HEC USACE
2016).
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3. Transport sedimentu (Sediment transport or Movable Boundary Computations)
- Slozka transport sedimentu slouzi k simulaci jednorozmérného transportu sedimentd
za stfedn¢ dlouhé casové obdobi (nejCastéji rok, ale lze jej aplikovat taktéz
u jednotlivych zaplav). Transport sedimentu je pocitan dle zrnitostnich frakci. Mezi
vlastni funkce patii schopnost vymodelovat celou sit’ toku, naruSené dno toku, rtizné
zasahy na hrazich. Model je navrzen tak, aby simuloval dlouhodobé trendy
vyplavovani a usazovani sedimentii v koryté. Tento systém muze byt pouzit pro
vyhodnoceni usazovani nadrzi, predvidani vlivu odbahnéni na rychlost usazovani,
odhad maximalni mozné Eistici schopnosti toku béhem velkych povodni a vypocet
mozné sedimentace v opevnénych korytech (HEC USACE 2016).
4. Analyza kvality vody (Water Quality Analysis)
- SlouZi k posouzeni kvality ficni vody pomoci explicitniho numerického schématu
feseného prostiednictvim jednorozmérné konvekené-difuzni rovnice.
Vyhodou programu je, ze vSechny zminéné analyzy pouzivaji spole¢na geometricka
a hydrologicka data. Vystupem modelu jsou X-Y grafy a reporty v podobé tabulek (Divin
2013).

HEC-HMS

HEC-HMS (nejnovéjsi verze — 4.1) byl vytvoren tak, aby dokézal simulovat s-0
procesy v rozvétvenych vodnich systémech. Model je pouzitelny v Sirokém spektru
geografickych procesii. Konkrétné umi fesit problematiku povodiové hydrologie, zasoby
vody z velkych povodi, ale i odtok vody z malych ¢ méstskych uzemi. Vystupem
z HEC-HMS jsou hydrogramy znéazorfiyjici pribéh odtoku vody v €ase v zavislosti na
srazkéach a dalSich charakteristikach povodi. Vysledné hydrogramy jsou pouzitelné ihned
k hydrologickym analyzam nebo spolu s dal$imi softwary ptispivaji k feSeni hydrologickych
predpovédi, povodinovych Skod, regulace vody v nive, operativnich ptfedpoveédi, dostupnosti
vodnich zdrojt, odvodnéni mést atd. (HEC USACE 2016).

Program HEC-HMS je generalizovany modelovaci systém, ktery je schopny hodnotit
odli$né povodi a uzemi (HEC USACE 2016).

HEC-HMS je flexibilni program, ktery dovoluje uZzivateli zvolit mezi riznymi
ptistupy vypoctu odtokové ztraty, modely zdkladniho odtoku, proudéni vody v jednotlivych
usecich toki apod. tak, aby doslo k co nejptesnéjsim vysledkiim (Maidment, Djokic 2000).
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Podle klasifikace se model fadi mezi deterministické a konceptudlni modely, nebot’
¢asti hydrologického procesu jsou v programu pocitdny matematickymi vztahy. Jde
0 semi-distribuovany model.

Vétsinou je HEC-HMS pouzivan jako udalostni model, jelikoz umi dobie simulovat
ptivalové srazky, ma-li k dispozici vhodna data. Kontinualni pfistup mize byt aplikovan na
metody stanoveni objemu odtoku jako SMA (Soil moisture accounting), apod. (Feldman
2000).

Zpracovani prostorovych dat jako vstupnich podklad pro modelovani v HEC-HMS
probiha v geografickych informacnich systémech, které dovoluji export dat z GIS do
HEC-HMS a nasledny import vysledki zpét do GIS. Software, ktery dobie spliiuje tento
pozadavek je ArcGIS (resp. jeho extenze ArcHydro Tools). Pro potteby HEC-HMS byly
vyvinuty extenze HEC-GeoHMs a HEC-GeoRas (pro hydraulické modelovani) (Jedlicka,
Stych 2006). Dalsi software, ktery je mozny pouZit pro zpracovani prostorovych dat je na
piiklad voln¢ dostupny software SAGA GIS (http://www.saga-gis.org/) a QGIS
(http://www.qgis.org/en/site/).

Struktura modelu. Pro srazko-odtokové modelovani v HEC-HMS jsou modelem
vyzadovany tf1 zédkladni vstupni komponenty

1. parametry povodi (Basin Model Manager),

2. komponenta srazek (Meteorologic Model Manager),

3. kontrolni komponenta (Control Specifications Manager).
Prvni dvé uvedené komponenty jsou siln€¢ zavislé na prostorovych faktorech, vstupni data
jsou generovana pomoci geografickych informacnich systémt (Maidment, Oliver 1999).
Potieba vstupnich dat se odviji od pouzit¢tho modelu vypoctu jednotlivych komponent,

¢asového a prostorového kroku vypoctu (Jenicek 2009).

S popisem povodi a jeho vlastnosti pracuje Basin Model Manager. Tento model
predstavuje fyzickou reprezentaci povodi. Basin Model Manager zahrnuje popis elementt
hydrologického systému (subpovodi, charakteristiky koryt, nadrze, pramenné oblasti atd.).
Model povodi je vytvofen pomoci vzajemné propojenych hydrologickych elementl, k nimz
se vztahuji metody, které urcuji jednotlivé slozky s-0 procesu. Pouze spravné propojeni
jednotlivych elementi v povodi umoznuje modelovat odtokové udalosti. Model zahrnuje
metody stanoveni objemu odtoku, pfimého odtoku, zakladniho odtoku, proudéni vody

v koryté a charakteristiky nadrzi. V modelu je nejprve potieba spravné prostorové vytvorit
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stromové schéma povodi. Postupné jsou propojovany ndstroji Subbasin (dil¢i povodi),
Reach (usek toku) a Junction (soutok) vSechna subpovodi, ¢imz je odtok sméfovan do
zaveroveého profilu. Zaroven muzou byt do povodi implementovany nadrze.

Dobte definovat meteorologickd vstupni data podle dil¢ich povodi je potieba
1 v meteorologickém modelu (Maidment, Djokic 2000). Meteorologicky model krome
analyzy srazek nabizi metody urceni evapotranspirace ¢i hodnoceni tdni snéhové pokryvky.
Vlastni simulace je kombinaci dat z meteorologického modelu a modelu povodi ve
specifikovaném Casovém intervalu a uréeném ¢asovém obdobi.

V modelu kontroly neboli kontrolni specifikaci se definuje pocatek, konec a ¢asovy
krok simulace. Pouze spravné propojeni jednotlivych elementi v povodi umoziuje
modelovat odtokové udalosti.

Program HEC-HMS pouziva v modelu povodi k vyjadieni jednotlivych slozek s-0

procesu ¢tyii zakladni modely (Feldman 2000):

. model ptimého odtoku,

. model vypoctu objemu odtoku,
. model podzemniho odtoku,

. model fi¢niho koryta.

KINFIL

Fyzikalni model KINFIL je urCen k simulaci vyznamnych srazko-odtokovych
udalosti, pfipadné k vypoc¢tu navrhovych pritokd ovlivnénych antropogenni ¢innosti (jako
je zména land use, odlesnéni, urbanizace, vystavba cestni sité, technicka protierozni opatieni
aj.) (Kulhavy, Kovat 2000, Kovat 2011). Tento model je velmi vhodny naptiklad pro
vypocet charakteristik povrchového odtoku, ¢imz se zabyvali napi. Koivusalo et Karvonen
(1995), Kovar (1992) a dalsi. Vyhodou modelu KINFIL je fakt, ze vychazi z fyzikalng-
geometrickych, hydraulickych a klimatickych charakteristik povodi, které 1ze pti absenci
pfimych pozorovani ur€it z mapovych a jinych podkladt (Kovai 1992). Soucasna verze
modelu KINFIL je zaloZena na kombinaci teorie infiltrace a transformace pfimého odtoku
kinematickou vinou. Podrobny popis modelu je uveden v praci Kovaie et al. (2011), pfip.
Kovafe et Vassové (2011).
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BILAN

Model Bilan se fadi mezi deterministické, koncepcni, celistvé (lumped) modely. Byl
vyvinut Vyzkumnym ustavem vodohospodaiskym T.G. Masaryka v Praze k simulaci
komponentti hydrologické bilance povodi. Je vyuzivan ptredev§im k feSeni dopadii
klimatickych zmén na vodni rezim krajiny a zasoby povrchové ¢i podzemni vody
(Vizina et al. 2010, Horacek et al. 2008, Simkova 2012). Pro podrobny popis modelu lze
odkazat na manual vytvoreny VUV T.G.M. v Praze (VUV 2011).

Model simuluje denni nebo mési¢ni fady komponentd hydrologické bilance.
Vstupnimi veli¢inami jsou srazky P (mm), odtok méteny v uzavérovém profilu R (mm),
teplota vzduchu T (°C) a relativni vzdus$na vlhkost H (%) v dennim, ptip. mési¢nim kroku.
K urceni parametri modelu slouzi optimaliza¢ni algoritmus, ktery minimalizuje hodnoty
zvoleného kriteria shody vystupu modelu s pozorovanymi daty. Jako optimaliza¢ni kritérium
se pouziva prumér absolutnich hodnot odchylek modelovaného a pozorovaného odtoku
(Vaculin et Soukalova 2003).

WBCM

Model WBCM je Klasifikovan jako model deterministicky, koncepéni, celistvy,
nelinearni. Jeho parametry jsou pravdépodobnostné rozdéleny po plose povodi tak, aby
mohla byt zachovéna jejich plosna variabilita. Kazdy kapacitni element modelu reprezentuje
piirozenou zasobu vody v jednotlivych vertikalnich subsystémech hydrologického profilu.
Model byl navrZen pro studium jednotlivych komponent hydrologické bilance v zavislosti
na zménach hospodatského vyuziti povodi. Simuluje denni bilan¢ni hodnoty ve vegetatnim
obdobi — kritickém obdobi pro vznik vlahovych deficiti — a uvazuje vSechny podstatné
interakce mezi jednotlivymi zoénami, tj. vegetani, nenasycenou a nasycenou zoénou.
Kapacity vSech z6n respektuji riiznorodost ptirozenych hydrologickych podminek povodi.
Model ve vétsin€ zon uvazuje linearni rozdeleni téchto kapacit kolem jejich primérnych
hodnot. Struktura modelu respektuje fyzikalni principy, podle nichz dochézi k interaktivnim
hydrologickym procesim (evapotranspiraci, intercepci, infiltraci a tvorb& piimého
a zakladniho odtoku). Nedilnou soucasti modelu je automatickd optimalizace parametra
v jeho identifika¢ni fazi (Kovar et al. 2010).

Model pracuje s dennimi hydrometeorologickymi daty a ve vzajemné interakci fesi

nasledujici dil¢i hydrologické procesy:
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. potencialni evapotranspiraci,

. intercepci,

. tvorbu povrchového odtoku a jeho transformaci,

. dynamiku nenasycené zony a skute¢nou evapotranspiraci,
. dynamiku nasycené zony a celkovy odtok.

Model je podrobné popsan v literatute (Kovar, Hradek 1994; Kulhavy, Kovar 2000).
Cilem modelu je zejména simulace dynamiky ptdni vlhkosti v aktivni a nenasycené zong¢,
uzemniho vyparu a dennich odtokii. Zmény zasob podzemnich vod jsou simulovany pouze

koncepéné, zejména s ohledem na tvorbu zakladniho odtoku.

SRH-2D

Model SRH-2D neboli Sedimentation and River Hydraulics je hydrologicky model,
ktery fesi hydraluciké jevy v rezimu neustaleného porudéni. Tento model byl vyvinut US
Bureau of Reclamation (SRH 2016). Model SRH-2D je srovnatelny s jinymi
dvoudimenzionalnimi modely, ale jeho pifednosti je moznost vyuziti flexibilni sité
vypoctovych prvki a celkova robustnost modelu.

Dvoudimenzionalni modely jsou zvlasté uzZitecné v situacich, kdy nelze ocekavat
prizmatické proudéni vody v koryté, pii slozité fyzické struktute feSeného Uzemi jako jsou
paralelni koryta, objekty v toku, slozitd interakce s inundaénim Uzemim a obecné
u ptirozenych koryt tokt. Jejich nevyhodou oproti 1D modeliim je vysoka naro¢nost na data
charakterizujici terén a velka vypocetni naro¢nost. Vystupem programu SRH-2D je datovy
textovy soubor, ktery obsahuje tidaje pro vSechny prvky vypoctové domény. Vystupnimi
Udaji jsou koty hladiny vody, hloubky vod, velikosti rychlosti vody, vektory rychlosti vody,
Froudova ¢isla a tangencialni napéti (Kovar a kol. 2012).

Zvlasteé dilezitym vystupem 2D modelu jsou vektory rychlosti, které ndm mohou
zobrazit vzorce pohybu vody okolo piekdzek v koryté, v depresich, zdkrutach a na dalSich
morfologickych prvecich. Zmény ve smérovani vektort pritoku vody tak indikuji zvySenou

geomorfologickou diverzitu, kterd je dilezitou podminkou pro ekologickou kvalitu toku.
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4 Cile prace

Diserta¢ni prace predklada aktualni otazky a pfistupy spojené s problematikou

vodniho rezimu malych povodi s vyuZzitim hydrologického modelovéni.

Cilem této prace je objasnéni srazko-odtokovych rezimu povodi. Povodi reprezentuji

rozdilné vyuzivana uzemi s riznou mirou antropogennich zasaht do odtokového rezimu.

Cile prace lze definovat nasledovné:

1.

2.

3.

4.

Analyza vodniho rezimu povodi

» predev§im vzhledem k extremitam jako jsou povodné ¢i sucha.

Vybér vhodného povodi
» vybrand povodi: Jindfichovicky potok, Lomnice, Radovesickd a Loketska
vysypka, jezero Chabatovice;

» povodi s rozdilnymi hydrologickymi vlastnostmi;

A\

z terénnich méfeni analyzovat hydraulické pudni vlastnosti;

» z mapovych podkladi sestavit a vyuzit GIS soubory.

Vyber vhodného hydrologického modelu

» vybrané modely: HEC-RAS, HEC-HMS, KINFIL, BILAN, WBCM, SRH-2D;

» vyuzit statistickd kritéria shody méfenych a vypoctenych vystupnich dat
(k vypoctim ,,goodness of fit*).

Navrhnout vhodnd opatfeni ke sniZzeni vlivu hydrologickych extrémul

a revitalizacnich uprav.
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5 Studie

Piedkladana diserta¢ni prace prezentuje soubor studii zaméfenych tedy na zmény
vodniho rezimu malych povodi. V praci je vyuzita Siroka Skala hydrologickych modeld,
jedna se o modely HEC-RAS, HEC-HMS, KINFIL, BILAN, WBCM, SRH-2D. Kli¢ova
slova, ktera charakterizuji tuto disertacni praci jsou antropogenni ovlivnéni krajiny a toku,
revitalizace, rekultivace. Antropogenni zmény a vliv ¢lovéka na odtokovy rezim jsou
demonstrovany na nékolika malych povodi v Ceské republice. Jedna se o povodi, kde je vliv

¢loveéka vice nez patrny.

Studie 1. Povodi Jindfichovického potoka je situované v severozapadnich Cechach
v oblasti Kru$nohoti. Tento potok s primérnym skolem 4% ma charachter bystfiny.
Jindfichovicky potok byl ovlivnén pfedevsim tim, Zze zde pievladal ,technicky zptsob
hrazeni bystiin®, coz znemoziovalo pieZiti a priachod ur¢itého typu zivoéichi (pfedevsim se
jednalo o bezobratlé). Revitalizaéni navrh fesi omezeni bystfinné eroze pii respektovani
zasady vyuziti vSech moZnosti pro prichod bioty. Tento moderni postup ,,skluz — tin*
spliuje revitalizani predpoklady a soucasné teSi transport splavenin tim, Ze redukuje
podminky jejich vzniku.

Studie 2. Podobu povodi jihoCeské Lomnice pifeménilo predevsim rybnikafstvi,
zemé&délstvi, vodni hospodafstvi a samoziejm& vznik a rozvoj obci. Hustd rybnicni sit je
ovSem z hlediska hydrologického modelovani zna¢ny problém, ptredev§im diky obrovské
nafocnosti na vstupni data. V povodi Lomnice doSlo v minulosti ke zméné odtokového
rezimu. Otazka tedy byla do jaké miry byla tato zména zplsobena pravé antropogenni
¢innosti?

Studie 3. Pro tuto studii byla vybrana povodi Radovesicke a Loketské vysypky. Tyto
vysypky se nachéazeji v oblasti KruSnych hor. Jeden ze zakladnich rekultivac¢nich procest po
povrchové tézbé hnédého uhli je optimalizace vodniho rezimu. Povodi Radovesicke
vysypky spadd do srdzkového stinu KruSnych hor, dlouhodoby srazkovy deficit v tomto
povodi je zna¢ny. Tato prace srovnava hydrologickou bilanci vysypek ve vegetacnim obdobi
srazkoveé chudého roku se srazkoveé primérnym rokem kvili posouzeni vhodnosti navrha
biotechnického opatieni.

Studie 4. Uzemi jezera Chabatovice se nachazi na misté byvalého povrchového
hnédouhelného lomu v nejvychodnéjsi casti severoCeské hnédouhelné panve v tésné

blizkosti mé&sta Usti nad Labem, Chabatovice a Trmice. Zakladni hypotezou této studie bylo,
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ze jezero Chabarovice je v soufasném stavu z hydrologického pohledu dlouhodobé

nestabilni a potyka se s problémy udrzeni ui€ité urovné hladiny vody v tzv. sussich letech.

Format citaci a jednotky v jednotlivych studii jsou vzdy na zakladé instrukci pro

autory daného Casopisu.
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5.1 STUDIE 1: An appraisal of the effectiveness of nature-close torrent control methods
—Jindrichovicky Brook case study

Pavel Kovar, Frantisek Krovak, Vit Rous, Michal Bily, Miroslav Salek, Darina Vassova, Michaela Hrabalikova,
Vaclav Tejnecky, Ondrej Drabek, Tereza Bazatova and Jitka Peskova

ECOHYDROLOGY, 2013. Published online in Wiley Online Library (wileyonlinelibrary.com)
DOI:10.1002/ec0.1453

(vlastni podil 15%)

Piispévek se zabyva hydrotechnickym posouzenim koryta bystfinného toku a jeho
inundacni zény pro variantni zpisoby opevnéni pii ruznych navrhovych priatocich se
zamétenim na vybrané hydraulické charakteristiky toku. Zejména je zohlednéna vhodnost

uprav toku pro spolecenstva bezobratlych zivocicht.

Pro ovéfeni hydrologickych a hydraulickych parametrd byl vyuzit hydrologicky
model KINFIL (pro navrhové pritoky) a hydraulické modely HEC-RAS a SRH-2D. Data
a vypocty k navrhu ptirodé blizkych revitalizaénich Gprav byly demonstrovany na ptipadové
studii Jindfichovického potoka, horské bystiiny Krusnych hor. Modelové vypoéty byly

vyuzity pro revitaliza¢ni upravu v systému kamenny skluz nebo nizky stupen — tl.

Pro bystfinné toky je charakteristicka vysoka rozkolisanost pritokti a zejména
extrémni splaveninovy rezim, tj. vymilani a sedimentace i na kratkych usecich toku. P¥irodé
blizka uprava bystiin ¢i revitalizaéni opatieni obvykle podstatné méni piivodni navrhové

parametry koryta.

Novy navrh hydraulickych charakteristik by mél byt zaméten zejména na:
* kapacitu koryta s ohledem na navrhové priitoky, zejména v intravilanu,
* stabilitu dna a bieht koryta proti erozivnim u¢inktim proudici vody,
* omezenim bystfinné eroze Upravu splaveninového rezimu
 migracni prostupnost bioty v obou smérech na toku,
* hloubky, rychlosti, objemy vody, moZnosti zmén morfologie koryta pti nizkych pritocich
dilezitych pro biotu,

* vliv biotechnickych opatieni na proudéni v koryté a ptibfezni zoné.

Naprosto zadsadni navrhova data a z nich odvozené parametry jsou piedevsim
navrhové pritoky, vybrané s ohledem na oteviené nebo zastavéné trati a jejich infrastrukturu
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a na hospodaiské vyuziti pozemki (land use). Obvykle se pouzivaji N-leté pritoky,
stanovené CHMU, u malych povodi s odtokovymi podminkami zménénymi antropogenni

¢innosti je mozné aplikovat srazkoodtokovy model, napt. KINFIL.

Z uvedenych hydraulickych vypoéta vyplyva, ze uvedené zmény v parametrech
koryta (podélny sklon, objekty, drsnost) maji vliv pfedev§im u priatoku niz§iho nez Q50,
potom uz se pfili§ neméni. V navrhu byla ponechdna hloubka a rozméry pivodniho koryta,

objekty byly voleny tak, aby umoziovaly migraci bioty.

Upravou se hloubka vody zvysuje, coZ je dano mensim podélnym sklonem a vyssi
drsnosti. Rychlost proudéni a tangencidlni napéti se snizilo. Objem vody se zvysil diky
¢lenitéjSimu podélnému profilu a vétsi hloubce. V podélném profilu se stiidaji peteje a tiné,
které vytvareji za nizkych vodnich stavi refugia pro zZivocichy. Samodistici funkci toku
podporuje i provzdusnovani vody na balvanitych skluzech a pifepadech. Migra¢ni schopnost

toku je zachovana. Vzorkovani makrozoobentosu poukdzalo na podstatné vyssi vhodnost

nového typu Upravy koryta oproti uprave staré.
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ABSTRACT

Discharge fluctuation and extreme bed load movement, i.e. erosion and sedimentation occurring on short
upper reaches of the river, are characteristic features of torrential rivers. This paper presents a biotechnical
appraisal of a torrent catchment for implementing revetments methods, focusing on selected hydraulic
characteristics of the flow. The Infiltration and Kinematic wave hydrological model (KINFIL) hydrological
model (for design discharges) is used to verify these variables and also the Hydrologic Engineering Centre’s
River Analysis System and Sedimentation and River Hydraulics Two-Dimensional hydraulic models for
channel flow. Data and computation for proposing nature-close remedial measures are demonstrated in a case
study of the Jindrichovicky Brook, a mountain torrent located in the Ore Mountains (Czech Republic).
Particular attention is given to appropriate adaptation of the river for the invertebrate community. The
hydraulic analysis is carried out in two sections of the river (section A: nature-close”, restored in 2008, and
section B: “old style’, regulated in the 1970s). The aim is to compute the major hydraulic characteristics
(depths, velocities, shear stress values etc.). Then, a hydrobiological investigation is carried out in both
sections to find how much the invertebrate communities extended their diversity and abundance as a
consequence of better geomorphological diversity after restoration. It was found that, from the hydraulic
point of view, the old section B is sufficiently robust and stable. However, it is clearly evident that this section
can hardly be populated by fauna and if so, then only very sparsely and impermanently. Section A meets both
priorities, hydraulic stability and an acceptable living environment for the benthic community. Copyright ©
2013 John Wiley & Sons, Ltd.

KEY WORDS torrent control; hydro-technical appraisal; shear stress; migration permeability; diversity
and abundance of invertebrates
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INTRODUCTION

Restoring small rivers and thereby also improving
environ- mental conditions for the biota have been a
trend over the past several decades. Instead of
keeping a robust engineering works, in close to nature
revitalization measures, we prefer to reconstruct
natural obstacles in the river channels, even in the
torrent reaches, in order that the river remains open to
biota migration. The main objective of this work is to
give examples of how traditional torrent control
structures, usually insurmountable for fish and the
benthic community, can be replaced by more biota-
friendly constructions that allow migration. This
paper supports an objective compar- ison of hydraulic
properties between old style bed drops and the system
of step/chute-pools open to biota.

Sudden changes in discharge occurring during rain-
storms are characteristic for torrential rivers. The
increase in the discharge is abrupt and of short
duration, and after reaching its maxima, it quickly
diminishes. This is due to the small catchment area,
often impacted by heavy rains, and also the high
gradient of the catchment and the flow (Beven, 2006).
Another important consideration is that the greatest
damage is caused not by large volumes of water
overflowing the banks and subsequent flooding of
large tracts of land, as is common in lowland
catchments, but rather by devastation of specific
sections of the catchment and of structures situated in
the vicinity of the catchment, due to the significant
shear stress that impacts the river bed and the banks
through the masses of flowing water. This research on
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changes in shear stress values fluctuation has recently
provided good practical results in the USA (e.g. Chin
et al., 2009). The accumulation of moving bed loads
in the lower sections of the catchment is another
important factor. On the basis of this experience
(Kovar and Krovak, 1998, 2002), it is necessary to
propose torrent control measures that can not only
meet purposeful requirements, influencing the river
basin capacity and its resilience to stress, but also
fulfil ecological requirements concerning the
environmental character of the torrent and
biotechnical revetment methods.

Today, the traditional alpine approach to torrent
control (reaching back almost 150 years) raises many
issues, particularly concerning the utility of allegedly
superfluous and excessively large structures. For
years, classical torrent control lay within the domain
of forestry engineering. However, because of present-
day purpose-oriented ecological requirements,
specifically migration permeability of the flow for
fish, and nature-close remedial measures, the natural
character of the bottom substrate and the planting of
riparian vegetation have become a part of torrent
control methodology (Novak et al., 1986; Just et al.,
2005). In contrast to lowland waterways, torrents are
closely connected with their catchment, both
morphologically and from the hydrological point of
view. This is corroborated by the means for
identifying them, i.e. setting the index of torrential
character, where the characteristics of the torrent
catchment are applied for determining its discharge
(e.g. Wilcox et al., 2008). Manage- ment of torrent
catchments, i.e. implementation of erosion control
measures, should include measures for safeguarding
environmental biodiversity, i.e. fauna and flora.
Today, this has become a very important issue (Lange
and Lecher, 1993; Chin and Gregory, 2001). The
trend is requiring the removal of obstacles that block
fish and invertebrate migration, as seen in classical
(old-style) torrent control structures. This is also
stipulated in the European Union (EU) Water
Directives (COUNCIL DIRECTIVE 98/83/EC,
1998; WFD EC 2000/60/ES, 2000) and has been
recommended by several authors in journals of
ecology and hydrobiology (Brookes and Shields,
1996; Gordon et al., 1996; Waal et al., 2000). The EU
Water Framework Directive (WFD EC 2000/60/ES,
2000) generally defines fish, macroinvertebrates and
phyto- plankton as target organisms for improvement
in aquatic environments. Improvements are not only
important for the survival of these species: hydraulic
structures must be made in a way that allows them to
migrate in the torrent environment. These target
groups of invertebrates thrive even in the source area
of the torrent. Therefore, from the very first hundred
metres of concentrated flow, biotic migration and its
revival must be taken into account. The construction
of elevated steps and obstacles should be avoided.
The same holds for the bottom pavement. Stabilizing
structures have been built in the past for erosion
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control purposes. The question may be raised whether
today’s society would approve structures of that kind,
which restrict the development of biotic communities,
whereas modern structures offer feasible alternative
measures that support biotic diversity and abundance.
This is the issue that is specifically dealt with in our
paper.

The restoration of a classical in-line torrent control
structure was practically tested in a case study carried
out on the Jidrichovicky Brook, in the Ore Mountains,
Czech Republic. The KINFIL hydrological model
(Kovar et al., 2002; Vrana et al., 2012) was used for
determining the N-year run-off. Two hydraulic
models were used for designing the new structures:
first, the Hydrologic Engineering Centre’s River
Analysis System (HEC-RAS computer program,
2001; Cook, 2008; Brunner, 2010), and parallel to it,
the more recent Sedimentation and River Hydraulics
Two-Dimensional (SRH-2D) model (Lai, 2008;
Aquaveo, 2010). The idea behind our study was to
explore the possibilities of applying integrated
modelling, hydrological and hydraulic models in a
geographic information system (GIS) environment,
with the aim of determining core restoration
measures. Two experi- mental sections were selected
on the Jindrichovicky Brook (Figure 1). The lower
section B is situated downstream the outlet of the
catchment at the uppermost bottom drop (1-8 m high).
This was built in ‘old-style’ torrent control during the
1970s in a stable slope with all robust drops, and the
river bottom was paved with flat stones (granite).
Section A is above section B, and it was fully restored
from the ‘old-style’ torrent control technology in
2008. Hydraulic model computations were used for
implementing the restoration measures with a system
of hydraulic structures combining chute-pools or
step-pools with a free river bottom between them. The
differences in benthic population in A and B reaches
indicate connectivity and habitat conditions
characterized by reduction of flow velocities and
hetero- geneity of bed material. However, we have to
admit that these differences could be even larger
when the longitu- dinal river continuum would be re-
established (which should occur in the near future). In
addition, an assessment of the impact of the newly
formed channel on stream macroinvertebrates
(benthic animals larger than 0.5 mm, Wetzel, 2001)
was tested by making a comparison with the former
torrent control regulated channel. Macroinvertebrates
were chosen for the analysis, because this group is
known to be strongly influenced by the substrate of
the stream bottom; also, benthic communities of
streams and rivers are classified according to the
nature of the flow bottom (Lellak and Kubicek, 1991).
A number of recent studies have described the effect
of stream or river restoration on macroinvertebrate
communities (e.g. Jahring and Lorenz, 2008;
Sundermann et al., 2011). However, there is still a
deficiency of such studies on small torrential brooks.



METHODS
Nature-close torrent control or revitalization
measures usually dramatically alter the initial design
variables of the torrent basin. A new design of
hydraulic variables should therefore focus on

+ stability of the river bottom and banks against the
impact of erosion caused by flowing water shear
stress;

 the impact of biotechnical measures on the water
flow type in the channel and in the riparian zone;

750 1 000 Meters.
(RN e

Structure of the KINFIL hydrological model

The KINFIL hydrological model (Kovar, 1992;
Kovar et al., 2002) is based on a combination of the
theory of infiltration and transformation of direct run-
off by a kinematic wave, which proved to be useful in
small experimental catchments in model simulations
of historical flood events. The model uses
physiographic and hydraulic parameters of the
catchment, which can easily be determined from
maps in the absence of direct observa- tion, taking

Czech Republic

Legend
A...fully restored section - samples (2008)
B...regulated section - samples (1970°s)

(1), (2) ...profiles of hydro-chemical
samples

. Jindfichovicé’

Figure 1: Location of the study area.

 the nature-close character of the bottom substrate
(sediments);

 depth, velocity, water volume and possibilities of
a change in the morphology of the torrent basin
during low discharge that will have an important
effect on the biotic population;

+ reduction of torrential erosion by adapting the
sediment regime; and

- torrent basin capacity, with reference to the design
capacity discharge, particularly in urban areas.

The most important design data and derived
variables concern design discharges. These are
selected with regard to open landscape or urbanized
sections and their infrastructure.

N-year discharges, as set up by the Czech Hydro-
meteorologic Institute (CHMI), are usually used; in
the case of small catchments, with run-off conditions
altered because of anthropogenic activities, rainfall-
run-off models can be applied, e.g. MIKE SHE
(Abbott and Refsgaard, 1996), US Army Corps of
Engineers’ Hydrologic Modeling System HEC-HMS
(USACE, 2000) or others. In our study, the KINFIL
model (Kovar, 1992; Kovar et al., 2002; Vrana et
al.,2012) was used.
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into account the impacts of anthropogenic activities
in the catchment. The model is particularly useful in
determining the design discharges in various
scenarios and land use changes, e.g. deforestation and
urbanization. The current version of the KINFIL
model is based on the infiltration theory of Green and
Ampt, with regard to the Morel-Seytoux (Morel-
Seytoux and Verdin, 1981) flooding concept. Soil
saturated hydraulic conduc- tivity and the sorptivity
parameter (at field capacity) are the major parameters
for solving problems related to infiltration. Their
correlation with run-off curve numbers (CN) (USDA
SCS, 1972; U.S. SCS, 1986; Morgan and Nearing,
2011) can also be used.

The second component of the KINFIL model is a
direct run-off transformation. The equation describes
the unsteady flow of water approximated by the
kinematic wave on a cascade of planes. The
differential kinematic wave equation is transferred to
the final differences and solved through the explicit
numerical scheme of Lax and Wendroff (Singh,
1996). For practical solutions, the catchment is
usually fragmented by components, cascades of plane
segments, of rectangular planes and/or of river
reaches, in order to simulate the natural topographic



configuration. The use of the KINFIL model has been
described in several studies (e.g. Vrana et al., 2012).

For this hydrological model, it is necessary to
analyse the geography of the catchment, using GIS
for the geometry of the morphological variables,
determining the hydraulic properties of the soil, land
use and data for setting the run-off CN.

Structure of the HEC-RAS and SRH-2D hydraulic
models The mathematical HEC-RAS hydraulic
model (Brunner, 2010), version 4.1, was selected for
calculating the required output data for the
Jindrichovicky Brook. HEC-RAS uses the integrated
MS Windows environment with an excellent graphic
user interface, with detailed representation of the flow
hydraulics in open river channels in artificial and
natural streams.

The system contains a one-dimensional river
analysis for (1) stable flow; (2) unstable flow; (3)
sediment movement; and (4) water quality analysis.

The calculation requires the assignment of three
main categories of data: geometry of the basin and
structures, hydraulic loss coefficients and boundary
conditions. It is possible to use the connection to
computer-aided design and GIS in 3D presentation.
Two principles can be applied for a hydraulic
assessment of the capacity of open channel systems
and their hydraulic structures for maximum run-off:

1. Deal with the passage of the design flood wave by
means of a hydraulic model based on a numerical
solution of the unstable flow. This method
requires knowledge of the form of the entry design
wave in the upper closing profile of the assessed
section of the flow and, similar to the next
principle, a detailed description of the geometric
and hydraulic variables of the basin. This
approach is demanding from the computational
point of view, and it is usually not applied to
streams of local significance.

Use the stable hydraulic flow method for
determining the longitudinal profiles of the water
table, with reference to each design of N-year
discharges. This method does not function in
unstable conditions; however, it has the advantage
that a more detailed expression can be made of the
flow through hydraulic structures situated in the
stream.

The program deals separately with hydraulic
regimes of sub-critical and/or super-critical flow. The
flow over hydraulic structures can be analysed in
detail and solved for various hydraulic regimes. It
guarantees reliable assessment, mainly in locations
where the hydraulic regime of the structures is
influenced by the flow in the river basin. This is the
case for the Jindrichovicky Brook. The stable model
offers higher values for solving the water table
regime; its results are on the side of a safety design.
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The system allows stable non-uniform flows in
natural open channels to be dealt with, and it is also
possible to describe widely used hydraulic structures
in the catchment. A big advantage is the cost-free use
of the model, its large scope of application and the
number of analogue situations and examples. For
these reasons, the program application of HEC-RAS
was used in this study to assess the capacity of the
river basin and the structures.

In this study, HEC-RAS was first used to assess the
capacity of the basin and the structures; subsequently,
the results of the calculations of depths, velocity and
shear stress were compared with the results from the
more up-to- date SRH-2D model, which deals with
hydraulic events in the stable flow regime.

A digital elevation model was created in accordance
with the restoration plan for the Jindrichovicky Brook
and was used for testing the two-dimensional SRH-
2D model, developed by the US Bureau of
Reclamation (Lai, 2008), and for verifying the
hydraulic character of the basin. The SRH-2D model
is comparable with other two-dimensional models,
but it has the advantage that it can be applied in a
flexible network of calculation elements and that it is
an overall robust model.

A calculation domain in the AQUAVEO Surface-
Water Modeling System (SMS), counting over a
hundred thousand elements, was created for restoring
the Jindrichovicky Brook. The size of the rectangular
computational elements was 0-5 x 0-4 m, and when
inundated, this amount was

1-0 x 0-8 m. A digital elevation model of the terrain
was

created in the AUTOCAD Civil 3D 2012 program
(Autodesk, 2012) from surveying land measurements
and design cross- section profiles from the HEC-RAS
program.

Hydrobiological and hydrochemical methods

Sections A and B were studied and compared
(Figure 1). These two sections were selected because
of similar flow rate and space proximity. It can be
assumed that the differences in the composition of the
benthic fauna in the two sections are determined
mainly by the different torrent control concepts. The
most evident difference between the styles of torrent
control on Sections A and B is that the old- style (B)
has a stone-paved bottom, which provides reliable
protection against scouring but makes it hard for
benthic communities to survive. In addition, the
system of robust bottom drops (1-5-2:5 m in height)
in this section can form a bottleneck for biota. Section
A, which is as nature-close as possible, provides
conditions for full restoration with free bottom almost
natural revetments (a stone chute-pool), local riparian
vegetation, geomorphological diversity in situation,
longitudinal and cross-section profiles and so on.
Hydraulic parameters (Doledec et al., 2007) as well
the type of bottom substrate (Allan, 1995; Wetzel,
2001) can play a role in the occurrence of stream



macroinvertebrates. The type of bottom substrate was
chosen as the parameter character- izing the different
types of restoration in our study sites.
Macroinvertebrates were sampled in October 2011.
There were 15 sampling sites located in section A and
15 sampling sites in section B. One sample was taken
at each sampling site.

The sites were situated within the longitudinal
direction of the stream. In section A, the position of
the sampling sites was primary chosen to represent all
three main types of bottom substrate present in this
section of the channel. These were
1. stretches that are close to the natural character of
the
flow, named for this purpose as
substrate;
sandy deposits, occurring principally in the pools
under the chute/steps (‘sand’ substrate); and
bottom composed of stone slab compounds
(‘stone”’ substrate).

2. ‘natural’

Each of these three types of environment was
represent- ed five times in the series of 15 samples in
section A. Each two sampling sites were
approximately 10 m apart.

In section B, the prevalent type of bottom is
composed of consistent stone pavement, covered in
some places by sand and gravel deposit. Only in some
specific locations (several metres beneath the stone
steps), we can find sand deposits similar to 2 in
section A. The 15 sample sites in section B were
placed regularly on the flow, within a distance of 10
m. In section B, a total of 13 sites are of stone
pavement type, and two are of sandy deposit type.

The sampling was done according to the standard
methodology with a Surber sampler (Peckarsky,
1984), with mesh size 0-5 mm and a 30 x 33-5 cm
frame. Each sample represented 0-1 m2 of bottom.
The sample was transferred in the net of the sampler:
(1) loose substrate (sand and gravel) was collected at
a depth of approximately 5 cm (where such a layer
existed); (2) stones smaller than the sampler area
were collected directly; and (3) the surface of big
stones, solid stone pavements, if present (i.e. in test
section B), were swept into the net with brushes. The
procedure allowed us also to collect substrate samples
under the freely disposed, removable stone slabs. By
using this combination of three methods, quantitative
sampling of relevant benthic fauna was ensured in all
habitats in the sampled areas. All collected materials
were washed in the net in running brook water and
transported in bowls. The macroinvertebrates were
extracted from each sample, fixed in a 70% ethanol
fluid and further processed in the laboratory.
Abundance (number of individuals) was counted for
each sample. Individuals were identified at family
level, except higher taxa of Nematomorpha (one
specimen) and Hydracarina (15 specimens). Some
Trichoptera pupas also remained without family
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determination. Two abundance categories were
therefore distinguished: (1) numbers without
Trichoptera pupas in the analysis, which paired each
individual to the relevant family, and (2) the total
count in the remaining analysis.

For an assessment of the effect of the torrent control
type on benthic fauna, we evaluated the taxonomic
richness (represented by the number of identified
families) and the faunal abundance (the number of
specimens) in the samples. Firstly, we tested the
strength of the relationship between taxonomic
richness and faunal abundance in the samples within
sections A and B, by using linear regression; prior to
this procedure, we checked the two variables for
normality (Kolmogorov—-Smirnov test, both d < 0-15,
P > 0-05). Student’s t-test was used to assess the
difference in taxonomic richness between sections A
and B. These procedures were performed using R
2.9.2 software (R Development Core Team, 2009).
The effects of torrent control (new restoration or old
regulation type) and substrate (natural, sand, stones
and paving) on the composition of the benthic
communities were explored using direct gradient
analysis (canonical correspondence analysis) to
summarize the relationships between occurrences of
the taxonomic groups and the variables. Using
detrended correspondence analysis, we checked that
the groups responded unimodally to the predictors
and that the use of a weighted averaging method was
appropriate (ter Braak and Smilauer, 2002). A Monte
Carlo permutation test with 4999 unrestricted
permutations was applied to test the importance of the
predictors and the canonical ordination axes. A
manual forward selection procedure was utilized
from an empty model to a more complex model, with
stepwise ranking of the variables by their importance
computed by CANOCO (Software for Cannonical
Comunity Ordination) for Win- dows 4.5 (ter Braak
and Smilauer, 2002). In all analyses, we adopted
significance level P = 0-05 for hypothesis rejection.

Water samples [taken from profiles (1) and (2), see
Figure 1] were analysed for their anion and cation
contents. Before chemical analysis, each sample was
filtered through a nylon membrane filter with 0-45 pm
pore diameter. The main inorganic anions (F, Cl, Br
, NO2 , NO3, PO 3 4 and SO4) were identified by
means of lonPac AS 11-HC ion chromatography
(Dionex, USA). A pre-column and

analytic column lonPac AS11-HC (Dionex, USA)
was used for separating the analysed samples. For the
mobile phase, a 28-8 mm solution KOH and
discharge mobile phase in 1 ml min 1. An ASRS 300
4 mm self-regenerating suppressor (Dionex, USA)
was used to reduce the conductivity of the mobile
phase. Detection of the analysed samples was
operated by means of conductometry. Prevalent free
cations (Na+, K+, NH +, Ca2+and Mg2+)

were identified by means of ICS CS16 ion
chromatography (Dionex, USA). A pre-column and
analytic column lonPac AS11-HC (Dionex, USA)



was used for separating the analysed samples. A 35
mm solution of methansulfonic acid and discharge
mobile phase in 1 ml min 1 for the mobile phase. A
CMMS 300 mobile phase suppressor (Dionex, USA)
was used to reduce the conductivity. A 100 mm
solution of hydroxide tetrabutylammonium was used
as a suppressing agent. Detection of the analysed
samples was operated by means of conductometry.
The total quantity of dissolved Fe and Mn in the water
samples was determined by

AABOFS atomic absorption (Varian, Australia) in
standard analytic conditions. Quality control and
quality assurance were carried out according to
Tejnecky et al. (2013).

Catchment characteristics

The Jindrichovicky Brook, situated in north-west
Bohemia, in the Ore mountains region, is a left-side
tributary of the river Rotava, at 2-0 km downstream.
The brook, with an average slope of 4%, has the
character of a torrent, with the following conditions:
catchment area <35 km2, elevation H>200m above
sea level, slope gradient J>3% varies

Table I. Hydrological characteristics of the
Jindrichovicky Brook catchment.

Hydrological catchment number 1-13-01-114
T otal catchment area 5-964 km?
Length of river reach A 0-290 km
Length of river reach B 0-180 km
Forested catchment area 47%
Length of catchment 162 km
Length of water divide 4-35 km
Catchment shape coefficient A =0:653

Catchment shape Fan-shaped without

developed hydrographic network

Torrent index Kr=0-118
Slope of catchment 0-044 ()
Slope of river reach A 0-023-0-038 ()
Slope of river reach B 0-040 ()

considerably, with supercritical flow, enormous
erosion, transport and sedimentation of solid deposits,
rock boulder bed, current shadows and hideaways,
and populated mostly by trout in the lower parts of the
torrent. Table | and Figure 2 indicate the catchment
characteristics. Average monthly temperatures and
precipitation are indicated in Table II.

As far as the relief of the terrain is concerned, it is
part of an area of interest in the Ore Mountains, with
deep-cut valley waterways. The slopes mostly face
the north-west. The stream source of the brook is
situated below the village of Jindrichovice, and after
about 2 km, it flows into the Rotava river. The
Jindrichovicky Brook does not have any significant
tributaries. Forested areas make up 47% of the
catchment. The valley flood plain is overgrown with
mixed forest, with mainly pine and spruce trees. The
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undergrowth is composed of herb vegetation, with
plenty of shallow puddles and ruderal vegetation.

Transmissivity is the basic  quantitative
characteristic of the hydro-geological environment.
This designates the capacity of the aquifer to transmit
a certain quantity of groundwater and approximately
determines its hydrological use. The transmis- sivity
value for the given locality is T = 10 10 * m? s 1,
which represents a medium level. The prevalent soil
genetic groups are podzolic soil and podzols of
mountainous regions, with prevalent clay-loamy soils
and clays.

Table 111 presents data from the CHMI, concerning
N- year and M-day discharges to the closing profile
of the Jindrichovicky Brook (catchment area = 5-964
km?).

The present design quantities (in Table 111) do not
differ significantly from those used in the traditional
methods. Because of the slightly changed land use in
the catchment (permanent grassland instead of arable
land), the present design discharges were computed
as the lesser values (reduction 5-7%).

Initially, the improved river reach was devastated
by extensive bank and bottom ruptures, with many
stone outcrops, exposed by bed erosion. In certain
sites, 2:5-3-0 m deep gulches appeared, which
endangered the adjacent road. The bottom of the
channel was stony with upper sediment layer
granularity of 5-10 cm and with boulder lower layer
granularity of 20-30 cm. Where ruptures appeared,
the bed was exposed up to the bedrock; where the
velocity of the flow was smaller, extensive sandy
ripples appeared.

In the design for mitigating torrent erosion, the rule
of wusing all options including biota transfer
possibilities was applied (Chin, 2003; Chin et al.,
2009). This modern‘chute/step-pool’ procedure
meets the restoration require-ments and, at the same
time, solves the sediment transport problems by
reducing the causes of their occurrence. The cascade
of combined double hydraulic structures of this kind
(with positive or even negative inclination of the pool
bed) reduces the occurrence of extreme local velocity
and high shear stress values in the regressive process
of bottom scour, including bank foots (Figures 7 and
8). The already restored reach of the Jindrichovicky
brook followed up its old regulated reach with cross-
section barriers impermeable for migrating organisms
built in the 1970s in the form of high-drop structures
and river bed pavement. Future restoration of this
reach (section B) is under discussion.

slope, does not meander. The total length of the
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Figure 2:

The Jindrichovicky Brook catchment: (a) orthophotomap, (b) hydrological soil

groups, (c) land use, and (d) curve numbers

Table Il. Average monthly temperature and precipitation on the Jindrichovicky Brook catchment.

Month | "o \Y; \Y; VI VIL VI X X Xl Xl I-XI1
Temperature (°C) 25 1.6 2.2 64 11.6 146 164 154 12.0 7.1 2.0 14 68
Precipitations 63 54 46 52 60 68 84 80 52 54 55 60 728

(mm)

Table I11. N-year and M-day discharges of the Jindrichovicky Brook catchment (restored reach beginning profile).

N (years) 1 2 5 10 20 50 100
QN (m3sh) 09 12 2:2 2.9 3.7 5.4 69
M (days) 30 90 210 330 364 — —
Qua (I'sY) 40 25 12 6 3 — -

restored reach is 1-055 km, of which 0-078-0-166
km, 0-206-0-221 km and 0-805-0-815 km are
sharp erosive irregularities that have been replaced by
free standing arches. The bank ruptures and bottom
scours were used to create pools beneath the chutes

The cross-section profile has a saucer-shaped form;
the bottom width is 1-0-2:0 m, with bank slopes
about 1 : 1.-5-1 : 2 up to the bank edges, with the
exception of the pool section. The bank foot of this
reach is built from stones reinforced with rock fill,
and the remaining part of the slope above the
abutment is overgrown with grassland. Because of a
major longitudinal slope and thus greater shear stress,

it was necessary to design the slope lines. A number
of basic chute/step-pool gradient structures (U.S.
SCS, 1986), as well as cross-section sills, in wood and
stone, were built. The construction work and the
adaptation of the hydraulic structures were done in
such a way as to enable migration in both directions.
They do not exceed 0-4 m in height, and the
transversal section of the chute table ensures run-off
in a consistent water jet. These structures are designed
to be hydraulically effective for capacity discharge —
the material being stone, which copies the natural
gradient drops in the torrents. To minimize the
reinforcement between the transversal structures,
these sections were designed with a stable slope,
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which corresponds to the given granulation of the
deposits, based on the critical shear stress. The
nature- close construction was finished in 2008.

In the restored section A, there are a few short
sections with boulders placed on the bottom, where
the slope is very steep. However, there are much
longer reaches with a free bottom covered by a
gravel-sandy surface, mostly formed by sediment.
For a closer assessment of the design restoration
elements in contrast to the original situation, the
computation domain was reduced in a way that
corresponds to the surfaces (sections A and B) for the
withdrawal of hydrobiological samples. The
computation of the hydraulic characteristics was
made more precise by condensing computation of the
elements from 0-5 x 0-4 m to 0-15 x 0-1 m. This
hydraulic computation and the benthos sampling have
been carried out in 2011 to 2012.

Design rains and water discharges For computing

the N-year discharge, it is necessary to know the
depths of the design rains. The depths of short-term
rains for the Jindrichovicky Brook catchment (Table
IV and Figure 3) were determined from the data
collected at the Jachymov raingauge station, using the
DES_RAIN program (Vassova and Kovar, 2011),
which is based on the one-day maximum rainfall
reduction method (Hradek and Kovar, 1994):

Pt:N ¥%:P1d:Na tlc

where Pt,N represents the rainfall for duration t and
average occurrence N, P1d,N is one-day maximum
rainfall for occurrence once within N years, t is
duration of the design rain, and a and ¢ represent
regional parameters.

The KINFIL model computed the N-year design
discharges from the design rainfalls applied to the
Jindrichovicky Brook catchment. The model is

Table [V. Depths of design rainfalls P, () for various retum periods M = 1-100 vears and duration t=10-300 min for the Jachymov
station (648 m a s L)

Duration t (min)

Retum periods Depths of desien

M (vears) rainfalls P, (mm)* 10 20 30 60 o0
2 40-8 13-48 16-39 18-73 21-66 23-4%
5 335 18-77 23-30 26-44 3176 34-40
10 61-6 22-17 28-14 32-33 38-64 41-83
20 T0-1 26-64 4-m 39-22 47-11 51-03
30 20-3 32-24 41-43 47-08 38-25 63-09
100 286 36-33 47-14 54-88 66-40 72-02

*Taken from Samaj et al (1983).
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Figure 3: Depths of design rainfalls for duration t = 10-300 min and return period N = 2—100 years for
the Jachymov station.

Table V. Design discharges at the outlet of the
Jindrichovicky Brook catchment (restored reach
beginning profile).

N (years) 1 2 3 10 20 50 100
Q.CHMU(m'= ") 0% 12 22 29 37 54 69
QuEKINFIL (m*= ') 0-98 1-3 2-39 313 402 585 631
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particularly intended to determine the discharge after
various human interventions, e.g. change of land use,
clear cut and urbanization. It has several options for
ungauged catchments, such as this case study of the
Jindrichovicky Brook. Various run-off CN data,
widely used throughout the world, were applied (U.S.
SCS, 1986; Ponce and Hawkins, 1996). The



transformation of direct run-off was solved by a
kinematic wave according to the geometric and
hydraulic properties of each sub-catchment (Kovar
and Krovak, 2011). The results are presented in Table
V, where the results from the KINFIL model can be
compared with the N-year discharge data, supplied by
CHMI. The N-year discharge hydrographs acquired
through the KINFIL model are indicated in Figure 4.

Hydraulic computations using the HEC-RAS model

The channel capacity and its shear stress were
assessed for two scenarios: for section B, old-style
regulation measures (B-OLD) and for section A, new
‘restoration style’ measures (A-NEW), using the
HEC-RAS hydraulic model. The difference between
them is the paved bottom and the high bottom drops
in Section B. In both scenarios, the computation was
made for a 30-day discharge, while some of the
project- relevant N-year discharges (i.e. from Q30d to
Q100) were determined by the KINFIL model.
Geomorphological data

input concerning the geometry of the channel and
the hydraulic structures, based on detailed
measurements of the longitudinal and cross-section
profiles, was included in the computation. These
structures have a decisive influence on the water level
regime and on the channel shear stress. The basic
hydraulic characteristic of the channel is the Manning
roughness coefficient n. Because of the material
composi- tion of the original channel and the
structures, various values were selected and
determined, in accordance with the HEC-RAS
manual and on the basis of local in- vestigations,
which were made individually for each cross- section
profile.

Computations in the non-uniform steady flow
regime were made for the downstream regulated
reach of the old regulated channel (B-OLD) and also
for the restored upstream new channel (A-NEW).
From these computa- tions, it appears that, with
regard to the channel capacity for the design

7

discharge Q [m?/s]

discharge, no significant changes were assessed.
Flooding events of design discharges take place only
in a few specific solitaire locations, and harmless
flooding spills in the floodplain. However, there is a
clearly observable impact of changes in the
longitudinal bottom slope and cross-section
structures (chute/step-pool) in the channel on the
change in shear stress. The proposed measures will
definitely reduce the velocity and the shear stress. The
proposed measures, by using a number of cross-
section hydraulic structures, can be expected to have
a major influence on the retention capacity of the
channel. The volume of retained water during lower
discharge is much greater. Because of the limited
scope of this paper, only selected outcomes
(hydraulic depths) are indicated, as summarized in
Figures 5 and 6.

Hydraulic computations with the SRH-2D model

Two-dimensional models are particularly useful in
situa- tions where prismatic water flow in the channel
is not expected and where the physical structure of the
land is complex, e.g. a parallel channel with hydraulic
structures in it, complex interactions with the flooded
area and generally, in a natural river bed. In
comparison with 1D models, a disadvantage of 2D
models is that they have high demands on data
characterizing the terrain and high computation
complexity. For the Jindrichovicky Brook, a
computation domain was created in the AQUAVEQO
Surface-Water Modeling System, comprising more
than 100 000 elements.

The outcomes of the SRH-2D program are a data
text file containing data for all elements in the
computation domain. The outcome data consists of
water levels, water depths, velocities and their
vectors, Froude’s numbers and shear stress (Lai,
2008). The flow was assessed at the levels of Q30d =
0-04 m3 s 1, which is known as ‘channel formation
discharge’. In lower flows, i.e. Q330d, known as
‘ecological discharge’, computation errors occurred,

time [h]
Figure 4: Design hydrographs Q1-Q100 computed by the KINFIL model.
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Figure 6: Hydraulic depths of flow simulated by the Hydrologic Engineering Centre’s River
Analysis System model (a) for Q30d, Q1 and Q10 for the

and these flows were therefore not assessed.

The velocity vectors are important outcomes of the
2D model. They can illustrate the formulae for water
movements in the channel. Changes in the direction
of the flow vectors indicate increased
geomorphological diversity, which is an important
condition for the ecological quality of the flow
(Comiti etal., 2007). In the case of the Jindrichovicky
Brook, it appears that the standard discharge (Q30d)
has a quasi- laminar character in most sections of the
channel, and changes in the direction of the vectors
are observable only at specific individual steps or
chutes.

For increasing morphological diversity of the flow
and thus for its ecological potential, it would therefore
be useful to create even more nature-close steps in the
flow, preferably based on criteria derived from
assessments of the natural torrent morphology (Lenzi,
2002; Comiti et al., 2007; Chin et al., 2009).

These artificial yet nature-close steps stabilize the
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longitudinal profile of the flow and retain bed loads in
the same way as hard measures in the field of torrent
control but simultaneously create a potential habitat
for water organisms appearing in the natural
surroundings of unregulated torrents (Roni et al.,
2006; Comiti et al., 2009; Yu et al., 2010). A good
solution is to set up stop planks within the flow from
dead wood. This not only changes the morphology of
the flow but may also provide a nutrition receptacle
for many water invertebrates.

Another important characteristic, from the point of
view of the ecological quality of the flow, is the
depths of the water. Because of the relatively large
distance between the individual steps (approximately
50 m and more), the larger part of the flow has
uniform depths, longitudinally and also in the cross-
section profiles. The water depths at Q30d vary
between 0-05 and 0-10 m and can reach as much as
0-3 monly in the pools beneath the steps. Water depth
is one of the main characteristics for assessing the



quality of the habitat for most organisms living in
water, and thus, its flatness limits the ecological
potential of the flow (Diez-Hernandez, 2008;
Pasternack et al., 2008; Hauer et al., 2009; Kozarek et
al.,, 2010). Small water depth diversity in the
longitudinal profile is illustrated in Figure 9.
Restoration measures, as described in the preceding
text, can also be used to improve this flow
characteristic. Only selected outcomes are indicated
in the graphs (Figures 7, 8 and 9).

A closer analysis of sections A and B shows that the

resultant variance value of section A was 0-0015 m
and in Section B, the value was 0-0005 m. This again
indicates much smaller dispersion of values in the
given surface and also major uniformity in the
environment of this channel. Because of the relatively
low depth of the water column in the discharge under
investigation Q30d — average depth 0-05 m — the
values in each section would most probably increase
if the calculation points were condensed, and a much
more precise model of the river bed would be created,
reflecting even small unevenness (mini ripples) on the
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Figure 7: Flow velocities in the restored channel
simulated by the Sedimentation and River
Hydraulics Two-Dimensional model (a) for Qsoq and

(b) for Qsou.

channel bottom.
Results of hydrochemical
analysis

Hydrochemical analysis. Table VI presents the
results of a hydrochemical analysis of water samples
to illustrate the quality of the aquatic biota
environment.

The values clearly exhibit the chemical parameters
of the water samples collected in the studied
environment of the Jindrichovicky Brook; the
samples originate from the upper and lower parts of
the brook. The main negative influence on biota in the
studied ecosystem could be attributed to elevated
values of Mn determined in the upper part of the
brook. These values apparently exceed the guideline
limits for drinking water and also for surface waters
(Czech acts No. 252/2004 Sh. and No. 428/2001 Sb.
and also EU Council directive No. 98/83/ES).

The amounts of Cl , SO42 and also cations are
significantly higher than the amounts found in the
streams located in the near vicinity of the
Jindrichovicky Brook (Kram et al., 2012). However,

(a ) Shear stress by Q = 40 Is (30 days) Pa

and hydrobiological

Figure 8: Shear stress in the restored channel,
simulated by the Sedimentation and River
Hydraulics Two-Dimensional model (a) for Qg

and (b) for Qgpg.
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Figure 9: The longitudinal profiles 0-800—0-900 km Hydrologic Engineering Centre’s River
Analysis System (HEC-RAS) and Sedimentation and River

Table VI. Mean and standard deviation of chemical
parameters of stream-water samples (three replicates).

1 2

Compound Unit Mean SD  Mem  SD
PH 612 002 676 00
Conductivity uScm 444 463 239 267

) mel =001 =001

F mel 000 000 0-10 000
cl mel 136 0-63 640 008
Br mgl ° 003 000 002 000
NO. me] ' 000 001 1-15 001
PO; mgl ! 001 000 001 000
{on mgl 753 018 353 004
Ma' mel 467 004 288 001
NH, mel 000 002 004 000
Mg mgl 156 024 792 006
K ms' ' 430 0-M 263 008
Ca® mel 240 018 127 003
Al mgl 0-18 003 010 004
Mn mgl ! 034 0-00 005 002
Fe mel 021 006 010 000

5D, standard deviaton.

it should be mentioned that the streams described by
Kram et al. (2012) are located in an area less affected
by human activities. Thus, we can assume that the
elevated values are caused by the nearby road and
human settlement. The excessive amount of Cl is
most likely caused by the extensive use of antifreeze
salt (used to keep the road surface clear in winter
months), as has also been reported, e.g. by
Ramakrishna and Viraraghavan (2005).

Hydrobiological analysis. A total of 30 samples
from four substrate types were collected. The total
number of samples of each substrate type,
irrespective of section (A or B), were pavement (n =
13), sand (7), natural (5) and compound stones (5).

A significant relationship between taxonomic
richness and faunal abundance was revealed in
section B (Pearson correlation coefficient r = 0-85, P
< 0-0001, R2 = 70-8%, n = 15), whereas no such
pattern was found in the new section A (Pearson
correlation coefficient r = 0-13, P = 0-64, R2 = 5-9%,
n = 15). This difference is due to the fact th at seve ral
common tax a such as Trichoptera (Sericostomatidae
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and Hydropsychidae) and Oligochaeta (Tubificidae)
varied highly in abundances among the samples in the
A section. In contrast, these taxa almost absented in
the B section. As at least one of the aforementioned
relationships was statistically significant, we used
only taxonomic richness for statistical testing of the
effect of a type of channel restoration on benthic
fauna richness. This approach based on a more
conservative parameter reduces the effects of
microhabitat proportions on particular sites where the
animals preferring appropriate habitat could
concentrate. On the other hand, the approach with
emphasis on abundance could mask the species
richness. The effect of channel type on taxonomic
richness was found significant (t-test: t = 3-73, df =
27-9, P < 0-001) as the mean taxonomic richness
achieved 12-5 + standard error (SE) 0-76 in section A
but only 6-8 + (SE) 0-93 in section B. Similarly,
skewed differences were obtained for faunal
abundances [60-7 + (SE) 5-62 in section A vs 23-9 +
(SE) 5-81 in section B], all suggesting much richer
and more abundant invertebrate benthic communities
in the stream revitalized by the new method (Figure
10). The mean values (bars) and SEs (whiskers) are
indicated.

In addition, an analysis was made of the effects of
substrate type (paving, natural, stones and sand) on
taxonomic richness and faunal abundance. The
richest was the ‘natural” habitat, as 14-8 + (SE) 1-48
families were found in this environment, followed by
stones [12-6 + (SE) 0-36] and sandy habitats [the
same number of 13 families was found in the two sites
available in section B and 10-2 + (SE) 0-87 in section
AJ. The poorest pavement was inhabited by only 5-8
+ (SE) 0-81 (Figure 11).The only sandy habitat was
present in both the newly restored section A (‘sand
new’) and the old-style treated section B (‘sand old’)
in Figure 11. In the natural habitat, the most
represented (numerous) group was Plecoptera, with
more than one half of all collected specimens.
Similarly, Chironomidae dominated in the sandy
habitat. However, Plecoptera and Ephemeroptera



rarely appeared in the sand habitat. Trichoptera

occurred across all the habitats.
Mean Plot of fams grouped by korns
Spreadsheet 13 10*30c

fams

6

1 2

Figure 10: Numbers of detected families of
benthic invertebrates at 15 sampling sites on the
‘old-style’ treated reach (1) and on the newly
revitalized reach (2) in the Jindrichovicky Brook,

October 2011.
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Figure 11: Numbers of families (dark bars) and

specimen abundances (white bars) found in the

samples collected in the Jindrichovicky Brook,
October 2011.

The habitats also differed in abundance numbers.
While the average total abundance value was 65-75
specimens, one sample 0-1 m2 in the natural and sand
habitats containing around 48 specimens on 0-1 m2
was found in the stone habitat and only about 16
specimens on 0-1 m2 in the pavement habitat (Figure
11).

Finally, we tested the effects of restoration type
(new or old) and also substrate type (natural, sand,
stones and paving) on the composition of the benthic
communities. In this analysis, restoration type and
sand substrate were found to be key factors
explaining the variation in family occurrence (Table
VIII). The compounded stones, paving and natural,
played a minor role in our data. The importance of
sand is due to the high occurrence of some Diptera
larvae (Chiromidae and Limoniidae) and Olicocheeta
(Tubificidae) in this habitat.

Some less abundant taxa (Odontoceridae and
Sphaeridae) also showed an affinity with the sand
substrate. Baetidae, Limnephilidae and Perlidae
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Figure 12: Ordination diagram of canonical
correspondence analysis describing associations
between the composition of benthic invertebrate
communities, restoration type and habitat in the

Jindrichovicky Brook, October 2011.

showed an association with the not fully restored type
B (Figure 12). The centroids of the animal taxa
positions in Figure 12 are indicated using
abbreviations (full names available in Table VII). The
groups marked in bold type had dominance >1%. The
directions of significant variables (sandy habitat
‘SAND?’ and restoration type ‘NEW’ vs ‘OLD’) in the
framework of the first two ordination axes are
visualized. A global permutation test for all canonical
axes showed a significant result (for the statistical
output, see Table VIII).

DISCUSSION

This paper has two interconnecting parts: hydraulic
and ecological. The hydrological and hydraulic
conditions form environmental conditions for benthic
communities. We do not speak about living
conditions for fish, as the study area is the bead water
of the Jindrichovicky Brook, where its upper part is
still cut off by the lower edge of section B. This
section is not yet open for fish, because of the
insuperable bottom drop system. Therefore, the
relations between sections A and B concerning the
hydraulics and the hydrobiology of macrozoobenthos
can be discussed. The depiction of the course of the
water table in longitudinal profile (Figure 9) offered
an interesting comparison of the simulation results for
the two applied models. Figure 9 shows some
differences in the computation of the water table,
which appear in each step (steps 1 and 4 in the
direction opposite to the water flow). In this profile,
we may also identify the difference in computed
water table height, where it is shown that the HEC-
RAS model indicates mostly higher values (though
the difference is very small). We may also identify
wave undulation computed by means of the SRH-2D



Table VII. A list of the macroinvertebrate taxa
identified in the samples.

Order/*higher MNumber of
taxonomical unit Family individuals

Plecoptera Perlodidae 135
Nemouridas 45
Leuctridae 118
Ephemeroptera Bactidae 126
Leptophlebndae 1
Diptera Chironomidae 293
Tipulidas 1
Simuliidas 26
Dixidas 3
Ceratopogonidas 1
Limoniidas "1
Athericidae 19
Trichoptera Sericostomatidas 170
Odontoceridae 11
Goeridze 21
Limnephilidae 50
Hydropsvchidae 28
Rhyacophylidas 18
Phylopotamidae 10
unidentified pupas 16
Megaloptera Sialidas G
Neuroptera Oszmylidas 1
Trcladida™Turbellaria  Planandae 42
Teneroida*Bivalvia Sphaeriidae k3
*Oligochasta Tubificidas 63
*Hydracarina — 13
*Nematomorpha — 1
Total 1269

model beneath each step, which of course could not
be assessed in the 1D model. From the distance
between each of the steps, it may be assessed that the
HEC-RAS model records the course of the water
table development adequately. An advantage of the
SRH-2D model, despite its complexity in calculation,
is only seen when the flow manifests higher
morphological diversity (e.g. steps in close
succession with pools of different depths and
obstacles to flow directly in the channel) or in a
detailed study of the hydraulic structure of each cross
section. Hence, a complicated unsteady flow can be
solved much better by a 2D (SRH) model, when a

wide spectrum of flow (from Q330d to Q100) can be
simulated and nature-close hydraulic structures can
be designed adequately for local conditions.
Concluding, HEC-RAS as a 1D model is neither able
to simulate reliably flow velocities, water depth and
shear stress in complex cross sections nor in sections
with hydraulic jumps downstream of weirs or drops.
SRH-2D would definitely yield more profound
results.

The differences in the composition and the quantity
of benthic fauna between the two channel types are
evident. Both the metrics are positively skewed
towards higher values in new, semi-natural torrent
improvement, although the torrent control was
implemented less than 5 years ago there, whereas the
interventions in the old section were carried out much
earlier (in the 1970s). As far as the presence of
microhabitats is concerned (sand deposits and
heterogeneity of the bottom caused by disturbances),
these should theoretically be much more developed in
the old channel than in the new channel. This could
be the reason why some groups (Baetidae and
Limnephilidae) occupy the paving substrate in the old
channel with relative high density. A thin sand layer,
locally established on the surface of the paving in the
old channel, is a particularly attractive habitat. It can
be assumed that the newly modified channel will also
continue to develop and that the differences in the
composition of the macrozoobenthos will increase in
years to come.

Sites with different bottom substrates showed
different compositions of benthic fauna. Especially,
the sandy deposits differed from the other habitats.
This is in harmony with Wetzel (Wetzel, 2001), who
characterized porous sediments as an environment
where the maximum macroinvertebrate density is
commonly found. Thus, the presence of sandy pools
under the embankments proved to be favourable for
the variety and complexity of the benthic community.
Stones contributed less to the faunal richness of a new

Table VIII. Summary results of the forward selection procedure in canonical correspondence analysis of the effect of
the predictors on the taxonomic composition of benthic communities in the studied system.

Ordination axis 1 2 3 4
Varianee explamed by species data 0-151 0-078 0-183 0-149
Predictor F* P Predictor — axes comelation matrix
Non/revitalized section 1-28 0-0030 0-357 0-733 0-1a7 0-070
Sand 3-03 0-0020 0733 0-282 0-283 0-042
Watural 1-20 0-2378 0-33 0-603 0271 0-214
Paving 0-g2 0-5144 0492 0-635 0-187 0-093
Stone -84 0-8332 0-062 0291 0-391 0-368
Test of model Axiz 1 All ames

F-value 3354 1-841

F 0-001 0-0008

" Fesults of a honte Carlo permutation fest.



channel, and their contribution to the whole fauna
variability is similar to the contribution of a natural
bottom. However, this habitat is substantially better
for fauna than ‘old paving’. We recom- mend this way
of stabilizing the channel, when necessary.

The differences among fauna from separate habitats
are caused not only by the bottom substratum. Other
abiotic factors (e.g. Froude number, water velocity
and water depths) can also play an important role
(Doledec et al., 2007; Pastuchova et al., 2010), but
they have not been analysed here because of their
close connection with the habitats. In conclusion, the
presence of different stretch types in a restored stream
channel proved to be important for increasing the
taxonomical richness of the benthic community, and
each of the habitats contributed to its beta diversity.
Our study has shown that suitable improvement of the
bottom structure during restoration is important not
only in bigger rivers and streams but also in small
low- order streams such as the Jindrichovicky Brook.

The hydrobiological analysis results fully reflect the
assumption from the hydraulic simulation of the flow
conditions in sections A and B, computed by the
SRH-2D model. More uniform geomorphological
conditions in section B expressed by hydraulic
properties, i.e. depths, velocities and shear stress
values, undoubtedly diminish a biodiversity of water
organisms.

CONCLUSIONS

The initial aim of the nature-close adaptation
measures when restoring a torrential river was to
maintain the biota in the water environment of the
Jindrichovicky Brook and also to stabilize the water
direction and the water level of the channel. From our
hydraulic computations, we deduced that the changes
in the channel variables (longitudinal slope, hydraulic
structures and roughness) have an impact on
discharges that are less than Q 50. There are no
further changes. In the proposed design, the depth and
dimensions of the former channel were maintained,
and hydraulic structures were selected in a way that
would ensure biota migration and achieve higher
biodiversity.

The depth of the water increases, because of the
smaller longitudinal slope and the higher level of
roughness. This will be demonstrable mainly in M-
day discharges, which are the most important for
biota. The flow velocity and the shear stress were
decreased with regard to these changes. The volume
of water increased because of the more articulated
longitudinal profile and the deeper water level. The
longitudinal profile followed the natural ‘wavelike’
longitudinal profile more closely, with alternating
chutes and pools (step-pool profile). The pools above
and below the cross-section structures create refuges
for species during low level water situations.

Water aeration in frequent overfalls and particularly
on boulder chutes, to some extent, increases the self-
purifying capacity of the flow. The migration
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mobility is maintained thanks to the low hydraulic
structures and their structural arrangement. The
aesthetic character of the landscape is a significant
factor in a hydro-ecological assessment of the state of
the water flow.

The macroinvertebrate sampling showed that the
new type of channel adaptation is much more
effective than the old type. The taxonomic
composition and also the quantity of benthic fauna in
the newly adapted river bed decisively outhnumbers
the same variables in the river bed with old
improvements, mainly due to the occurrence of
nature- close sections on the bottom, composed of a
rich variety of habitats (sand, gravel and smaller and
bigger stones). In addition, the presence of sandy
deposits in this type of channel, particularly under the
embankments, has proved to be favourable for the
variety and complexity of the benthic families.
Sections on the basin bottom composed of
compounded stones were the least inhabited, from the
point of view of the occurrence of macrozoobenthos,
but they offer a far more favourable environment than
the sequential stone pavement built in the old-style
channel regulation.

Our study makes evidence available for decision
makers dealing with nature-close torrent control.
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5.2 STUDIE 2: Changes in Runoff regime. The Lomnice catchment case study

Tereza Bazatovd, Jana Simkovd
Soil & Water Res., 2014 (10): 40-48.
(vlastni podil 50%)

Charakter srazko-odtokového procesu povodi zasadné ovliviuje distribuci vody
v krajiné. Tato prace predklada analyzu trendl srdazko-odtokového rezimu povodi feky
Lomnice (Ceska republika, Jihotesky kraj) metodou jednoduchych a podvojnych
soucCtovych ¢ar, doplnénou o analyzu vyvoje teplotnich a snéhovych pomért. Soucasti
rozboru byla i analyza bilance povodi ve vybranych letech pomoci hydrologického modelu
Bilan.

Cilem préace bylo zjisténi, zda v daném povodi doslo od 70. let 20. stoleti ke zménadm
trendu srazko-odtokového rezimu a zda mohou byt pfi¢inou téchto zmén antropogenni

zasahy v povodi.

Pouzité¢ metody jednoduchych a podvojnych souctovych €ar (doplnéné o analyzu
sné¢hovych a teplotnich poméri) potvrdily existenci urcitych zmén trendli odtoku
v modelovém povodi Lomnice. Metoda jednoduchych a podvojnych souctovych car
pomérné jednoduse umoziiuje stanovit casovy okamzik, ve kterém doSlo k pfipadnému
naruseni homogenity fady. OvSem touto metodou nelze zjistit pfi¢inu tohoto poruseni. Tato
problematika je ndmétem pro dalsi studii. K diskuzi nabad4 rovnéz otazka, zda je 36leta fada
prutokli a srazek dostate¢né dlouha pro stanoveni zavérd. DelSi fada by méla véEtsi
problematické kvili vétsi absenci dat. S vybérem dat souvisi 1 dal§i ndmét pro vyzkum,
a sice analyza vice klimatickych stanic ve vztahu ke zméné odtoku, vysce sn€hové pokryvky

a vyvoje poctu dni se snéhovou pokryvkou.

Dosazené zavéry vsSak piindsi vice prostoru pro diskuzi. Do jaké miry jsou
zaznamenané zmény vysledkem dlouhodobého vyvoje a do jaké miry jsou pfi¢inou zmén
antropogenni zasahy do povodi v podobé zmény land use? V minulém stoleti proslo tzemi
Ceské republiky nasilnou restrukturalizaci krajinnych slozek, coz se podle vysledki
projevilo i v povodi Lomnice. Na vyznam lidskych aktivit v povodi poukazuji pfedev§im
rozdily v bilanci povodi horni Vltavy a jeho dil¢iho povodi Lomnice. V extrémnich letech

srazkovy rezim malého povodi kopiruje povodi velké a drobné vykyvy se v celkovém
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pohledu ztraceji. Znatelnymi se stavaji v ptipadé normalnich let (viz zde rok 2004), kdy jsou
vice patrné odchylky od priméru. Toto nabada k zavéru, ze ¢im mensi povodi, tim vice je
srazko-odtokovy rezim ovlivnén antropogennimi zasahy a samoziejm¢ i lokalnimi
podminkami (geograficka poloha, Clenitost, mistni atmosféricka situace apod.). Namétem

pro dalsi vyzkum je potvrzeni této teorie na dalSich ptipadovych studiich.

Z vysledkt analyzy povodi Lomnice je jasn€ patrnych nékolik zmén rezimu odtoku,
které nesouvisi se srazkovymi thrny. Spole¢né s vysledky srovnani hydrologické bilance
dil¢iho povodi Lomnice s bilanci povodi vyssiho fadu horni Vlitavy pak tato data vedou
k nasledujicim zavéram:

1) V povodi Lomnice doslo ke zméné trendu odtokového rezimu.

2) Charakter odtokového rezimu povodi Lomnice je odlisny od rezimu povodi vy$siho fadu
(Otavy, horni Vltavy).

3) Hlavni pti¢inou zmén odtokového rezimu v povodi Lomnice byla zfejmé antropogenni
¢innost, jejiz vliv se v ramci vétSich povodi (povodi vyssiho fadu) vytraci. Pii planovani
trvale udrzitelného vyuZzivani vodnich zdroj je tudiZ nutné zvazovat vliv lidského ptisobeni

v podobé zmény land use nejen v globalnim, ale také v lokalnim mékitku.
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Changes in Runoff regime. The Lomnice catchment case study
Tereza Bazatova, Jana Simkova
Ceskd zemédélska univerzita v Praze, FZP, KBUK
Kamycka 1176, Praha 6, 165 21

Soil & Water Res., 2014 (10): 40-48.
Abstract

The distribution of water in the landscape is essentially influenced by the nature of the
catchment rainfall-runoff process. Firstly, this paper presents an analysis of trends in the
rainfall-runoff regime of the basin of the River Lomnice (South Bohemia, Czech Republic),
using a single nad double mass curve method. Secondly, the analysis of the rainfall-runoff
regime is supplemented by an analysis of the evolution of temperature and snow conditions.
Finally, a water balance analysis is performed for three selected years, using the Bilan
hydrological model.

The aim of this paper was to find out 1) whether any changes have occurred in the trend
of the rainfall-runoff regime of the catchment since 1970, and 2) to what extent any changes
may have been caused by anthropogenic activities in the catchment.

The results show several changes in the runoff scheme that are not related to the amount
of precipitation. This statement follows from the comparison of single mass curves
of precipitation and discharges. A comparison of data for the hydrological balance of the
Lomnice River basin, the River Otava and the Upper Vltava — a higher order stream — led to
the following conclusions: 1) There has been a change in the trend of the Lomnice River
runoff regime. 2) The runoff regime of the Lomnice basin differs from the regime of a higher
order basin (the Otava, the Upper Vltava). 3) The changes in the runoff regime in the
Lomnice basin were probably caused mainly by anthropogenic activities, the influence
of which disappears within the larger basin (a higher order catchment area). Therefore, when
planning sustainable water resources management, it is necessary to consider the impact
of human activities not only globally but also at the local scale.

Keywords: the Bilan model, mass curve method, hydrological regime, water balance
INTRODUCTION

The catchment rainfall-runoff process has fundamental effects on the distribution of water
in the landscape. This complex mechanism is influenced by many factors (climate, physical
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geographical, and anthropogenic). Studies of the development of rainfall-runoff processes
in the catchment play a pivotal role in planning the sustainable use of water resources.
Changes in runoff regime due to anthropogenic changes have been mentioned by many
authors (LANGHAMMER 2010; BAE (2008); JUCKEM (2008); KANOK 1997; etc.)

This paper builds on the co-author’s study of runoff in the Lomnice basin (BAZATOVA 2009),
and supplements the findings of scientific studies carried out on the Otava basin (KLIMENT et
al. 2011; VANOVA and LANGHAMMER 2011). Most rivers in the Czech Republic have been
anthropogenically modified, particularly during the 20th century. In the Lomnice basin, the
most extensive river training interventions were carried out in the 1980s, and many
considerable drawbacks of these treatments revealed themselves in the course of the next
few years or decades. The natural hydrological regime in the country was disrupted by river
training, as has now become apparent particularly from overbanking during floods. The
intensity of anthropogenic activities has grown hand-in-hand with the overall intensification
of land use, from the headwaters towards the lowland areas, where there are larger
settlements and the land use is predominantly agricultural (BAzZATOVA 2009).

The aim of this paper is 1) to estimate the trends in the Lomnice rainfall-runoff processes
using single and double mass curves and the Bilan model, 2) to prove whether anthropogenic
activities (particularly changes in land use) play a key role in the catchment.

The hydrological and climatic data were provided by the Ceské Budg&jovice branch of the

Czech Hydrometeorological Institute (see the next section).

MATERIAL AND METHODS

Studied area. The Lomnice is an important stream, in terms of water management, and
diverts a significant amount of water to the Otava. The Lomnice basin seems to be very
diverse from a geographical point of view, and the nature of the discharge is influenced by
many factors.

The Lomnice springs on the slopes of Tiemsin (the Brdy Mountains) at an elevation of 733
m, and flows from the left into the Otava, not far from the Zvikov Castle at an elevation
of 346 m. (ZiDEK 1965).

There have been numerous anthropogenic interventions in the history of this basin. Its
character has been transformed by fish farming, agriculture, water management, and the

emergence and development of settlements. Historically, floods posed no special threat in
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the Lomnice basin. However, there were no flood records of significant value from
a hydrological point of view until the second half of the 19th century, when regular water

level measurements began.

The mass curves method. The data series of average annual discharges and precipitation in
the Lomnice catchment were used to create single and double mass curves. The
corresponding pairs of successive sums of the data series represent the coordinates of points
in a rectangular coordinate system, where a straight line drawn through determines the
relationship between the rows. Where there are significant deviations from the linear shape,
or where there are breaks, changes of runoff regime can be assumed (BEVEN 2011).

In addition, an analysis of the runoff trends was carried out for the period covered by water
level records - i.e. 1975-2011. We then observed the evolution of the percentage of runoff
and rainfall, and also the timing of the average discharge in each month and in each season.
The runoff development in the basin was further supplemented by an analysis of the
evolution of the air temperature and snow conditions. Variations in the development of air
temperature and snow conditions are natural factors affecting the hydrological balance
of the catchment. Nowadays, they are often discussed in the context of global warming
(KLIMENT et al. 2011).

Land use data of the Lomnice basin from the Charles University in Prague (LUCC 2013),
map data of water flow regulation from the Ministry of Agriculture of the Czech Republic
(2012), CORINE 1990 and 2000 (CENIA 2013) were used for an assessment of the
management interventions in the Lomnice basin.

Estimation of the water balance. Computation of the water balance in the catchment
provides an essential tool for evaluating the occurrence and distribution of water in the basin.
The water from atmospheric precipitation is distributed quantitatively into particular
components of the balance (VACULIN and SOUKALOVA 2003). This process is significantly
affected by the climate conditions in the basin, and vice versa.

The Bilan hydrological model (KASPAREK and Novicky 2004) was used to assess the water
balance in the Lomnice basin for three selected characteristic years (2002, 2003 and 2004).
These years were chosen to describe extreme behaviour of the basin in response to a very
wet year (2002, high precipitation), a dry year (2003, low precipitation), and a normal year
(2004, average precipitation). The results were compared with the outputs of the
hydrological balance of the Czech Republic covering the same years (CHMI 2003, 2004,

2005) and long-term data on average precipitation amounts and discharges. The previous
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25-year time series for each year were used for the long-term average values of the data: i.e.
for 2002 the data from 1977 to 2001 were averaged, for 2003 the data from 1978 to 2002
were averaged, and for 2004 the data from 1979 to 2003 were averaged. The results were
later compared with the long-term discharge at the Lower Ostrovec gauging station (Figure
7) and the percentage portion for each month in the total annual runoff (Figure 8).

The Bilan model can be classified as a deterministic, conceptual, lumped model. It was
developed by the T. G. Masaryk Water Research Institute in Prague (WRI) to simulate
components of the water balance of the catchment. It is primarily used for assessing
the impacts of climate change on the water regime and on supplies of surface and
groundwater (VIzINA et al. 2010; HORACEK et al. 2008; SIMKOVA 2012). A detailed
description of the model is provided by the Bilan model manual, compiled by WRI (WRI
2011).

The model simulates the daily or monthly series components of the hydrological balance.
The input variables are the data series for rainfall P (mm), discharge measured at the outlet
closure station R (mm), air temperature T (°C), and relative air humidity H (%) in daily or
monthly steps. To determine the parameters of the model (for a detailed list, see the manual
— KASPAREK and Novicky 2004) an optimization algorithm is used, which minimizes the
value of the selected compliance criterion of the model output and observed data.
The average absolute deviation of modelled and observed runoff data is used for the
optimization criterion (VACULIN and SOUKALOVA 2003). The values of the parameters for
the Lomnice basin are: soil moisture storage capacity Spa=147.7 mm; snow melting factor
Dgm =15.2

(-); factor for calculating the quantity of liquid water available on the land surface under
winter conditions Dgw = 13.8 (-); parameter for the rainfall-surface runoff equation (direct
runoff) Alf = 0.000779 (-); recharge under summer conditions Soc = 0.699 (-); recharge
under conditions of snow melting Mec = 0.799 (-), parameter for recharge under winter
conditions, controlling the outflow from the groundwater storage (base flow) Wic = 0.342
(-); Grd = 0.499 (-).

The daily flow values, precipitation, snow depth, air temperature, sunshine duration, relative
air humidity and wind speed were used as input data for the analyses. The hydrological data
for the period from 1975-2011 come from the Lower Ostrovec gauging station (on the
Lomnice) and the climatic data (1976-2011) come from the Kocelovice climate station
(Figure 1). The data were provided by the Czech Hydrometeorological Institute, Ceské

Bud¢jovice.
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Figure 5: Location of the Kocelovice climate station and the Lower Ostrovec gauging

station

RESULTS

Analysis of changes in the runoff regime by single and double mass curves. The method
of single and double mass curves was used for detecting significant changes in the runoff
regime. The curves were created on the basis of the average annual precipitation and
discharge values. The cumulative precipitation (Hr) series was created to identify potential
climate changes in the basin that could affect runoff conditions.

The progress of the mass curve of discharges (Lower Ostrovec gauging station) is captured
in Figure 2. A deflection of the line from linear shape indicates a change in the development
of the runoff. Figure 2 shows that in the period 1979-1982 there was an increase in
the discharge, and subsequently a decline in 1985. The same pattern characterizes the period
from 1985 until 1992, where 1988 is considered a breakthrough year (since there was again
a decrease in the discharge in that year). The growing and decreasing tendencies of the slopes

are comparable.
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Figure 6: Single mass curve of the annual discharges Qr (%) (Lower Ostrovec

gauging station)

When comparing the mass curve of discharges and precipitation (Figure 3), it is clear that
the observed increase in the flow is not closely related with precipitation, i.e. the period from
1985 until 1992 cannot be considered extremely rich in rainfall. The single mass curve for
Hr is almost linear, with hardly any significant deviations.
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Figure 7: Single mass curve of annual precipitation Hr (%) (Kocelovice climate

station)

To clarify the situation and specify the results, a double mass curve of annual discharges and
precipitation for the Lower Ostrovec station was compiled (Figure 4). The years in which
there was a change in runoff (1979, 1982, 1985, 1988, 1992) have been graphically
highlighted (with a square).
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Figure 8: Double mass curve of annual discharges Qr (%) and precipitation Hr (%o)
(Lomnice River)

Seasonal changes in runoff distribution. Changes in the distribution of runoff during the
year were assessed on the basis of the percentage of discharge distribution and average flow
rates in each month and season. The trend in the Lomnice basin (Lower Ostrovec station) is
characterized by a decreasing discharge in winter and in summer, while increasing
discharges are typical for spring and autumn (Figure 5). The largest increase
in the year-round runoff in the Lomnice basin was recorded in March, and the largest decline

was recorded in December (Figure 6).
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Figure 10: Trends in runoff development in March and December (1975-2011),

(Lomice River, Lower Ostrovec gauging station)

The runoff distribution in the course of each year can also be assessed in terms
of the chronology of monthly flows. These average monthly flows (Qm) characterize
the distribution in the course of the year (BENSON and MATALAS 1967). The regularity
of this distribution can be expressed in long-term monthly flows. For the Lomnice station,
these are calculated from 37 hydrological years. Monthly flows are influenced by climatic
characteristics (particularly rainfall and temperature), which have a regular and long-term
coverage. The monthly flow also cause gradual accumulation of snow and snowmelt, which
influences the flow mostly in spring. Figures 7 and 8 clearly show the highest flow in the

Lomnice in spring.
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Figure 12: The proportion of the annual runoff for each month (1975-2011), (Lower

Ostrovec gauging station)

At the same time, the proportion of monthly and seasonal precipitation totals remains at

approximately the same level. The average annual precipitation from the Kocelovice station
for the period 1976-2011 amounts to 554.9 mm. The wettest year by far was 2002 (905 mm),

due to the extreme total precipitation in August of that year (209 mm).

Development of the air temperature and snow conditions.

Snow and thermal characteristics were calculated for the Kocelovice climate station.

A 36-year data series (1976-2011) of air temperatures was analysed. A comparison of the

average air temperatures for the period 1976-1993 and for 1994-2011 revealed an increase
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from 7.3°C to 8.0°C. The most significant temperature increase occurred between 1996 and
2000, when the values rose from 6.2°C to 8.8°C (i.e. an increase of 2.6°C). The greatest
increase in temperature was observed in January, February, April and May. The situation in

terms of seasonal temperature variation is shown in Figure 9.
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Figure 13: Development of average annual air temperature in each season

(Kocelovice climate station)

In the period from 1976 to 2011, there was snow cover on an average of 65 days. When we
compare the periods from 1976 to 1993 and from 1994 to 2011, as in the analysis
of temperature conditions, it is found that the average number of days with snow cover is
almost equal (65 and 66 days). However, there is an apparent fluctuation in the number
of days with snow cover throughout the whole analysed period (Figure 10), where
the maximum number of days with snow cover falls in 1996, 2006 and 2010. The highest
average snow depth was recorded in January and February.
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Figure 14: Average snow depth for selected months (1976-2011), (Kocelovice climate
station)

The periods of increased flows in the Lomnice basin (1979-1982, 1985-1988), which were
defined using the mass curves, can be characterized as moderate, in terms of temperature,
with greater average snow depth and a larger number of days with snow cover. A study
of headwater parts of the Otava (KLIMENT et al. 2011) has shown that there is a decrease in
the number of days with snow cover at lower altitudes (Klatovy station — elevation 430 m.),
and that this is compensated by an increase in winter runoff. An analysis of monthly flows
between 1975 and 2011 in the Lomnice basin showed a decrease in runoff in the winter and
summer months. Thus, the situation in the headwater areas of the Otava and in the Lomnice
basin differ from each other. Increased spring and summer temperatures appear to contribute
to a decline in runoff, especially during the summer months.

These periods (1979-1982, 1985-1988) correspond with large-scale management changes in
the Lomnice basin. A study of contemporary maps indicates (Ministry of Agriculture 2012)
that the largest river flow regulations were carried out between 1977 and 1990. The largest
changes in land use were recorded between 1948 and 1990, when there was a decline by
almost 6% in Agricultural Land Resources (ALR) (arable land, meadows, pastures and
temporary grassland). In the same period, there was an increase in forested areas, urban areas
and other areas. The highest proportion of the decline in ALR fell on arable land (-3%),
while forested area increased by 1% and urban area increased by 0.5% in that period (LUCC
2013). A comparison between the data from the CORINE 2000 database and its previous
version CORINE 1990 showed no significant changes in land use.
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Estimation of the water balance.

Three characteristic hydrological years were selected for a description of the behaviour
of the Lomnice basin (2002 - wet year, 2003 - dry year, 2004 - normal year). Individual
components of the water balance are shown in Figure 11 (2002), Figure 12 (2003) and Figure
13 (2004). The results were compared with the water balance in the Upper Vltava basin
carried out by the Czech Hydrometeorological Institute for the river basin (CHMI 2003,
2004, 2005) and the long-term average precipitation and runoff values in the Lomnice basin.
The coincidence of the simulated and measured discharge records was evaluated as
sufficient by the coefficient of determination CD > 0.75 and the coefficient of variation
CV <£0.25 (LEGATES and McCABE 1999; NAsH and SUTCLIFFE 1970).

2002 was a year with very rich rainfall and discharges, characterized by large fluctuations.
The spring runoff was affected by the melting of a comparatively high snow cover. Very low
rainfall and discharges (one half of the long-term average) followed in April and May.
Beginning in July, there was an increase in precipitation and runoff, and the peak was
reached in August. The extreme values for the August runoff (almost twenty times
the long-term average values) reflect the occurrence of catastrophic floods in August 2002,
see the figures in Figure 3. Later in the year, there was below-average precipitation in
September, but there were still noticeable remains of extreme runoff (three times
the long-term average levels). There was rich rainfall in October, and the flows were still

abundant (twice the long-term average levels) but with a declining trend (Figure 11).

71



200

150
— P
= C—RC
E 100 R
RM
50 -

LA A mon N e VI VI X

Figure 15: Water balance 2002 (wet year) of the Lomnice basin. P - precipitation, RC
- groundwater recharge, R - measured runoff, RM - modelled runoff, BF - base flow

(mm)

The rainfall-runoff regime at the beginning of 2003 was affected by the high saturation
of the basin from autumn 2002 (twice the average precipitation levels in November, and six
times the long-term average (hereinafter referred to as average) runoff in December. After
this, the precipitation levels fell to normal and the runoff values were three times the average
levels). The January 2003 flows were increased by snow melting to nearly four times
the average level. In the following months, however, there was a season of extremely low
rainfall (less than half of the average, with the exception of May, when the rainfall totals
reached average values). This strongly affected the runoff regime, which was often less than
a quarter of the long-term average (Figure 7). Overall, 2003 was considered a very dry year,
as is confirmed by zero groundwater recharge from March onwards (Figure 12).

An important role was also played by above-average air temperatures (Figure 9).

72



90

80

70 -

60 -

— P

2 50 - C—RC
£

40 - R

30 1

20 |

10 1

D -

X1 nmoomoNMv Ve VI VI XX
Figure 16: Water balance 2003 (dry year) of the Lomnice basin. P - precipitation, RC
- groundwater recharge, R - measured runoff, RM - modelled runoff, BF - base flow
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2004 was a year with a normal to slightly dry character in terms of the precipitation and
discharge rates, with unevenly distributed rainfall and runoff (Figure 13). At the beginning
of the year there were below-average values (approx. 55-85% of the long-term average).

A significant increase in precipitation was recorded in January (254% of the average). This
was the month with the highest precipitation in the whole year. This precipitation led
to a growth in runoff in February (121% of the average). This corresponds to the long-term
distribution of flows in the Lomnice basin (Figure 7). Other fluctuations were observed in
June (203%) and September (163%), along with high discharge values (269% of the average
in June, and 133% of the average in September). The other months produced below-average
values.

The ground water level (GWL) increased in January. A typical decline of GWL came in
spring as a consequence of the increase in temperature and the growth of vegetation. After
a high level of rainfall in June, GWL rose again. The rest of the year showed a declining
trend until September, when there was an insignificant increase in GWL values (see Figure
13).
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Figure 17: Water balance 2004 (normal year) of the Lomnice basin. P - precipitation,
RC - groundwater recharge, R - measured runoff, RM - modelled runoff, BF - base
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DiscussiON

The aim of this paper has been to form a comprehensive picture of the rainfall-runoff regime
in the Lomnice basin, using several methods: rainfall-runoff regime assessment by single
and double mass curve method and the Bilan hydrological water balance model, and also
an analysis of the development of air temperatures and snow conditions.

Mass curve methods (supplemented by an analysis of snow and temperature conditions) have
confirmed the existence of certain changes in runoff trends in the model basin of the River
Lomnice. The method of single and double mass curve provides a quite simple way to
determine the time point at which there was a potential disturbance of the homogeneity
of the data series.

It can be debated whether a 36-year time series of flows and rainfall is long enough to enable
valid conclusions to be drawn. A longer series would have a higher predictive value, but the
absence of continuous data would make it problematic to examine earlier historical flow and
precipitation series. According to some other studies dealing with long-term trends
of rainfall-runoff processes in the catchment, for instance BAE (2008), this length of the time

series can be considered to be sufficient for the analysis. Kocelovice climate station was
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used for the calculation of snow and thermal characteristics of the Lomnice basin. The
elevation of the station (519 m) corresponds with the elevation range of the main part of the
basin. Therefore, the data acquired from Kocelovice can be applied to the whole basin of the
Lomnice. Another study might bring an analysis of several climatic stations in relation to
changes in runoff, snow depth and the development of the number of days with snow cover
to validate the results presented in this paper.

The distribution of runoff in the Lomnice basin is completely different from the situation in
the source areas of the Otava analysed in (KLIMENT et al. 2011). Generally, the source areas
of the Otava have shown a distinct increase in the proportion of runoff in winter over the last
half-century whereas, with a few exceptions (August 2002), there has been a gradual
decrease in runoff in summer months. In the headwater areas of the Otava, the biggest
increase in the proportion of runoff falls in December (March for the Lomnice basin), while
the biggest decrease is characteristic for July (December for the Lomnice basin).

Further issues for discussion emerge from the conclusions reached in this paper. To what
extent are the observed changes just a result of long-term evolution, and to what extent may
the changes have been caused by anthropogenic interventions (land use changes and river
flow regulation) within the basin? In the 20th century, the landscape of the Czech Republic
was strongly influenced by restructuring of landscape components. This influence has also
been reflected in the Lomnice basin, and was observed in a study of the Otava basin
(KLIMENT AND MATOUSKOVA 2005). The issue of factors affecting the runoff regime
in a basin was covered also by some recent international pilot projects, which deal with
changes in land use planning considering climatic changes (JUCKEM 2008; Huo 2008;
ZHANG 2008), effects of water reservoirs, urban areas, mining and industry and stream
regulations on runoff regime in the basin (MEYER 2001; CzAJA 2005). Generally, the results
of this study correspond to the trends from abroad. The Otava study investigated three
catchments, the Ostruzna, the Blanice and the Vydra Rivers, in the Sumava Mountains and
in the foothills of Sumava. Variations in the development of the outflow were most evident
in the farmed Ostruzna catchment, to a much less extent in the upper basin of the Blanice
catchment, and were not detected at all in a natural forested basin of the Vydra catchment.
Extensive hydro-ameliorative measures, linked to modifications of the hydrographic
network and the construction of surface and subsurface drainage systems, are a decisive
anthropogenic factor here (KLIMENT AND MATOUSKOVA 2005). The Lomnice basin is also
mainly used for farming, with the exception of the headwaters (the Ttrems$in National

Monument) and the confluence of the Otava (the V Obouch nature reserve). Taking into

75



account the results for the Ostruzna basin, we conclude that the Lomnice basin has been
importantly affected by management regulation, particularly by regulation of the river flow
and by changes in land use.

Primarily, the differences in the balance of the upper basin of the River Vltava and its sub-
basin of the Lomnice River point to a major impact of human activities in the catchment.
In extreme years, the rainfall-runoff regime of the basin copied the upper basin and small
fluctuations in the overall perspective of the sub-basin were losing. In a normal year
(represented here by 2004), the deviations from average values became noticeable. This has
led us to the conclusion that the smaller the basin is, the more the rainfall-runoff regime is
affected by management activities, and of course by local conditions (geographic location,

topography, local atmospheric conditions, etc.) Other case studies may confirm this theory.

CONCLUSIONS

Our analysis of the relationship between precipitation and runoff in the Lomnice basin shows
that some changes in rainfall-runoff conditions have occurred since 1970. Using mass
curves, the deviations in runoff development were identified. Changes occurred mainly in
the 1980s and 1990s (there was increased runoff between 1979-1982 and 1985-1988). The
period of increased runoff can be described as average, in terms of temperature, with above-
average snow depth and an above-average number of days with snow cover. In comparison
with the period of higher runoff in the Otava basin, this corresponds to a longer integrated
interval of higher runoff in the Otava basin between 1974 and 1982 (KLIMENT et al. 2011).
The temperature values in the Otava basin were below average, whereas the height of the
snow cover and the number of days with snow cover were above the average.

In order to meet the increasing social demands on natural resources, the rate of anthropogenic
intervention in the natural cycle of the Lomnice river basin has been increasing since the 20"
century (BazaTovA 2009). This has notably affected the nature of the discharge regime of
the basin. When the hydrological balance of the Lomnice was compared with hydrological
balance of the Upper Vltava River basin (CHMI 2003, 2004, 2005), several differences were
detected, mainly in the normal year 2004. The Lomnice sub-basin displayed a dry-to-normal
character, while the Upper Vltava River basin, to which the Lomnice belongs, and the whole
country in 2005 were assessed as normal. This difference highlights the importance of local
anthropogenic interventions in the river basin. The sub-basin was affected, while no
significant effects were recorded in the large basin. It is therefore necessary to consider
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the impact of human activities not only at global scale but also at local scale when planning

the sustainable use of water resources.
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5.3 STUDIE 3: A Comparison of Water Regimes using the Hydrological Balance of Two
Dump Catchments in Dry Years in the Krusne Mountains

Jan Gregar, Pavel Kovar, Hana Bacinova and Tereza Bazatova
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(vlastni podil 15%)

Jeden ze zakladnich rekultivacnich procesii po povrchové tézbé hnédého uhli je
optimalizace vodniho rezimu. Vysypkova tizemi se potykaji s problematikou optimalizace
vodniho rezimu pfedevsim v klimaticky suchych obdobich. Pro tuto studii byly vybrana
povodi Radovesické a Loketské vysypky. Tyto vysypky se nachazeji v oblasti Krusnych hor,
vzdéalené od sebe asi 90 km. Povodi Radovesické vysypky spadd do srazkového stinu

Krusnych hor, dlouhodoby srazkovy deficit v tomto povodi je cca 100 mm ro¢né.

Hydrologicka bilance je zdkladnim prostfedkem pro hodnoceni vyskytu a distribuce
vody v povodi. Spoc¢iva v kvantitativnim rozdéleni vody z atmosférickych srazek na
jednotlivé bilan¢ni slozky (Vaculin et Soukalova 2003). Prubéh tohoto procesu zasadné

ovliviiuji klimatické podminky povodi a naopak.

Pro analyzu bilance povodi byl vybran bilanéni model WBCM-6. Model WBCM
(Water Balance Conceptual Model) je Klasifikovan jako model deterministicky,
konceptualni, celistvy, nelinearni. Jeho parametry jsou pravdépodobnostné rozdéleny po
ploSe povodi tak, aby byla zachovéna jejich plos$na variabilita. Kazdy kapacitni element
modelu reprezentuje pfirozenou zasobu vody v jednotlivych vertikdlnich subsystémech
hydrologického profilu. Model byl navrzen pro studium jednotlivych komponent
hydrologické bilance v zavislosti na zméndch hospodaiského vyuziti povodi (Kulhavy,
Kovat 2000). Tato prace srovnava hydrologickou bilanci vysypek ve vegetacnim obdobi
srazkové chudého roku 2003 (suchy rok) se srazkové primérnym rokem (tzv. normalnim)
2004 (Radovesicka vysypka) a rokem 2006 (Loketsky vysypka) kviili posouzeni vhodnosti
navrhi biotechnického opatfeni. Jako indikator zmén slouzi data srazkovych tihrni, rozdil

v potencialni a aktualni evapotranspiraci a zmén hladin podzemni vody.

Vysledky modelu poukazuji na vhodnost zlepSeni hydrologické retence a akumulace

vody v povodi (pfedevsim v povodi Radovesické vysypky), a to pomoci napf.

80



biotechnickych opatieni. Situace v povodich obou vysypek lze fesit vybudovanim systému

malych nadrzi, infiltranich ptikopti nebo past ¢i ostatnich typt opatieni.
Me¢éiena data byla ziskana pomoci velmi modernich metod méfeni. Meteorologicka

stanice s automatickym méficim systémem byla instalovana v zajmovych povodi, nabijena

byla diky solarnimu panelu. Data byla méfena v hodinovém kroku.
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A Comparison of Water Regimes using the Hydrological Balance of Two
Dump Catchments in Dry Years in the Krusne Mountains

JAN GREGAR, PAVEL KOVAR, HANA BACINOVA and TEREZA BAZATOVA
Faculty of Environmental Sciences. Czech University of Life Sciences Prague.
Czech Republic
Abstract

After surface mining of coal, one of the basic recultivation operations involves optimizing
the water regime on dump catchments to deal with drought conditions. Two dump
catchments in the Krusne Mountains in the Czech Republic were selected for a study to
reveal whether the hydrological balance in these catchments is adequate to keep life in them
on a sufficiently natural level. A comparison is made between the different hydrological
conditions in the Radovesicky and Loketsky dump catchments. These dumps are located
about 90 km apart. The Radovesicky catchment lies in a precipitation shadow.
The WBCM-6 water balance model has been implemented for this hydrological case study.
The Radovesicky dump catchment suffers from a much greater precipitation deficit than the
Loketsky dump catchment does. The long-term deficit in the Radovesicky dump catchment
is about 100 mm annually.

This paper analyses the growing season of the dry year 2003, in order to identify suitable
biotechnical hydrological measures, in particular cascades of small reservoirs.

Keywords: water balance model, biotechnical measures, mining dump, landscape
improvement.

Introduction

The concept of recultivation after surface mining in the North-West Bohemian brown coal
basin requires studies of water regimes in support of future restoration processes. The
WBCM-6 hydrological model has been applied to exploited areas of the Loketsky and
Radovesicky dump catchments. The 1 000 ha area of the Radovesicky dump catchment, is
at an elevation of 200 m to 400 m (see Fig. 1). It belongs to the B2 climatological region
(mild warm and dry) and partly to the B3 region (warm, dry with mild winter). The average
long-term temperature is 8°C to 9°C, and the annual precipitation does not exceed 500 mm.
The Radovesicky dump catchment has the lowest number of snow days of any catchment in
Czechia (about 40 days). Due to the prevailing winds, the water regime tends to be very dry.

The Loketsky dump catchment lies in the Eastern part of the Sokolov district, and is more
than 500 ha in area. Its characteristic shape is elliptical, a with longer axis in the east-west
direction. The land use is mostly forest that was recultivated in the past. A study project in
1985 investigated the recultivation of the whole dump complex as a unit, with the aim
of creating an ecologically well-balanced locality, a landscape suitable for agriculture, and
good living conditions for the inhabitants.

Methods and Materials
The WBCM-6 Model

Conceptual models are frequently applied in operational practice. However. they usually
neglect the spatial variability of the parameters and state variables. They are often calibrated
using measured stream flow data. Models of this type include HBV (Bergstrom 1995),
SAC-SMA (Burnash 1995), TOPMODEL (Beven et al. 1995), SWAT (Arnold et al. 1998)
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and AFFDEF (Moretti and Montanari 2007). The parameters of models of this kind often
cannot be measured in the field, or lack physical meaning. These models also suffer from
lack of parameter identifiability, and from equifinality.

Recharge estimation is essential for proper management of a catchment area. There is
a group of water balance models based on the water balance equation, e.g. simplified
DHVSM (Andrew and Dymond 2007), HIDROMORE (Sanchez et al. 2010), and the
WBCM-6 model (Kovai and Vassova 2010). The WBCM-7 model (Kovar et al. 2016) can
be used to improve water regimes quantitatively with the use of water reservoirs.

This paper provides a comparison of the water balance in the growing season (April 1 to
October 31) in dry year 2003 with the monthly balance in normal year 2004
on the Radovesicky dump catchment and also with monthly balance in normal year 2006
on the Loketsky dump catchment. The water balance for a particular area in a given time
span can be described by the equation (in mm):

SP =STF + SAE + ASM + GWR - BF (1)

where SP is rainfall, STF = SOF + BF is total runoff, and SAE is actual evapotranspiration.
ASM is the change in soil moisture content, GWR is groundwater recharge, BF is baseflow,
and SOF is direct runoff.

The net difference in groundwater storage is SNGWR, and it is calculated from (in mm):
SNGWR=SGWR - BF = ASM + GWR - BF (2

where SNGWR is the net change in subsurface storage (after subtracting BF), and SGWR is
the change in subsurface storage. The variable DGWR is the change in subsurface storage
(i.e. soil water):

DGWR = ASM + SNGWR ?)

The aim of implementing the WBCM-6 model was to quantify the water balance. It
is a combined model with the unsaturated soil zone as a distributed part and the other zones
conceptually structured. In principle, it is based on the integrated storage approach. Each
storage element represents the natural storages of interception, the soil surface, the root zone,
the whole unsaturated zone, and the active ground water zone. The model with a daily step
computes the storage of each zone and treats the daily values, including the input and output
rates, in line with physical regularities, as reflected by the system of recurrent final difference
and algebraic equations balancing the following processes (Kovar et al. 2004; Kovar 2006):
(1) potential evapotranspiration. interception and throughfall, (2) surface runoff recharge,
(3) root soil moisture zone dynamics, (4) soil moisture content and actual evapotranspiration,
and (5) groundwater dynamics, baseflow and total flow.

The WBCM-6 model has 11 parameters, but only three of them are to be optimized (Kulhavy
and Kovar 2000): SMAX (mm) a parameter representing the maximum capacity
of the unsaturated zone, GWM (mm), a parameter representing the maximum capacity
of the saturated zone, and BF (days), the transformation parameter of the base flow.

The individual parameters have the following physical meaning:
AREA Catchment area (km?)
FC Average field capacity of the unsaturated zone (-)
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POR Average total porosity (-)

KS Hydraulic conductivity (mm.h™)

DROT Average depth of the root zone (mm)

WIC Upper limit of interception (mm)

ALPHA Non-linear filling function exponent (-)

SMAX Maximum capacity of the unsaturated zone mm)
GWM Maximum capacity of the groundwater zone (mm)
BK Baseflow transformation parameter (day)

CN Curve Number (USDA NRSC) (-)

The modified Penman-Monteith method (Penman 1963; Monteith 1965), and also
the Priestley-Taylor method (Priestley and Taylor 1972), and the Turc method (Turc 1961)
are used for computing the daily potential evapotranspiration values. The model unit that
computes the actual interception and throughfall is based on a simulation of the irregular
distribution of the local interception capacities around their mean value, WIC.

The US Natural Resources Conservation Service method, based on Curve Number (CN)
assessment (NRCS 1986), was used for quantifying direct runoff. The standard procedure
for the initial CN value was accepted, and the daily storages of the active zone, SS, were
computed by this procedure. The recharge of the root zone, and thus of all unsaturated zones,
depends greatly on the previous soil moisture content, and is controlled by the KS of the FC
parameters. The evaluation procedure is based on the assumption that the distribution of the
local FC values around their average is linear.

The exhaustion function with negative input represents the prevailing evapotranspiration in
the daily step. This is applied for the root zone and also for the lower layer of unsaturated
soil. Parameters P2 and P7 are based on particular soil retention curves: P2 = 0.2, P7 =0.7
(loamy soils), 0.6 for clay soils and 0.8 for sandy soils. Parameter P1 = 0.1 describes very
dry conditions for stomata transpiration. Linear retention curves can be substituted by a non-
linear curve introducing parameter ALPHA.

The WBCM-6 model describes deep infiltration that recharges a groundwater zone and base
flow while the upward capillary flux evaporates when evaporative conditions are favourable.
Simultaneously, the exhaustion from this zone due to evapotranspiration is computed. To
simulate this procedure, use is made of the proportions between the actual evapotranspiration
and the potential evapotranspiration, according to the soil moisture content and according to
the particular physical properties of the soil. The saturated zone is filled with groundwater
recharge and is depleted through the base flow. Automatic optimization of parameters
SMAX, GWM and BK is applied where the efficiency of the model can be controlled by
minimizing the sum of least squared differences between the computed decades and the
observed decades (periods of 10 days) of the annual water balance or of the vegetation period
water balance.

Results

The water balance was simulated for year 2003 (dry), and also the monthly water balances
for 2004 (normal) on the Radovesicky dump catchment and for 2006 (normal)
on the Loketsky dump catchment. Our interest was focused on dry years, as the aim of our
study is to protect the water balance of dump catchments, in particular the water balance
of the Radovesicky dump catchment. The water balance simulation of the vegetation periods
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in dry year 2003 is the most important episode in our study. This year shows the importance
of precipitation as the fundamental component of the water balance equation.

The differences in rainfall, SP, and in water deficits between potential and actual evapotrans-
piration (SPE - SAE) show clearly the character of each year (dry or normal). The second
indicator is the net change in subsurface storage (SNGWR), which is a figure that usually
expresses a deficit in growing periods. Tab. 1 presents an overview of the decade values in
2003 on the Radovesicky dump catchment, and Tab. 2 presents the values on the Loketsky
dump catchment. These tables are computed by subtracting the components of the water
balance equation.

Figures 4 and 5 present the major graphs produced in this study, which express the decade
water balance for the tested growing seasons. They are arranged sequentially step-by-step as
graphs, subtracting the water balance components on the right side of the equation for each
decade. i.e. (1) SP, (2) SP - SAE, (3) SP — SAE — STF, (4) SP - SAE — STF - DGWR. The last
component, DGWR, expresses the subsurface water storage as the sum of the water in both
the unsaturated zone and the saturated zone (ASM + SNGWR). Negligible imbalances can be
observed in a few decades, when they are considered separately. These imbalances (DIF)
are computed by:

DIF=SP -SAE —STF - DGWR (4)

The very small differences (DIF) are due to the fact that all balance components are
calculated independently by the model, without forcing the balance processes to close at the
end of each day. However, these imbalances, with values lower than 1.0%, which are usually
observed for the entire vegetation periods, indicate that the parameterisation of the model is
satisfactory.

The sum of the imbalances (i.e. the differences) is then expressed by:

SDIF:ZN:DIFi (5)

i=1

where SDIF is the total difference between the left and right balance equation for the annual
growing period (mm), and DIF; is the difference between the decadal left and right balance
equation in decade i (mm). These differences can also be expressed as a percentage:

The differences in the water balance equation on the Radovesicky dump catchment in 2003
are: SDIF = 0.90 mm (0.37%), and on the Loketsky dump catchment: SDIF = -0.27 mm
(-0.05%).

The rainfalls are 23% higher on the Loketsky dump catchment area than on the Radovesicky
catchment. For this reason, other major water balance components are also considerably
higher there. Other components of the water balance are therefore hardly able to improve the
water regime on the Radovesicky catchment. Biotechnical measures are needed to improve
retention and accumulation. This situation calls for more advanced “water harvesting”
technologies. For example, a system of small reservoirs can be constructed, infiltration
ditches can be managed, and other water regime improvement measures can be introduced.

Discussion

The analysis of the water balance equation leads to the mass conservation equation, which
can be derived from eq. (1):
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(ASM +GWR) = SP— STF — BF — SAE (6)

All variables are understood to be functions of time, averaged over the whole catchment area
(Kirchner 2009). According to Kirchner’s analysis. eq. (6) should take into account how its
individual terms can be measured to find the degree of uncertainty of their values. The
precipitation (SP) calculations are local, and are consequently loaded with the highest bias;
the SAE data depend on the evapotranspiration method that is used. However, global
radiation data and unsaturated soil moisture parameter measurements ensure reliability only
when they are measured in areal transects that are reasonably well selected. The soil moisture
dynamics (ASM) is then computed by data calculations. The direct runoff component (SQ)
and the baseflow component (BF) cannot be calculated directly. Instead, we applied the
measured groundwater tables. These values also depend on the selection of borehole sites.
This problem was also described by Banks et al. (2011), who assessed the spatial and
temporal connectivity between surface water and groundwater in a regional catchment.
Implementation of soil moisture assimilation data was also described in a similar way by
Han et al. (2012), who investigated how surface layer soil moisture data affect all
hydrological processes at catchment scale.

Conclusions

This paper has compared the water balance in the growing seasons in a distinctly dry year
(2003) with the water balance in two normal years, 2004 and 2006. The water balance data
was measured on the Radovesicky and Loketsky dump catchments in the Krusne Mountains.
The hydrological balance was computed using the WBCM-6 model. The following
innovations in water balance modelling were introduced:

e The climate data measurements and the data collection were done using state-of-the-
art technology. A meteorological station with an automatic measurement system was
used. There was a charger connected to a solar panel. For the WBCM-6 model, the
climate data was measured with a time step of 60 min, using ALA and VIRRIB
devices.

e This paper has provided a specific hydrological study for use as background
information for reclamation in an engineering system project planned for improving
the water regimes in the area.
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Figure 2: The Radovesicky dump catchment area




Figure 4: Subtracted decade water balance graph of the Radovesicky dump catchment in
the growing season of 2003
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Figure 5: Subtracted decade water balance graph of the Loketsky dump catchment in the
growing season of 2003
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RAINFALL EVAPOR. RUNOFF SOIL WAT.

DECADE
SP (mm) SAE (mm) STF (mm) DGWR (mm)
1 3.30 -10.90 -11.70 -23.50
2 17.30 -1.50 -3.20 -4.61
3 1.80 -15.10 -16.20 -31.21
4 20.70 -5.10 -7.40 -13.71
5 20.10 3.60 1.00 -1.96
6 0.70 -25.50 -26.30 -51.69
7 7.20 -22.80 -23.20 -46.13
8 14.60 -11.60 -14.00 -27.20
9 12.80 -11.20 -13.40 -26.09
10 43.40 28.80 22.30 -2.03
11 7.40 -9.20 -10.30 -19.90
12 50.40 33.80 26.90 -1.80
13 0.00 -18.60 -19.50 -38.07
14 3.30 -18.30 -18.40 -36.63
15 1.40 -14.40 -14.40 -28.78
16 1.10 -8.90 -8.90 -17.70
17 9.50 1.70 1.40 -0.12
18 0.00 -6.60 -6.60 -13.22
19 15.90 9.60 9.10 0.63
20 7.50 2.90 2.30 -0.97
21 4.00 1.00 0.90 -0.08
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Table 2: Subtracted decade water balance graph of the Loketsky dump-catchment in dry
year 2003 (1. 4. — 31.10.2003)

Subtracted graph: Decade hydrological balance
RAINFALL EVAPOR. RUNOFF SOIL WAT.

DECADE
SRAIN (mm) SAE (mm) STF (mm) DGWR (mm)
1 10.70 -1.30 -2.30 -8.60
2 14.00 -6.50 -8.20 -14.80
3 2.70 -10.40 -11.70 -21.70
4 5.00 -17.40 -17.70 -34.90
5 29.40 12.70 9.00 -3.10
6 24.00 5.00 -3.10 -4.40
7 5.00 -17.10 -17.80 -34.90
8 38.60 16.70 7.50 -3.60
9 0.70 -21.30 -22.20 -43.50
10 37.90 22.20 16.40 -3.70
11 3.80 -14.10 -14.50 -28.60
12 51.50 31.50 23.80 -2.30
13 0.00 -17.60 -19.80 -37.30
14 2.70 -14.30 -14.40 -28.70
15 2.80 -11.10 -11.10 -22.30
16 8.50 -1.40 -1.60 -3.10
17 17.30 9.80 7.50 -1.00
18 1.10 -6.40 -6.50 -12.90
19 27.00 21.50 19.50 0.30
20 23.00 17.80 12.10 -4.20
21 9.00 5.90 5.10 -1.20
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Table 3: Seasonal hydrological balance of the Radovesicky dump catchment in 2003 (dry)
and in 2004 (normal) in mm

Radovesicky seasonal balance 1. 4. - 31. 10. in mm 2003 2004
RAINFALL SP 243.9 340.9
TOTAL RUNOFF STF 31.4 53.3
SURFACE RUNOFF SOF 16.6 27.6
BASIC FLOW BF 14.8 25.7
POTENTIAL EVAPOTRANSPIRATION SPE 516.5 422.7
ACTUAL EVAPOTRANSPIRATION SAE 341.6 336.5
INFILTRATION RECHARGE SRECH 180.5 245.6
DIFFERENCE IN SOIL MOISTURE ASM -171.4 -123.2
GROUNDWATER RECHARGE SGWR 56.3 100.2
NET GROUNDWATER RECHARGE SNGWR 41.4 74.4

Table 4: Seasonal hydrological balance of the Loketsky dump-catchment in 2003 (dry) and
in 2006 (normal) in mm

Loketsky seasonal balance 1. 4. - 31. 10. 2003 2006

RAINFALL SP 315.3 419.3
TOTAL RUNOFF STF 54.4 78.7
SURFACE RUNOFF SOF 23.1 25.2
BASIC FLOW BF 31.3 53.5
POTENTIAL EVAPOTRANSPIRATION SPE 390.2 378.3
ACTUAL EVAPOTRANSPIRATION SAE 312.2 329.7
INFILTRATION RECHARGE SRECH 221.2 299.7
DIFFERENCE IN SOIL MOISTURE ASM -116.5 -98.4
GROUNDWATER RECHARGE SGWR 93.3 161.5
NET GROUNDWATER RECHARGE) SNGWR 62.0 108.0
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Table 5: Major component water balance differences between the Radovesicky and Loketsky
dump catchments in dry period 2003

Water Balance Component Radovesicky catchment (mm)  Loketsky catchment (mm)
Rainfall SP 243.9 315.3

Total runoff STF 314 54.4
Actual Evapotranspiration SAE 341.6 312.2
Difference in soil moisture ASM -171.4 —-116.5

Net groundwater recharge 41.4 62.0
SNGWR
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5.4 STUDIE 4: Hydrological regime of the Chabaiovice Lake

Tereza Bazatova, Vit Rous
Soil & Water Res., 2016 (accepted manuscript, under revision)
(vlastni podil 50%)

Tento ¢lanek fesi vodni rezim jezera Chabarovice. Jezero Chabatrovice se nachazi na
misté¢ byvalého povrchového hnédouhelného lomu v nejvychodnéjsi Casti severoCeské
hnédouhelné panve v tésné blizkosti mésta Usti nad Labem, Chabatovice a Trmice. Oblast
prosla rekultivaci. Pro rekultivaci zasazeného tzemi byla vybrana tzv. rekultivace hydricka.

Hydricka rekultivace se v tomto piipadé jevi jako ekonomicky i technicky optimalni metoda.

Pii rekultivaci doSlo k podstatné upravé vodote¢i a ptevodu vod mimo jejich
prirozené povodi. Tato studie ma pravé proto za cil identifikovat stav vodnich zdrojii jezera
a analyzu hydrologického rezimu. Pomoci hydrologického modelu jsou vytipovany zdroje

vody dotujici jezero a urcena jejich vydatnost.

Ke zpracovani hydrologického modelu jezera bylo uvazovano o vyuziti modelu
SWAT s modelovanim srazko-odtokovych procesti pomoci modifikované metody CN
kfivek, jejichz hodnoty jsou lehce dostupné pro celou CR, a ktera byla s uspéchem vyuzita
i vjinych obdobnych studiich. Ovsem problematicky je vstup antropogenniho ovlivnéni
v povodi, ktery ma ve zkoumané oblasti velky vliv, a proto bylo zvoleno programové
prostiedi HEC-HMS.

Pomoci modelu HEC-HMS doslo k identifikaci povodi jezera a vytvoieni
kontinudlniho hydrologického modelu, ktery simuluje urcit¢ obdobi v dobé& trvani 1 rok.
Jako referencni obdobi pro hydrologické modelovani jezera bylo stanoveno obdobi od 1.1.
2014 do 30.10.2015. Toto obdobi je srazkové podprimérné, coz se podepsalo I na
hydrologickém rezimu jezera Chabafovice. Statni podnik Palivovy kombinat Usti, s.p.

(PKU) se tak potykal s problémy s udrzenim hladiny v optimalni Grovni.

Z vysledki modelu vyplyva, Ze je jezero Chabafovice je VsouCasném stavu
Z hydrologického pohledu dlouhodobé stabilni a hladina vody se bude pohybovat v soucasné
urovni. Mirné zaklesnuti vody by bylo mozné ocekavat pouze v ptipadé dlouhodobého

vypadku ptelivového vrtu 9 jako dodatecného zdroje vody pro jezero.
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Severni ¢ast povodi je vSak dostateéné velkd, aby byla schopnd dodavat dostatek
vody pro zatopu jezera a dopliiovat tak vypar z volné vodni hladiny. Zavedeni vody do jezera
Z jizni ¢asti by mélo vétsi vyznam z hydrologického pohledu pouze za predpokladu, Ze by
bylo mozné vyuzit vétsi plochu tohoto subpovodi. To je vSak problematické z hlediska

kvality vody.
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Hydrological regime of the Chabarovice Lake
Tereza Bazatoval, Vit Rous?
! Faculty of Environmental Sciences, Czech University of Life Sciences Prague, Kamycka
1176, Praha 6, 165 20;? PKU, s.p., Hrbovicka 2, Chlumec 403 39

Abstract

This article deals with the water system of Chabaiovice Lake. Chabatovice Lake is located
in the place of a former lignite surface mine in the easternmost area of the North Bohemian
Coalfield in proximity of the cities of Usti nad Labem, Chabafovice and Trmice.

The area has undergone a process of restoration. A water restoration was selected for this
afflicted region. This restoration appears to be an optimal method from both the economical
and technical point of view in this case. During and mainly before restoration, there was
a significant adjustment of watercourses and trasnfers of water streams outside their natural
catchment areas. This study aims to identify the condition of the lake water resources and to
analyse the hydrologic regime. By means of a hydrologic model, resources supplying the
lake are selected and their yield is determined.

The programme HEC-HMS was selected as a suitable hydrological model. This model
allowed to identify the lake catchment area and to create a continuous hydrologic model
which simulates a specific time period of one year. The reference period for hydrologic
modelling of the lake the period from 1 January 2014 to 30 October 2015 was determined.
During this time there was below average precipitation which reflected itself in the water
regime of the Chabatovice Lake as well. The state enterprise of PKU, s.p. struggled with
maintaining the water level at an optimum depth.

The results follow that Chabatovice Lake is stable from a long-term hydrologic point of view
at the current standpoint and the water level will remain in its current level. Moderate water
decrease could be expected only in the event of a long-term failure of the overflow drill PV9
which is an important resource of groundwater for the lake.

Keywords: HEC HMS, hydrological modelling, restoration, water resources

INTRODUCTION

The issue of human influence on natural processes is very topical today and the importance
of understanding these natural processes is growing together with the increasing intensity
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of anthropogenic impact. Human society has always been limited physiogeographically,
however, people have also been adapting and rearranging their environment by their activity.
That is also the case of raw material extraction which has a long tradition in the Czech
Republic and thus has had a great impact on the environment. Lignite surface mining, which
is widespread in the Czech Republic, belongs to the most significant anthropogenic impacts
to the rock environment and it is understandable that this has very few positive impact in
the environment (NEUZIL 1998). Positive influences are manifested in other areas. Negative
environmental impacts of lignite surface mining are predominant and it is necessary to
prevent and minimize them as soon as the first studies stage and initiation of the project
creation (NEUZIL 1998, BIAM 2009). It can only be emphasized that a logical conclusion
of mining is a successful restoration. In the Czech Republic, conceptual restoration has been
performed since 1970s and 1980s (STYS 2015).

Restoration defines as putting the afflicted area into such a kind of condition so that a self-
sufficient ecosystem may function there (JONAS 1975, RICHARDS ET AL. 1993,
JANECEK 1994, LAGNER 2004). There are many types of restoration (ROTHBAUER,
2004, ROTHBAUER 2004).

Many kinds of spoil tips restoration have been applied in the past years, mainly agricultural
and forest restoration. The solution for open-pit mines remained a problem. Mines used to
be left to be flooded spontaneously. However, these were small mines the surface of which
we can compare with a pond, only having different depth. Major mines that have gradually
been closed down since the early 1990s are a completely different subject matter. Water
restoration was finally determined to me the economically and technically optimal method
(STYS 2015).

In the course of time, three lakes came to existence in the Czech Republic — Most Lake,
Chabatovice lake and Medard Lake which by their parameters exceed common water
reservoirs in many aspects and tend to have the parameters of a dam. Two of the newly
emerged lakes are under the supervision of PKU, state enterprise, and they are Most Lake
and Chabarovice Lake. Further three lakes of an even greater range are to be created in the
next decades (STYS 2015). Although the lakes are of a potentially important influence on
hydrological regime in given catchment areas, the subject of an intensive research interest
in last years during their flooding and subsequent monitoring was the observation of water
quality development, biodiversity and the influence on microclimate (LHOTSKY 2013).
Therefore in this study we concentrate on the issue of the older of the lakes, Chabatfovice

lake. The former Chabatovice mine was established in 1977 for the purpose of securing coal
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for the Uzin pressure gasworks and the Trmice heating plant. The termination of all mining
after the mine extension stoppage in 1991 came in 1997. There were discussions in the
meantime whether the restoration should be "dry* or "wet“. In 1993, the wet solution was
decided and works were initiated that finally led to the creation of Chabaiovice Lake.
Restoration affected water management circumstances to a great extent, in this case the
issues included the transfer of stream beds, the establishment of retention reservoirs and
pumping water from mines. Filling the lake began after inevitable terrain adjustments (such
as coal layer covering, river bank modification, blocking old galleries) on 15 June 2001.
Water was brought from a nearby Katetina reservoir situated approximately 2 km to the west
(a similarly flooded mine, Katefina reservoir was established as a part of water management
protection of Chabatfovice mine for the prevention of surface water coming from Krus$né
Mountains together with the Modlany reservoir), by the means of two methods: by former
fire protection water mains as well as the Zaluzansky stream Brook (through Zaluzansky
reservoir further on through the lake feeding stream brook).

In August 2008, there was a change in the water feeding system to the lake. In the section
from the ZaluZansky reservoir there was a new trench built leading to an eutrophication
control reservoir from which the water overflew to the lake through a special trench.
The allowed maximum for releasing ware from the Katetina reservoir was 700 I/s.

Another water resource was an overflow drill PV9 in the northern part of the lake which
supplies the lake with ground water. With the lake water level rising there was a transfer to
a higher altitude. The PV9 building operations were finished in November 2008. After the
ground water reached the necessary level, drawing from this resource was initiated.
Therefore the lake water is a mixture of stream, ground and rain water. Its quality is regularly
monitored. The lake was filled up to its defined level of 145,7 m above the sea level on
8 August 2010, after longer than 9 years.

A system of trenches was built in order to drain the slopes surrounding the lake. The
construction of Modlany stream redirection around the Chabatovice Lake drains normal
flows from the south slopes pit heap (Lochocice). By connecting the structure to the object
"Redirecting Chabatovice Lake water into Bilina river" the water goes directly to the river
outside the actual lake. By the construction of "Redirecting Chabatfovice Lake water into
Bilina river" surplus water from the lake are lead to an open trench through a connecting
pipeline where it opens into the Bilina river (PKU 2016).
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Figure 1. Chabatovice Lake - situation layout

Purpose of the study. In the recent past, there was a surface mine in place of Chabatovice
Lake the restoration of which led to significant adjustment of watercourse and transferring
water streams off their natural catchment area. The purpose of this study is to identify the
condition of the lake water resources and to provide an analysis of the hydrologic regime.
For a filling computation of the Chabatovice Lake an appropriate mathematical model that
solves a hydrological balance has to be selected.

For the purpose of processing such a model of the lake with the rise of SWAT model
including precipitation/runoff processes modelling with the use of a modified method of CN
curves was considered (GEETHA ET AL. 2007; MISHRA ET AL. 2004; SAHU ET AL.
2007; SINGH ET AL. 2015). Its figures are easily accessible for all of the Czech Republic
and it has been successfully used in other similar studies (FUKUNAGA ET AL. 2015; LU
ET AL. 2015). What is perceived as problematic is the anthropogenic impact in the
catchment area which has a great influence in the area of research, therefore the programme
setting of HEC-HMS was selected (HEC USACE 2016) as it allows to incorporate runoff
statistics of the reservoirs, various transfers of water from one model component to another,

etc. However, this model only allows for continuous hydrologic simulation the use
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of precipitation/runoff Soil Moisture Accounting method (HEC USACE 2016; BENNET
2000).

Therefore, the purpose of this study is to identify the lake catchment area and to create
a continuous hydrologic model which simulates a specific period of one year about. Its
reference period for the lake hydrologic modelling was established to be from 1 January
2014 to 30 October 2015.

The years 2014 and 2015 the Czech Republic there was below average precipitation. The
deficit manifested itself in a very negative water balance and the creation of soil drought
(CHMU 2016). Precipitation below-average amount, in 2014 and 2015 had a dry effects on
the hydrologic regime of Chabafovice Lake as well. PKU struggled with maintaining
the water level at its optimum and this is the reason why this particular period was selected

for the model simulation.

MATERIAL AND METHODS

Model HEC-HMS General Characteristics. HEC-HMS (the latest version — 4.1) was
designed so as to be able to simulate rainfall-runoff processes in branched water systems.
The model is applicable in a wide range of geographic processes. More specifically, it is
capable of solving flood hydrology issues, water reserves from large catchment areas as well
as water runoff from small or municipal areas. The HEC-HMS outputs include hydrographs
illustrating the course of water runoff in time with the reference to precipitation and other
catchment area characteristics. The resulting hydrographs may immediately be used for
further hydrologic analyses or in combination with other software they contribute to
hydrologic forecasts, calculation of flood damage, regulation of water in meadows,
operational forecasts, water source availability, etc. (HEC USACE 2016).

HEC-HMS programme is a generalized modelling system that allows the assessment
of different catchment areas and territories (HEC USACE 2016). HEC-HMS is a flexible
programme which enables the user to select various approaches to calculate hydrological
processes as a semi-distributed model as accurate as possible (MAIDMENT, DJOKIC
2000).

According to the classification, the model belongs to deterministic and conceptual models
as sections of the hydrological process are calculated by mathematical relations within
the programme.
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Mostly the HEC-HMS is used as an event model as it is capable of good torrential rain
simulation if provided suitable data. Continuous approach may be applied for methods
designed to determine the runoff volume such as SMA (Soil moisture accounting), etc.
(FELDMAN 2000).

Assessing spatial data as input for modelling in HEC-HMS is generated in geographic
information systems which enable data export from GIS into HEC-HMS and a subsequent
results import back to GIS.

Model Structure. Precipitation-runoff modelling in HEC-HMS requires three basic input
components: catchment area parameters (Basin Model Manager), precipitation component
(Meteorologic Model Manager), control component (Control Specifications Manager).

The first two are strongly dependent of spatial factors, the input data is generated by
the means of geographic information systems (MAIDMENT, OLIVER 1999). The need
of input data relates to the used calculation model for individual components, time and
spatial step of the calculation (JENICEK 2009). HEC-HMS programme uses the catchment
area model to express individual rainfall-runoff elements of the process. There are four basic
model parts (FELDMAN 2000): direct-runoff, runoff-volume, baseflow, routing parts.
Chabarovice Lake Model. The Chabatovice Lake Model was designed in the programme
of HEC-HMS version 4.1 based on available data from the period from 1 January 2014 to
30 October 2015. The aim of the simulation was to identify the main water resources
of Chabarovice Lake and to compare these resources with free water evaporation loss and to
determine a possible effect of a failure of groundwater resource from PV9 with a long-term

point of view.

Data Background and Resources as follows:
1. Digital relief model of the lake and its catchment area — geodetic measurement (PKU) and
the ZABAGED altitude in grid 10 x 10 m (CUZK 2016) for the determination of catchment
areas and sub-catchment areas.
2. Runoff curve figures (CN), infiltration of soil and retention water capacity of soil
(VUMORP, v.v.i. 2016).
3. Daily gauge depth readings on the runoff from a reservoir (PKU 2016).
4. Meteorologic data:

* Hourly and daily precipitation and temperature from Teplice and Kockov stations

(Hydrodata 2016).
= 3-hour evaporation data (GLDAS 2016).
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5. Data on monthly inflow to Chabafovice Lake from an independent resource

Data retrieved through Hydrodesktop software (AMES 2012).

Data on average

evaporation

from  open

HYDROMETEOROLOGIC INSTITUT 2016).

of groundwater from PV9 (PKU 2016).

6. The data was processed in Saga GIS (CONRAD ET AL. 2015), QGIS (QGIS 2015).

Creating the Model. The model of Chabatovice Lake catchment area was compiled using

the following components and methodology:

including interception (Simple Canopy) and rainfall retention on soil surface (Simple

Rainfall loss was calculated by the Soil Moisture Accounting (SMA) method

Surface).

Transformation of surface runoff was carried out by Unit Hydrograph SCS method.
The basic runoff was derived by the Linear Reservoir method (Linear Reservoir).

Muskingum-Cunge method was selected to determine the water movement within

the stream channel flowing.

Meteorological model consisted of a specific hyetograph defining rainfall within
an hour, specific evapotranspiration within three hours and temperature index
method for the simulation of snowfall runoff. For the compilation of a specific
hyetograph for the Chabatovice Lake catchment area, data from stations Teplice and

Kockov were used and combined so that they reflect actual runoff according to

water  surface

measured data at individual reservoir stream gauge at the runoff.

Parameters

Method

Direct-runoff model

Runoff-volume model

Baseflow model

Routing model

SCS Unit Hydrograph

Soil Moisture

Accounting (SMA)

Linear Reservoir

Muskingum-Cunge

Table 1. Overview of used methods to calculate parameters on rainfall-runoff model
HEC-HMS Chabatovice (Feldman 2000)
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Figure 2. HEC-HMS programme during Chabaiovice Lake model creation (HEC USACE
2016)

RESULTS

Development of Water Surface. The model was complied as it represents possible
tributaries to Chabatrovice Lake and it was then adjusted (calibrated) by repeated simulation
in HEC-HMS programme so that simulated figures (level of water in reservoirs) correspond
with real measured figures. Apparent in Fig. 1, the simulation is in good correspondence
with measured figures, especially in winter. Unfortunately, there was no success in
identifying the parameter which would enable further accuracy of the model. Further, we
proceeded to simulate the model with no groundwater supply from the PV9 into Chabatovice

Lake. The simulated water surface level is also represented in Figure 3.
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Figure 3: Development of water surface in Chabatrovice Lake in the period of January 2014
— October 2015 (modelled elevation, observed elevation, elevation without PV9 and outlet
height).
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Comparison of hydrologic balance components. In 2014 and especially 2015 there was
below average precipitation. The comparison of individual balance components may
therefore allow us to clarify whether Chabatovice Lake catchment area is adequate to water
level to supply the lake in time steps in a long-term failure of groundwater supply from the
PV9, the present water level sustains. Furthermore, with the hydrologic model it is possible
to compare individual components of lake supply and to determine their significance in water
supply.

The total amount of evaporation within the simulated period amounts to about 2.7 million
m® of water whereas the supply of the lake from the active (mostly northern) part
of the catchment area amounted to about 2.8 million m®. These figures point out to prior
mentioned issue of the lake balance, i.e. the lake supply volume in the researched period is
covered almost with no remainder by reservoir evaporation. Water infiltration into the
ground appears to be of little significance. The lake balance is slightly positive even during
periods of drought and with no water supply from the PV9. The total runoff from the lake
amounted to approximately 1.4 million m® which coarsely corresponds with the PV9 inflow
which amounted to 1.2 million m3. There is an interesting figure of total runoff volume in
the south inactive part of the lake catchment area which is basically in its entirety run away
from the flooded area of the lake by a bypass to the Modlany stream. This volume of 1.7
million m® constitutes 61% inflow of the northern part of the catchment area. In case of need,
however, this would have the potential to fully replace the water resource of PV9. The
following graph in Figure 4. represents the proportions of the individual components of the

lake hydrologic balance within the researched period of time.
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bypass-flow
17%

evaporation
28%

basin inflow
29%
outflow
14%

PV9 inflow
12%

Figure 4. Summary of hydrologic balance components from the period of January
2014 — October 2015 for the Chabatovice Lake catchment area (evaporation, outflow, PV9
inflow, basin inflow — the inflow from the active lake catchment area, bypass-flow — by-pass

into Modlansky stream from the inactive part of the lake catchment area).

Catchment area surface runoff — comparison. Due to the division of Chabatovice Lake
catchment area, it is possible to study the individual sub-catchment areas more thoroughly
and analyze the share of the individual sub-catchment areas in the total possible surface
water inflow into the lake. As mentioned earlier, the northern part of the catchment area is
more significant from this point of view than the southern part which is even situated outside
the flooded area of the lake itself. Taking into account that the considered K and A trenches
should be connected straight to the flooded area of the lake. Both trenches combined amount
to a total volume of mere 0.3 million m® which comprises only 11% inflow of the northern
part of the catchment area and 18% of the total southern part runoff. Supplying water from
this part directly into the flooded area of the lake would have no visible effect from
a hydrologic point of view. Figure 5 shows arranges within given circumstances graphically

well.

106



bypass-flow(KA)
32%

basin inflow

trench A 62%

1%
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Figure 5. Summary of selected runoff components of the hydrologic balance for the period
of Jan 2014 — October 2015 for the Chabatovice Lake catchment area (basin inflow — inflow
from the active lake catchment area, bypass-flow(KA) — bypass to the Modlany stream from
an inactive part of lake catchment area without trench K and A, trench K — outflow through

a trench K, trench A — outflow through a trench A).

CONCLUSION

From the above information it follows that Chabatovice Lake is stable from a long-term
hydrologic point of view at the current standpoint and the water level will remain in its
current level. Moderate water decrease could be expected only in the event of a long-term
failure of the PV9 which is a sufficient water resource for the lake. The possible decrease
may be estimated to be within the range of 0,1-0,2 m at its maximum, especially in periods
of drought. The lake would then become a lake with no runoff for a long period of time.
The northern part of the catchment area, however, is sufficiently large to supply enough
water to flood the lake and supplement evaporation of open water surface. Supplying the
lake from the southern part would only be sensible from a hydrologic perspective in case it
would be possible to use a larger portion of this sub-catchment area. This, however, is
questionable due to the water quality.
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6 Celkové shrnuti a doporuceni pro dalsi vyzkum

Predlozena disertacni prace dokladd komplexnost vyuziti hydrologického
modelovani. V dnesni dobé zname moho hydrologickych modeld, které se vyvinuli pravé
diky odliSnym pfistupiim k jednotlivym komponentam srazko-odtokového procesu nebo
diky odlisnostem ve struktufe povodi. Pro vybér vhodného modelu je dualezité polozit si
otazku ,,co chceme piesné modelovat a pro jaké tzemi®. Studie obsazené v této praci tuto
komplexnost dokazuji a mimo jiné poukazuji na jednotliva uskali vybéru modelu, Casto se
jedné o nedostatek métenych dat nebo zohlednovani pouze nékterych faktort ovliviiujicich
odtok. Napft. v ¢lanku, ktery popisuje bilanci jezera Chabatovice bylo uvazovano nad
modelem SWAT, ktery ovSem nezohlediiuje antropogenni ovlivnéni toku, coz je pro toto
povodi stéZejni faktor. V ¢lanku, ktery se tyka povodi Lomnice a antropogenniho ovlivnéni

odtoku, je zjevna naro¢nost na vstupni data, apod.

Mezi hlavni pfinosy studii patfi:

Studie 1. Pivodnim zdmérem piirod€ blizké upravy Jindfichovického potoka byl
navrat bioty do vodniho prostfedi, ale také smérova i hloubkova stabilizace koryta, cozZ se
dle vysledki studie povedlo. V navrhu byla ponechana hloubka a rozméry ptivodniho koryta,
objekty byly voleny tak, aby umoznovaly migraci bioty. Hloubka vody se zvysuje, coz je

dano mens$im podélnym sklonem a vyssi drsnosti. Rychlost proudéni a tangencialni napéti

S 24

3

podélnému profilu a vétsi hloubce vody. Podélny profil se vice blizi pfirodnimu ,,vInitému*
podélnému profilu se stiidanim pefeji a tini. Tiné nad a pod pfiénymi objekty vytvari
refugia pro Zzivo€ichy za nizkych vodnich stavi. DalSim pozitivem upravy bylo
provzdusnovani vody na Castych pfepadech a skluzech, zachovani migracni prostupnosti
toku diky vhodnym objektiim a celkové byl podpotfen krajinny rdz oblasti. Vzorkovani
makrozoobentosu poukézalo na podstatné vyssi vhodnost nového typu Gipravy koryta oproti
uprave staré. Jak taxonomické slozeni, tak kvantita bentické fauny v noveé upraveném koryte
vyrazn¢ prevysSovaly tyto parametry v koryté se starou upravou, a to predevSim diky
pfitomnosti piirodé blizkych tsekl dna, sestavajicich z pestré skaly habitatd (pisek, Stérk,
mensi i vétsi kameny). Rovnéz hojna pfitomnost pis¢in pod hrazkami se ukazala byt v tomto
typu toku piinosna pro pestrost a komplexnost bentického spoledenstva. Useky dna

vytvorené ze skladanych kamenti se sice ukazaly z habitatti nové upraveného useku jako na

111



makrozoobentos nejchudsi, pfesto pro néj predstavuji podstatné ptiznivejsi prostiedi nez
souvisld kamennd dlazba staré upravy.

Studie 2. Studie odtokového rezimu povodi Lomnice dokazala vytvoiit komplexni
obraz srazko-odtokovych poméri v povodi. A to pomoci nc€kolika metod: posouzeni
odtokovych poméri metodou souctovych ¢ar a hydrologického bilan¢niho modelu Bilan,
dale analyzy vyvoje teplot vzduchu a snéhovych poméri. Pouzité metody jednoduchych
a podvojnych souctovych ¢ar (doplnéné o analyzu sné¢hovych a teplotnich pomérti) potvrdily
existenci urCitych zmén trendi odtoku v modelovém povodi Lomnice. Identifikované
obdobi narastu odtoku koresponduje s hospodarskymi zasahy v povodi (pfedevsim regulace
toku a zmény land use). Pti srovnani hydrologické bilance povodi Lomnice s povodim Horni
Vltavy lze zjistit rozdily pfedev§sim v normalnim roce 2004. Dil¢i povodi Lomnice
vykazovalo povahu smérodatné suchou az normalni, ackoli pro povodi Horni Vltavy, kam
Lomnice spada, i celou CR byl rok 2004 hodnocen jako normalni. Tento rozdil poukazuje
na lokalni vyznam antropogennich zasahti do povodi, které dil¢i povodi ovlivnily, velké
povodi jiz nijak vyrazné. Pfi dal§im planovani trvale udrzitelného vyuzivani vodnich zdroji
v povodi by bylo tudiz vhodné zvazit vliv lidského puisobeni také v lokalnim méfitku.

Studie 3. Vysledky modelu poukazuji na vhodnost zlepSeni hydrologické retence
a akumulace vody v povodi (pfedevs§im v povodi Radovesické vysypky), a to pomoci napf.
biotechnickych opatieni. Studie pfinasi vhodné feSeni situace v povodi obou vysypek,
a to pomoci vybudovani systému malych nadrzi, infiltraénich pfikopt nebo pasu ¢i ostatnich
typl opatieni. Ve studii byly piedstaveny inovacni pfistupy v oblasti modelovani vodniho
reZimu. Méfend data byla ziskana pomoci velmi modernich metod méteni. Meteorologicka
stanice s automatickym méficim systémem byla instalovana v zajmovych povodi, nabijena
byla diky solarnimu panelu. Pro model WBCM-6 byla data méfena v hodinovém kroku.
Velkym piinosem studie je, Ze pfindsi mnoho konkrétnich vystupt, které jsou vyuzitelné
v inzenyrskych projektech teSicich zlepSeni vodniho reZimu v daném uzemi.

Studie 4. Zpracovani srazko-odtokovych pomérii povodi jezera Chabatovice piinasi
velmi dilezité zaveéry pro vodohospodaiské planovani spravce povodi. Z vysledki modelu
HEC-HMS vyplyva, Ze jezero Chabatovice je v soucasném stavu z hydrologického pohledu
dlouhodob¢ stabilni a hladina vody se bude pohybovat v soucasné arovni. Mirné zaklesnuti
vody by bylo mozné o¢ekavat pouze v ptipadé¢ dlouhodobého vypadku pielivového vrtu 9
jako dodate¢ného zdroje vody pro jezero. Mozné zaklesnuti 1ze vSak odhadnout na Grovni
maximalné 0,1-0,2 m a to zejména v sussim obdobi. Jezero by se tak stalo bezodtokym na

delsi casové obdobi. Severni ¢ast povodi je vSak dostate¢né velka, aby byla schopna dodavat
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dostatek vody pro zatopu jezera a dopliiovat tak vypar z volné vodni hladiny. Zavedeni vody
do jezera zjizni casti by mélo vétsi vyznam z hydrologického pohledu pouze za
predpokladu, Zze by bylo mozné vyuzit vétSi plochu tohoto subpovodi. To je vSak

problematické z hlediska kvality vody.

Potencial pro dalsi vyzkum vidim ve vSech zminénych lokalitdch a povodich. Bylo
by jisté velmi zajimavé detailn¢ analyzovat, kdy a které antropogenni zasahy do povodi
ovlivnily odtokové poméry povodi Lomnice vzhledem k tomu, Ze povodi ve své minulosti
proslo ¢etnymi antropogennimi zménami. Diky husté rybnic¢ni siti je tento vyzkum velmi
naro¢ny na vstupni data, ktera nejsou vZdy dostupna a bude velice naro¢né tato data v terénu
ziskat. V povodi jezera Chabatrovice a Radovesické a Loketské vysypky muzeme dale
pracovat s bilanci povodi a vybrat delsi referencni obdobi pro ptfesnéjs$i navrh ptipadného
opatfeni. Povodi Jindfichovického potoka nabizi posouzeni funkénosti ptirodné blizké
upravy bystfin modernim postupem ,,skluz-tan“ v soucasné dobé¢, tzn. s odstupem casu,

n¢kolik let po vybudovani.

Nesmime vSak opomijet nejistoty hydrologického modelovani. Hydrologické
modelovani vychazi ze zjednoduSené¢ho popisu piirodniho systému a toto zjednoduSeni
s sebou praveé pifindsi i nejistotu. Nejistoty 1ze délit na dvé skupiny (Jenicek 2009), a to
nejistoty vstupll (napf. nahodilé chyby, systematické chyby méfeni, chyby prostorové
interpretace) a nejistoty hydrologického modelu (prostorové a ¢asové méftitko, pocatecni
podminky, kalibrace modelu). Obé uvedené skupiny tvoii podle Krzysztofowicz

a Maranazano 2004 dohromady hydrologickou nejistotu.

Na zavér mi dovolte citaci Loague a Freeze (1985): ,,V mnoha ohledech je
hydrologické modelovani vice uméni, nez véda a je pravdépodobné, Ze to tak bude 1 nadale®.
Ackoli proslo hydrologické modelovani od té doby obrovskym vyvojem, pouzitelnost

vysledkd hydrologického modelovani neni vzdy jednoznacné a zavisi na mnoha faktorech.
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