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ABSTRAKT

Diserta&ni prace ,Vybrana problematika revitalizace hydgibé sit" predstavuje
soubor i studii publikovanych nebofiptych k publikaci ve wdeckych ¢casopisech s IF

(Impact Factoy nebo zéazenych v databazi Scopus.
Prvnicast prace se formou reSeig8i téma revitalizace hydrologickéssit

Prvnicast reSerSe je zaitena na obecny proces revitalizace hydrologicke a&ména proces
revitalizace tok - druhy revitalizaci, jejich specifika dle lokalitealizace, popis revitalizaich
objekti. Rozsahleji je pojednavano o podkladech a zasapk@desu revitalizace. Druti@st
reSerSe se zabyva charakteristikou provedenychvipieni si€ v oblasti Mostecké
hnédouhelné panve. Doklada typickéktady provedenych Uprav pro tuto oblastefl ¢ast
reSerSe seinuje klasifikaci hydrologickych model véetns strtné charakteristiky modila

metod, pouzitych v ramci disetta prace.

Druhacast prace je twe@na temi samostatnymi studiemi. V prvnich dvou studjsdu
na zéklad provadgnych simulaci porovnavany zvolené hydrologické nip@aNN, KINFIL
a Snydeitv synteticky hydrogram) a jejich uziti v podminkdamnkrétnich lokalit. Teti studie
je zangérena na problematiku Kamencového jezera v Chondudgeisobeni viijSich vlivii na

ngj. Cast studie je 8nhovana navrhu revitalizaich opaiteni.

Predntty zkoumdni jednotlivych studii poukazuji na rozit@st problematik
spojenych s revitalizaimi procesy hydrologické sit Vysledky potvrzuji nepostradatelny
vyznam aplikace hydrologickych modekak i nutnost uziti multidisciplinarnihaigtupu i

jejich reSeni.

Kli ¢éova slova revitalizace, hydrologickasihydrologicky model, model KINFIL, Kamencové

jezero



ABSTRACT

The dissertation "Selected issue of revitalizabbthe hydrological network" presents
a set of three studies published or accepted foligadion in scientific journals with IF (Impact

Factor) or indexed in the Scopus database.

The first part of the thesis deals with the tofi¢he revitalization of the hydrological

network.

The first part of the research focuses on the gémepcess of revitalization of the
hydrological network, especially the revitalizatiohthe flows - types of revitalization, their
specifics according to the site of realization,adiggion of the revitalization objects. More
extensive discussion of the facts and principlethefrevitalization process. The second part of
the research deals with the characterization ofribdifications made to the river network in
the Mostecka brown coal basin. It presents typgs@mples of modifications made for this
area. The third part of the research focuses oncldsification of hydrological models,

including the brief characteristics of the modeid anethods used in the dissertation.

The second part of the thesis consists of threaragpstudies. In the first two studies,
selected hydrological models (ANN, KINFIL and Snydé&ynthetic Hydrogram) are compared
on the basis of the simulations performed and tingrin the conditions of specific localities.
The third study focuses on the issue of the Lak€hlaimutov in Chomutov and the influence
of external influences on it. Part of the studydessoted to the proposal for revitalization

measures.

Subjects examining individual studies point to tinersity of issues associated with

revitalization processes of the hydrological netkwdrhe results confirm the indispensable



importance of the application of hydrological majehs well as the necessity to use a

multidisciplinary approach in their solution.

Key words: revitalization, hydrological network, hydrologlamodel, KINFIL model, Alum

lake



OBSAH
LUVOD .. e e e 8
2 REVITALIZACE HYDROLOGICKE SITE.......ovuiviiiiiriiiieie a0 9
2.1 Revitalizace tak............ccviiiiniii i e 10
2.1.1 Revitalizace dl&nitele
2.1.2 Revitalizace dle rozsahu..............c.ccooviiiiiiccinieci e 10,
2.1.3 Rirodk blizké hrazeni byBh.............coooiiiiii e 11

2.2. Navrh revitalizace toKU.........cooe o e 1B

2.2.1 Podklady pro navrh revitalizace toku.................ccovivcvne e ennnns 16
2.2.2 Zasady navrhu revitalizace toKuU...............ccooiiiiiiiii e 16
2.3 Charakteristika provedenych Upi&ni si€ v Mostecké panevni oblasti........... 23
2.3.1 Charakteristika hydrologické&it...........ccovvviii i 24
3 HYDROLOGICKE MODELY ...ttt e e e e et e e e, 33
3.1 Stréna charakteristika vybranych metod a maédel......................ooeeene . 35
A CILE PRAGCE ... . ittt ittt ettt s 38
O STUDIE . ..o e e e e e 39

5.1 Studie 1: Choosing an Appropriate HydrologMaldel for Rainfall-Runoff
Extremes in Small Catchment...............cooiiii e AL
5.2 Studie 2: The Use of Snyder Synthetic Hydrolgrfap Simulation of Overland
Flow in Small Ungauged and Gauged Catchments............cocoeueviiieinnnnns 66
5.3 Studie 3: Effect of external conditions on wapeality in the Kamencove (Alum)
lake i ChOMULOV. ... .o e e een . 88
6 CELKOVE SHRNUTI A DOPORIGENI PRO DALSI VYZKUM.........cccoiviiine, 108
7 SEZNAM OBRAZKU, TABULEK A ROVNIC

B POUZITE ZDROJE ...ovoieee oo e e e e e A2



1 UVOD

Souwasna nutnost realizace revitaliméch aprav je mnohdyidledkem nedostateého
respektu ¢lovéka wici prirodnim zakonitostem. V minulosti dochazelo k nedfému
pretvaeni hydrologické sétvétSinou s cilem paddit po tisice let fungujici systémy pebam

spolenosti.

Oblast severozapadnighech je toho tkazem. Zdejsi, vice nez éhstaleti trvajici
pramyslovy rozvoj si vyZzadal svou lamimo jiné také ve forhzdeformovandi¢ni sig€. Byly

zde budovanyiglozky toki, nekteré toky zatruttovany, jiné vedeny kanalizovanym korytem.

Cilem multidisciplinarniho fistupu komplexnich revitalizaich Uprav je fedevsim

obnoveni pirozené funkce hydrologické &it

Pfi navrzich je kladen idaz pedevSim na pouzitifpodnich materid lokalniho
puvodu, meandrovani toku, jakost vody, retenci vodyajing, vytvoreni vhodnych podminek

pro zivot vodnich Zivéichu ¢i tlumeni povodovych pfitoka.

Jelikoz revitalizované lokality a objekty maji zpidla dlouhou Zivotnost a na jejich
realizaci jsou vynakladany z&r@@ finargni prostedky, je feba k jejich navrhu i realizaci
pristupovat velice zodp@drné a uvazovat také naslednou udrzbu, aby revitalizavakalita
byla schopna optim&infungovat. Nepostradatelnym nastrojem pro navriwtakzaci jsou
hydrologické modely, zaloZzené n&posu pestré reality do zjednodusené formy. Vysupy
hydrologického modelovani poskytuji simulaci chavérsku a jeho povodi za konkrétnich
podminek, ¢imz umoduji zvySeni efektivity navrhovanych a nasleédprovedenych
revitalizatnich Uprav. S technickym pokrokem se zvySuje tdkalita a mnozstvi

aplikovatelnych modél které jsou schopny predikovat a analyzovwdtsdal &tSi p‘esnosti.



2 REVITALIZACE HYDROLOGICKE SIT E

Proces revitalizace je podle SKLEBKY (2003) néastrojem tizené obnovy
hydrologickych, ekologickych, estetickychiip. dalSich funkci vodnich téka nadrzi, které
byly prevazri ¢lovékem potl&eny. Je zde kladenichz na komplexnost navrhovanyigseni
a opateni. (Eelem Gprav je také odstréami a zmirgni negativnich dopadchaiiéni biotu.JUST
et al. (2005) vysstluje pojem revitalizace jakgechnicky zasah, ktery jednorazomeni charakter
vodniho toku do#irode blizké podoby *

K revitalizacim je pistupovano, pokud toky byly v minulosti nevh@dapravenygi
nedochazi k pkni jejich vodohospodakych nebo environmentalnich funkci. Jedna se
predevsim o prostorovou redukci vodniho prvku krajinguzZeni poténich afi¢cnich pas,
ztratu stability koryt vodnich tdka ztratuclenitosti koryt (JUST et al., 2003).tiRode blizké
Upravy tzv. haturnahe Umgestallturig byly v zapadnich evropskych zemich &giecko,
Svycarsko) provathy na malych vodnich tocich jiz od q@ku 80. let. V 90. letech byly
realizovany prvni tzv. renatufiai a revitalizéni projekty (BELF 1995). BELF (1995) uvadi,
Ze v sodasnosti se v SRN se naléza pouze 10-15 % vodrkéh/tpiirozeném stavu.

BOSTELMANN et al. (1996) a WAAL et al. (2000) powkai na nutnostresSit
revitalizani Upravy multidisciplinaré a velky diraz je kladen fedevsim na geomorfologii,
hydrologii, kvalitu vody a krajinny rdz zajmovehnaimi.

Dulezitym aspektem revitalizaich Uprav je také zvySeni retem schopnosti krajiny
pomoci infiltrace, zadrzovanim vody v ntaklech, rybnicich a malych vodnich nadrzich
(GREGAR et al.,2017).

Souwasnym trendem v postZebnich lokalitach je vodohospddika rekultivace
zbytkovych jam. Vznikaji tak rozsahla jezera, kterdyznami ovliviwuji nejen
vodohospodi&ské pongry regionu, ale také regionalni atraktivitu pro gelbbbyvatelec i

navstvniky. Kazdé stavajici i budouci jezero musiispht poZzadavky Ra@mcové smice EU
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(RS EU 2000/60/ES), pozadavky legislatiyiR v oblasti zakona o vodach a ochratiyquly a

krajiny a také hygienické poZzadavky na vodu vhodkekoupani (KOVA et al., 2009).

2.1 Revitalizace tok

2.1.1 Revitalizace di€initele

JUST et al. (2005) in KLIMESOVA (2009)H revitalizace nasledujicim apobem:

Samovolné renaturacesowasnosti pedstavuji popularni a finan¢ vyhodny zfisob
Upravy toki. Podstata Upravy spiwd v zanaSeni upravenych koryt splaveninamijstani
vegetaci a postupném rozpaduslyoh opevigni, giicnych objeki a dalSich technickych pruk
v korytech. Tyto procesy obnovufienitost koryta, v #kterych gipadech je zmicuji a

zmenSuji jeho népozere velkou phatocnou kapacitu.

Renaturace povodmi — k tomuto jevu dochazi v upravenych korytech atohfi
povodnich, kdy dochazi k naruSeni dienvytvorené trasy toku a jeho opem. V disledku
povodni niize dochazet od rélenéni koryta nanosy aihémi aZz po uplnou destrukci opesmi

koryta toku a vytvéeni nového koryta.

Technickeé revitalizacgsou zaloZeny na stavebnich a orgatriieh opatenich, kterymi

dochéazi k ndhradnevyhovujici Upravy vodnich tékipravami pirock blizkého charakteru.

2.1.2 Revitalizace dle rozsahu

EHRLICH et al. (1996) a SLEZINGR (2010§ldrevitalizace dle rozsahu:

Revitalizace’aste’na — principemcaste&neé revitalizace je provedeni dilipravy v kory¢ (po
biehovou hranu). Neopomenutelny vyznam v pro¢éste&nych rekultivaci zaujima vegeta
doprovod toku, ktery zvySuje ekologickou a biolégia hodnotuicného ekosystému. Idealni

je kombinace s vhodnymi biotechnickymi Gpravami paihi tvoricich Fehy a dna toku. Za
10



casté&nou revitalizaci Ize povazovat také jednostrannprawu koryta toku (nap v piipads

liniové stavby podél toku)i dil¢i zasahy do koryta toku (namdstragni migranich bariér).

Revitalizace Uplna v pripact Uplné revitalizace se jedna o provedeni napravasak v
celém rozsahutwodni nevhodné Upravy. Revitalizace zahrnujé€rmtrasy revitalizovaného
toku, Wetre revitalizaceficniho ekosystému aipehajicich pozemk Zakladem vSakistava

zajiseni kvality vody v toku.
2.1.3 Rirodé blizké hrazeni byskin

V CR se nachézi cca 20 116 km Hiystz sehoz 1 350 km upravenych. Sprava tigst
a horskych potokje zaji¥®ovana prosednictvim Oblastni spravy tals.p. LesyCeské
republiky. Hrazeni bysin je definovano v zakanc.289/1995 Sh. O lesich. Vlastni proces
navrhovani, Gprav a Gdrzby b¥istprobiha dleCSN 75 2101 Hrazeni byst a strzi a
Doporuteného standardu technického — HrazeniitySEKAIT Praha,é. 12/1998 (SLAVIK,

NERUDA, 2007).

Bysttina, kategorie malych vodnich tinkktera je typicka svym byéhnym prou@nim,
vyjadienym indexem byshnosti K, (KOVAR,1988). Vypaet se provadi dI€SN 73 6820
Upravy toki aCSN 75 2106 Hrazeni by$t a strzi. Mezi bysiny sefadi toky, jejichz hodnota
indexu bystinnosti> 0,1 (SLAVIK, NERUDA, 2007).

(1) Index bystinnosti:

Kb= Hs.O.Vs.P.E.(F+1)%

L.(Fv+1)
Hs hustota hydrografické gi(km?)
O délka rozvodnice
Vs stedni vySkovy rozdil povodi (km)
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P souinitel zavisly na propustnostiid (0,5 — 0,9)

E souinitel vyjadujici rozsah eroze (0,0 — 0,6)

F plocha povodi (k@)

L délka hlavniho toku (km)

Fv plocha protieroz# Gcinného vegetdniho krytu (krf)

Mezi zakladni znaky charakterizujici biysy pati: plocha povodi do 35 kimvyrazny
transport splavenin, nepravidelnyapéh nivelety, stidajici se sedimentai Useky s Useky se
silnou erozi, rozkolisanostiiok.

Pohyb vody v koryt je neustaleny, jitok a rychlost proudu je velice prénliva.
Hrazeni bysin predstavuje kombinaci lesnicko-technickych d@pat s prioritnim cilem zajistit
bezpeny pritok velkych vod na odpovidajici stuperotipovodiové ochrany, s vyuZzitim
retertnino a retardmiho potencidlu lesnichuad. Fi hrazeni bysin je nevyhnutelna

koordinace s lesnim hospddtvim (KOVAR et al., 2013).

Objekty uzivané f procesu hrazeni by@ (KOVAR, 1988):

Prahy — stabiliz&ni objekty s pepadovou vysSkou nizsi nez 0,3 misliwynou hranou v
horni Urovni dna. NegruSuji lehove linie a p vysSich pétocich jsou zatopeny vodoBii
nizSich piitocich dochazi ke snizeni rychlosti prénida vzniku drobnych vodni ploch jako
atocist pro vodni Ziveichy. Tyto objekty jsou budovany rejstji z kulatiny, kamenného zdiva
¢i kamenné rovnaniny. Jsou zapust do dna toku a stabilizovany deéehi, jejich ukolem je
prevence hloubeni vymil Tlumeni energie vodniho proudu se dochazi zvpseingnosti dna
a krehi koryta pod objektem (TNV 75 2102).

Stupné - Zizuji se s pepadovou snhou svislou nebo ve sklonu 5:1 a st$im, s

vyskou \&tSi nez 0,3 m. Vipact vySSiho pevysSeni se uednosiiuje vybudovani kaskady z
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nizSich stupu. Stuprt jsou spadoveé objekty, slouzici k zadrzovani vogyp¥adované arovni
vodniho stavu, snizeni podélného sklonu nivelethut@ ochras koryta ed erozi
prostednictvim vytvdeni stabilizovaného spadu. Jsou budovany z karherzdéva, kulatiny
¢i gabioni. Dulezité je zabranit podmilani objektu pod jeho zatdm v kory¢. Pod vySSimi
stupni se #zuje podjezi (dopadi§} - vyvar ¢i opevrené spadi&t, zabezpéujici tlumeni
kinetické energie vodniho skokigpadajici vody. #ticnim prou@ni pod stupém se podjezi
upravi jako prohloubeny vyvar fipbysttinném proudni se podjezi ve @na svazich fehi
upravi tak, aby flo co nej¢tsi (Cinnou drsnost, ope¥ni je provadno kamenem, zahozem
¢i dlazbou. Rozréry stuprg jsou zavislé na hydrologickych vygech pro maximalni fgtok
(TNV 75 2102).

Skluzy — spadové objekty, upravujici sklon dn&gkteré voda plynuleiechazi po
Sikmé skluzové ploSe, vybudované z drsnych materidinz dochazi ke snizeni rychlosti
prouckni. Skluzy se navrhuji se sklonem skluzové plogmavidla 10 % az 20 % ptom se
voli vyska skluzu do 1,5 m. Skluzova plocha a poidge opai vystupky nad lici plochy, aby
byla drsnost $h co nej¥tsi, podjezi se fize upravit jako prohloubeny vyvar.

Balvanité skluzy koryt tvori Sikmou rovinu dna s podélnym sklonem 1:8 az Jutb
piekonani vyskového rozdilu nivelety do 2 m, kterazjkamenné rovnaniny z kamerm
velikosti 0 — 1,2 m, kladenych nerovné&me, ¢imz dochazi k velkémurdni. Ri pouziti
balvanitych sklu# je vzdy nutné hydraulické posouzeni r@rin stability a @innosti.
Konstrukeni a materidlovéeSeni seifizpasobi rozndram koryta(TNV 75 2102).

Piehrazky —objekty o vySce vysSi nez 2 m, pinici funkci retdrgi konsolida&ni, jsou
navrhovany v fipadech, kdy je nutné vyrazommezit transport splavenin nebo zvysit niveletu
dna poténiho koryta nad profilemiphrazky sedimentaci splavenin (TNV 75 2102). Fjictje

vystavbu se pouzivd kamenné zdiikulatina (obr.1), jejich fdorys je klenbovy (obr.2)i
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piimy. Jelikoz pehrazky brani migraci vodnich Zi&iohu, je nezbytné dodate¢ zabezpéit
migracni prostupnost toku.

Obr.1: Prehrazka z kulatiny

Zdroj: www.natrixvz.cz

Retewni prehrazkyslouzi k zachytu splavenin a prevenci jejich ded&iransportu do
nizsSich¢asti toku (obr.2). Reténi zéna pehrazky je pravidefhodtzovana.

Konsolida’ni prehrazkyzabraiuji prohlubovani koryta by8hy a zachycuji splaveniny,
naez zanesenimiphrazky dochazi ke stabilizaci spadu toku. Po zarielsonsolidaniho

prostoru pehrazky jeiteba jej naslednodizit (SLAVIK, NERUDA, 2007).
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Obr.2: PrehraZzka na Luzeckém potoce — klenbaidopys

Zdroj: JELINKOVA, 2011

2.2 Navrh revitalizace toku

V satasnosti se identifikace potenci&lwhodnych lokalit (tok) provadi také
prostednictvim multidisciplinarnich ekohydrologickych adyz. Podstata ¢thto postup
spaiiva ve skru, vyhodnoceni a analyze datcitych paramett vodnich tok, nag.
hydromorfologie toku, vegetaiho doprovoduc¢i parameté, souvisejicich s odtokovymi
procesy v ramci zajmové lokality. Ekohydrologickéetody se skladaji z mnoha @dh
hodnoticich prvik a jewi, které jsou fi hodnoceni integrovany. Analyzy obeéchyvaji
zaloZzeny na dvou principech. Prvriegstavuje slovni popis hodnocenych parametruhy
vypocet indexu, kdy je nutnéfigoudit danym charakteristikam vodnich ekosystantité
numerické hodnoty.

V praxi se vyuzivaji map metoda HEM (hydroekologicky monitoring)
(LANGHAMMER, 2008), metoda RCE (The Riparian, Chahand Environmental Inventory)
(PETERSEN, 1992), metoda BEHI (Bank Erosion Hahadeéx) (ROSGEN, 2001) nebo index
fieni kvality QBR (Qualitat del Bosc de Ribera) (SLEGR, 2010).

Pred vlastnim zpracovanim konkrétniho navrhu reviéae zvoleného toku jéeba zajistit

dostaténé mnozstvi podklag které poskytnou co negsrE|Si zobrazeni jak s@asného, tak
15



budouciho stavu toku iPziskavani informaci je nutné postupovat systerkgita komplexa.

Na sowinnost jednotlivych krok poukazuje také VRANA (2004) a GORDON et al. (1996)

2.2.1 Podklady pro navrh revitalizace toku

Podklady by mily obsahovat nasledujici informace (SLEZINGR, 2010)
> terénni piizkum zajmového UuUzemi (souladeSeni s Uzenen planovaci

dokumentaci, vliv vinuti trasy toku, stav vegdsiidno doprovodu toku)

» inZenyrsko-geologicky, pedologicky a hydrogeologigkizkum

» prazkumy lesnicke&i zemedelské

> historicky pfizkum povodi (fotografie, archivy, katastralni mapy)

> biologické podklady

> prazkum jakosti povrchovych vod

> saprobni index (dI€SN 83 0532)

> kategorizace tok (kategorizace tak predstavuje klasifikéni ¢lenéni toki dle
zakladnich charakteristik v zavislosti na nadské vySce a klimatickému

regionu)

2.2.2 Zéasady navrhu revitalizace toku

Na zaklaghodkladi, prizkumi a dostupnych poznatlo sodasném stavu toku
a jeho okoli se vypracuje vlastni navrh revitaletaku, ktery EHRLICH et al. (1996)eni do

nasledujicich fazi:
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» Ur¢éeni druhu, zpisobu a postupu revitalizace

Druh, zmisob i postup Uprav je zpravidla stanoven na z&kkadegorického zazeni toku,

krajinného razu, lokalnich podminek a charaktenrhima/anych Uprav.

Jednim z Ukdl revitalizace je propojeni upravenych i neupravénuseki do GUzemniho

systému ekologické stability a zaraveabezp&eni oboustranné migrace ve vodnim toku.

» Navrh revitalizace vodniho biotopu koryta

viN

umoziuje vytvareni Ukryfi, ovliviuje intenzitu samdsticich proced a reproduknich
moznosti organisin (DVORAKOVA et al., 2014). Nejasgji vznikaji piirozené ukryty ve
veget&nim opevini patek svaildievinami s¢lenitym ka‘enovym systémem zasahujicim pod
hladinu (nap. olSe).

Vyznam vodnich rostlin v korgttoki vyznamr ovliviiuje drsnost dna, samstici
schopnost toku a vytyéproudoveé stiny a ukryty pro vodni zrohy. Neopomenutelny faktor
v koryté toku pedstavuji iné, které jsou upla@bvany gedevSim v potocich pahorkatin a
podhorskych potocich jako rybi Gtulek, pro zachdwaflé vodni hladiny za sniZzenyclifoki
a zlepSeni kyslikové bilance vodniho toku (EHRLIEH al., 1994) a na jejichyznam a
zpasoby zakladani v korytech tblpoukazuje PIELOU (1998)jidaz klade na gidani tini a n&l¢in
tak, aby tin¢ byly vZzdy na vgjSi strak meandru. Toky, kde dochazi k pravidelnémiidani
hlubokych fini a s¢tlych nelcin nazyva ,wols and riffle streants Aspekiim specifické
sedimentacesthto toki se ¥nuje CLIFFORD (1993).

Navrh parameftr zabezpéujicich hydrobiologické podminky pro Zivot v toke posuzuje na

Q330d.
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» Navrhovy pritok

Navrhovy pfitok koryta se stanovuje dle pozadavkchrany na okolni pozemky a jejich
vyuzivani, pozadavky ostatnich navrhovanych igmatna toku (nadrze, inundace) a v povodi
(¢asovy pitbéh povodiovych vin, provoz a zabez§eni objekti na toku) (tab.1).

Pokud to podminky dovoli, koncepce revitalizaceutdky nela zhodnotit moznosti
zaplaveni nivy vodniho toku. ,8ka prirode blizka koryta odvosuji nivy mensi ndrou nez koryta
technicky upravena, revitalizace tedy mohdisgivat k lepSimu zadrZzovani vody v nivach a k

obnow vlihkych nivnich biotop (JUST et al., 2005)".

Tab.1: Navrhové pitoky koryta (TNV 75 2102)

Uzemi, objekt Pnitok Qn (n-lety pritok)
Louky, pastviny, lesy Qd— Q
Orna mda Q

Sady, chmelnice, zahrady 16

Mala sidlis Q20— o

Velka sidlisg, vyrobni objekty @ — Quoo
Historick& zastavba Q

Ucelové komunikace Q- Qso
Veiejné komunikace €o

Zdroj: SLAVIK et NERUDA (2007)
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» Trasa toku

Navrh trasy toku by & vychazet z firozenych pozadawk (tvar, ¢lenitost) koryta a
okolnich girodnich podminek. Prostor byehbyt vytvoren i pro samovolné ut@ni a formovani
trasy podle okolnichifrodnich podminek. Ke vznikuipnych acasté&ne zvinénych koryt dochazi
v uzSich udolich s podélnym sklonem od 2 % vySepdilti koryta vznikaji v udolich se sklony
0,5 — 4 % vyplinymi hrubym splaveninovym materialem wistedku ¢astych povodni,
meandrujici koryta jsou typicka pro udoli do 2% @oého sklonu s SirSimi nivami vygimymi
jemnsjim materialem (JUST et al., 2005 in KLIMESOVA ().

VRANA (2004) doporduije trasu plynulou seiétianim protisrarnych oblouk, vyvarovat
se dlouhych najmenych Usek Do planovani trasy toku je také nutné zahrnoutagavky
odvodiovacich soustav podél toku, manipulaci s hladinodzpmni vody, zal&ti kanalizace,
drénm a vodniho rezimuiehlych pozemk.

Pti navrhu celkoveé revitalizace je vhodné zvazit mévoku do jvodni (@irozené) trasy,
kterou je mozné dohledat v historickych podkladech.

P kazdé zmin¢ trasy koryta je nutné zohlednit a vlastnické vygtdbtenych pozemka

jejich piipadné vypgadani.
» Podélny profil koryta

Mezi hlavni kriteria, ktera je nutné&ipnavrhu podélného profilu respektovat zejména
zabezpéeni funkce g pratoku velkych vod, minimalni nutnost Gudrzby geg@gevSim vytviéeni
optimalnich podminek pro vodni biotop (EHRLICH &t 4996).

S ohledem na ekologické acelové funkce toku, jei¢ba rozlenit delSi Useky
prostednictvim zmnén podélného sklonu vlioZzenim Usek &innou drsnosti, fgvySenych prahn
spadovych objekit (prahi, skluzi, stupi) v kombinaci s prohlubimi, tinémi a brody — to vSe v
souladu s hydrotechnickym posouzenim. Plynufiogin nivelety dna je neZzadouci.
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> Priény profil koryta

V minulosti se navrhovalyifEné profily nefasgji lichobéZznikovéhoéi obdélnikového
tvaru po celé trase toku, opeéwneé tuhym opewvénim. V sodasnosti se uplatje tvar koryta
geometricky nepravidelného profilu s pémpstran vySka — 8fa 1:4 az 1:10.

Pozornost je énovanatlenitosti koryta — gtdani zon hlubSich vod adhdin, klidnych
a peejnatych usek (obr.3). ,V obloucich by ®lo byt koryto nesymetrické a odpovidat
piirozenému vyvoji (u konkavnihotehu s maximalni hloubkou a s®im svahem, u

konvexniho behu s bermou a mirnym svahem)“ (JUST et al., 2005):

Obr.3: Meandr koryta — schéma

Jesep
konvexnibieh

Zdroj: JUST (2005)

» Opevnéni koryta toku

Jako zakladni vstupni data pro hydrotechnicky v¥gphaugujici zpisob opevani,
slouzi tdajeCeského hydrometeorologickéhdadu. Daldi faktory pro vyget predstavuji
charakter toku, kolisani jeho hladiny a podminkabsity a odolnostii Ucinky zimniho rezimu.

Pti revitalizatnich Upravach je dpdnositiovano vegetni nebo kombinované opesm, nejlépe
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puvodniho, lokali¢ vlastniho materidlu. Tzv. ,tvrdé" opesmi by neélo byt uplatiovano

piedevsim v zastamém Gzemi nebo u strategickych objef@KLENICKA, 2003).

» Objekty pro revitalizaci

Pouziti objeki m¢lo za ukol pozmnit prabéh podélného aifEného profilu koryta a
sousasre zajistit stabilitu piitocného profilu (VRANA et al., 1998 in KLIMESOVA, 2009

Souwasnym trendem v revitalizaich Gpravach je snaha navrhovat trasu toku takbglo
mozné vkladani inych objeké do toki maximalr eliminovat. Pokud je nevyhnutelna
stabilizace nivelety, ratenéni podélného profilu tokti navazani revitalizovaneho Useku, byvaji
pouzity objekty pruzné a nizkeé, fapalvany, kamenné pasy, kamexngalvanité skluzy. (JUST
et al., 2005).

Popularni, avSak sporné jefaaovani prvi ,mrtvého deva“ do koryt vodnich tak
jelikoz pritomnost deva vytvdi na jedné stranriziko ucpani koryt&i poskozeni vodnich staveb,
na druhé stranvyzname prispiva ke zlepSeni ekologického stavu tokieuhi hmota, ktera se
do vodotei dostava z tehovych a doprovodnych poréstmiZze mit fiznou formu - od
vyvracenych strotinaz po pgezyci vétve. Nutno podotknout, Ze vodni toky, obsahuji@ngmny
podil mrtvého #eva, vykazuji vysSi stanoviStni a druhovou pestargianiznt, markantni
pozitivni vliv se odrézi zejména na populacich rgigkrozoobentosu a hmyzu (MKA et

KREJXCI, 2010).

» Hydrotechnické vypaoity

Hydrotechnické vypé&ty slouzi ke stanoveni navrhovéhaifoku, jeho pozadawk na
kapacitu koryta, odolnost a &eni, Ze p pratoku Q330 d koryto splje podminky pro vodni

biotop.
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Vlastni navrh kapacity koryta se odviji od informageré poskytuj€ HMU (pritokovéiady).
Velikost a tvar picnéhotezu koryta, drsnost a podélny sklon pro ustaledfogrvody otevenym

korytem, je odvozena ze zakladni Chézyho rovnices@n(2), (KOVAR, 2013):

2)
O =C.SyRI
Q pratok (mPs?)
C rychlostni soéinitel (m®°.s?)
S plocha pitocnéhoiezu (nf)
R hydraulicky polorar (m)

I sklon dna

Rychlost proudni vody v koryt I1ze odvodit z nasledujiciho vztahu Chézyho rovii®e

3)
v=CvVRi
v rychlost proudni vody v kory&
R hydraulicky polonsr (m)
i sklon¢ary energie (pro rovnogmé proudni je roven podélnému sklonu dna koryta)
C Chézyho rychlostni seinitel (m0,5.s-1)- wfuje se na zakladdrsnostniho satinitele a

hydraulického polorru dle Bazina, Manninga, atd.

Od zvolené kapacity koryta se pomagcitto vztali postupuje k navrhu rozim pricného ptiezu.
Souasre jsoureSeny také tvarové proporce, drsnost a trasa, eynfiazi podélny sklon koryta.
Vypocet rychlostniho satinitele C:

a/vzorec dle MANNINGA (m0,5.s-1(%):
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(4)

n stupé drsnosti (tabelovany v hydraulické litersgy

b/ vzorec dle COLEBROOK — WHITEA pradipozené toky5):
(5)
C=18log. 12R/ds
ds pramérna hodnota gedniho efektivniho zrna d
Dulezité je také posouzeni rezimu toku pro zachovamimalniho Zistatkoveho pitoku dle

metodického pokynu MZPR ¢. 11/1998 (www.dppcr.cz in JELINKOVA, 2011).

» Vegetani doprovod toku

Zakladem pro navrh doprovodné vegetace je rozbemaich systéinekologické stability pro
dané uzemi, navrh komplexnich pozemkovych Upravsap vyuivani gilehlych pozemi

(ochranna pasma vedeni, komunikaci a obi)atitdruhova skladbagvodni vegetace.

Travni porosty pini funkci ochrannou, jako protEmd pasycéi piirozené opevéni koryta

(JELINKOVA, 2011).

2.3 Charakteristika provedenych Uprav hydrologickésité v Mostecké panevni oblasti

Mostecka panevni oblast byla zvolena jako lokatitakteré Ize demonstrovat neSetrné

zasahy a op#ni, které byly v minulostideln¢ realizovany. S postupnym utlumem povrchové
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téZby se stala prioritou napravna dial jejich po#istatki. Jedna se o rozsahlé rekultivace a
revitalizace datenych Gzemi, &etrg neSetrdd poznmeénénych hydrologickych pogri. V ramci
téchto napravnych krak vyzadujicich precizni legislativni a organima reSeni, jsou
vynakladany zne finaréni prostedky.

Po ukoreni €zby bylo v rekterych gipadech fistoupeno k mokré variaht
revitalizace, resp. kombinované varian¥ lokalitach givodnich loni tak vznikaji jezera s

mnohostrannym vyuzitim.

2.3.1 Charakteristika hydrologické sit

Hydrologicka «f byla nejvyrazgji ovlivnéna potebou uvolgni tZebniho prostoru —
vznikla tak Uzemi, kde doSlo kigloZeni a deformaci hydrologické &itMostecko,
Chomutovsko a Sokolovsko. Za nasledny negativnadom Zivotni prostdi 1ze povazovat
vliv povrchové &€Zby na atmosféru spalovanimé&ddého uhli v teplarnach bez pelbného
odsieni. Doslo tak k devastaci cca 80 % zdejSichdehtiych porosi v hornich¢astech povodi
(PONDELICEK, 2007 in JELINKOVA, 2011). Za tdledek likvidace porostv hornich
¢astech povodi Ize povaZovat vyrazné snizeni jgjathrini kapacity. | pes provedena
biotechnicka op&éni (odvodini, osdzeni introdukovanymi rostlinami) nebyla zgi®ena
pavodni hydrick& funkce lesa. Provedend egwittak vyraza ovlivnila hydrologicky rezim a
jakost vody podkrusnohorskych tfokKromg stovek kilometit odvodiovacich siti (nap
povodi nadrze Flaje — 148 km) bylo vybudovatiesp/0 km urélych prevadéa vody a vice
nez 80 km urdych preloZek vodnich tak(PONDELICEK, 2007 in JELINKOVA, 2011), (obr.

4).
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Obr.4: Pehledna situace stavicni si¥ v izemi Chomutov — Most

KADAK

"
o
WL = "

Zdroj: V. Pondlicek (2007) in JELINKOVA (2011)

Krome zajiS€ni dostaténé retefini kapacity Uzemi, bylo poZzadovano uvindilnich
oblasti, prosednictvim pevedenimiicni si€ mimo zajmové Uzemi athich spolénosti.
Jelikoz bylo nutné zabezgietaké zvySené naroky na zasobovani energetéigikétchemie a
dalSiho piimyslu neupravenou vodou a pro obyvatelstvo zajistitaténé vodarenské zdroje
pitné vody, bylo fistoupeno k unikatnim technickym opatim, vystavh dalSich vodnich
zdroju a jejichtizeni. Vznikla tak nejsloijsi vodohospodéka soustava na Gize@R (obr. 5)

(JELINKOVA,2011).

25



Obr.5: Vodohospod#&ka soustava oblasti Chomutov — Most

it ddnans LU L L] Mty Cmamnte Bvwmenty

Zdroj: archiv Povodi Ofe, s. p. in JELINKOVA (2011)

Jako typické fiklady provedenych GpraviesSenych oblastech Ize uveést:

» Podkrusnohorsky privadé¢

Tento systém byl vybudovariggevsim k ochranlomi pied zatopenim, zasobovani
uzitkovou vodou zeky Otre pro ngsto Chomutov a za|i&hi dostaténého mnozstvi vody v
fece Bilire. Un¢le vytvorené koryto je dlouhé cca 33,8 km a svadi horskeékyanimo €Zebni

lokalitu (obr.6).
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Obr.6: Podkrusnohorskyrvadec — lokalita Drmaly — Vysoka Pec

Zdroj: JELINKOVA, 2011.

> Prelozka Sramnického aCernického potoka

Obecnym delem geloZek je pedevsim ochrana povrchovych dlg@ied povodsmi a
svedeni tolk mimo €Zebni oblast.

Trasa pelozky je vedena z Gdoli Sramnického potoka dénbim GdoliCernického
potoka Stolou Je¥e Je zalusha do potoka Loupnice, ktery Gsti do nadrze Doirdtih a
nasleds do Biliny (CHLUM et al., 1980).

Nedilnou soutéast gelozky tvdi prelozka potok v Useku Dolni detin — Albrechtice
(Stola Jez#, Stola Albrechtice — obr.7,8), jejiz délka dogeh® 149 m, z toho 1 269,5 m je

vedeno Stolami (PONELICEK, 2007 in JELINKOVA, 2011).
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Obr.7: Vtok do Stoly Albrechtice Obr.8: Vytok ze Stoly Jeide

Zdroj: JELINKOVA, 2011

Prelozky jsou vybudovany v extrémnich spadech a pokach, a proto je nutna zvySena

provozni pée a dohled.

> Ervénicky koridor

Ervénicky koridor pgredstavuje specifikum seveéeské hidouhelné panve, které

M

vzniklo propojenim rést Chomutov a Most mezi Uzemimi vyuzivanymi bnicinnost.
Koridor lezi na Gzemi, téeném vnitni vysypkou velkodollCSA a Jan Sverma a je
tvoren inzenyrskymi sémi (vodovodnitady, kanalizace, plynovodypavkovody), Zelezini
trati¢. 130, silnici 1/13 (E442) a zatrubmoucasti tokureky Biliny (obr.9). K pevedeni Biliny
byla vybudovana 4 potrubi ofggméru 1200 mm a délce 3,11 km, uloZené na prazcich.
JelikoZ vysypka byla tw@na bez hutmi a potebnych stabilizénich opaitteni, Uzemi
se v sotasnosti vyznéuje zn&nou nestabilitou a neustalymi pohyby podloZzavédre se na

mist€ vysypky nachazela vesnice Enice, ktera byla vitsledku &zby ve 2. polovit 20. stoleti
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znicena. Koridor byl vybudovan v letech 1978 — 1982devz Jirkova do Kontan, jeho délka
dosahuje cca 11 km (JELINKOVA, 2011).

Obr.9: Reka Bilina svedena do potrubi (Enicky koridor)

Zdroj: JELINKOVA, 2011

» Zatapéni zbytkovych jam
Vodohospodéskou rekultivaci zbytkovych jam v postZzebnich lokalitach vznikaji
rozsahla jezera, ktera vyzna#navliviiuji nejen vodohospodiské pongry regionu, ale také
regiondlni atraktivitu pro jeho obyvatelenavsgvniky.

Vyuziti vzniklych areal Ize v sodasnosti povazovat spiSe za rekréaavsak vzhledem k
cetnosti hydricky rekultivovanych lokalit ve zdej8blasti, se do budoucna se uvaZuje o
mnohem SirSim a komplegsim vyuziti.

V mostecké oblasti se nachazi hgpzero Milada (Chal¥avice), jezero Barbora, jezero

Most (obr.10), jezero Matylda.

29



Obr.10: Jezero Most

Zdroj: JELINKOVA, 2011

» Kamencové jezero

Kamencové jezero Ize povazovat Zedchidce jezer, vznikajicich zatopenim povrchového
dolu.
Na téngtr 200leté existenci jezera je mozno identifikovatlowtatky, kterych jei¢ba se
zatagni zbytkovych jam vyvarovat. Jedna se&egevSim o absenci komplexniho
hydrologického pizkumu, koncegnich a organizaich opaieni.

Kamencové jezero v Chomutbpiedstavuje unikat, ktery je proslaven zejménalikv
specifickym vlastnostem zdejSi vody. Tvrdi seKaenencové jezero v Chomutbje jediné
kamencové jezero na&v.

Jezero lezi na severovychodnim okraji Chomutovagmpadim KruSnych hor.

Vznik jezera Ize fisoudit kombinaci firodnich a antropogennich wiv
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Obr.11: Letecka mapa — lokalita Kamencového jezera

Zdroj: www.mapy.cz

Z&klad jezera je diky existenci terénni deprasegni, avSak jeho s¢asna podoba jezerni
panve je ésledkem sesuvu svala zatopeni povrchového dolu na kamséet¥idlice, které se

Vv tésné blizkosti od r. 1588 nachazel a do lokalitgjezast&n¢é zasahoval. #¢inou zatopeni
byl pozar a propad odvédvaci Stoly a ptval vod do dolu v roce 1810. Vznik vlastniho jezera
se datuje mezi roky 1813-1815. Od roku 1877 margez&iblizn¢ stavajici podobu

(GABRIELOVA,1996).

Morfologicka charakteristika jezera (KUCHAR, 1947)
Délka: 646 m
Sirka: 240 m

Primérna hloubka: 2 m

Max. hloubka: 4 m
Plocha jezera: 15,95 ha
Obvod jezera: 3 km
Objem vody: 329575t
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Jelikoz Kamencové jezero nema zadny povrchotifol, za hlavni zdroje dotace vody do
jezera lze povaZzovat srazkovéinnost a podzemni prameny, jejichZ existence bydgrzana
na zaklad hydro-geologickych gizkumi. Vydatnost pramanbyla na zaklagl hydrologickée
bilance jezera stanovena na 2,8 - 3 I/s (ZITNYlet1881). Voda z Kamencového jezera je dle
potreby odvadna pepadem na vychodni stkanezera do Hutniho potoka. Hydrologie

Kamencoveého jezera vSak nebyla dosud podrotasrina.

Blahodarna, avSak abnorméliysela voda s obsahem kamence draselnéhorzgbrayssi
biologické aktivit v jezée. Vzhledem k obsahu siranovych soli se hodnotyegErni vody

pohybuji v rozmezi 2,5 — 4,0.

Vzhledem ke zhorSujicimu se stavu jezerni vodya lpybblematika Kamencového jezera a
zachovani ojedidlych vlastnosti vody v jeZe jiZz v minulosti pedmétemiady vyzkunii. Bylo
feSeno pedevSim riziko eutrofizace, zvySujici se s rostoupH a nadrérnym obohacovanim

vody o zZiviny, zejména dusik a fosfor.

Podrobgjsi informace o chemismu vody a hodnoceni rizikacfizace jsou fednmetem studie

¢. 3 této diserténi prace.
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3 HYDROLOGICKE MODELY

Hydrologické modely fedstavuji moderni aitezity nastroj vodohospodského
managementu. Jsou nepostradatelnoutpiou @i feSeni Skaly problematik spojenych
s vodnim tokem a jeho povodim. Presinictvim &chto nastraj Ize ziskat porrné presnou
predstavu o hydrologickém chovani povodi a jeho dtiarstik za danych podminek (rfap
zmeéné jednotlivych parameti; v extrémnich situacich, reakce na antropogersdiag.
Kvantifikace hydrologickych rezifhposkytuje dlezity podklad pro zvySeni efektivity
potencialnich revitalizmich Uprav (ROVAK, 2001).

KOVAR (2000) definuje hydrologicky model jakalgoritmus /e$eni soustavy
rovnic, kterymi je popsana struktura nebo chovaniqali (piipadre oboji) kkhem srazko-
odtokového procesuDANHELKA et al. (2003) charakterizuje srazko-odtokonédely jako
»Zzjednoduseny kvantitativni vztah mezi vystupnighémami urcitého hydrologického
systému; ktery je definovan jako systénigvazr fyzikalnich proces pisobicich na vstupni
promeénné, které jsou nasledlitransformovany ve vystupni véhy. Postup hydrologického
modelovani definuje jako 8ba zpracovani vstupnich dat, vlastni hydrologiciaelovani a
zpracovani fedpowdi procasové obdobi a interpretace vyslégko nasledné vyuZiti.

Pti volbé modet se zohleduje jejich dostupnost, praktickyipustna mira
zjednodusSeni hydrologicko-hydraulickych vziahar@nost na vstupni data, nutnost
kalibrace. Neméndilezitym hlediskem vhodného modelu je zohkstirantropogennich
charakteristik v povodi vigledku agrotechnickych a technickych dpat v povodi

(www.hydro.upol.cz).

KOVAR et VASSOVA (2011) klasifikuji srazko-odtokové méglea zaklad zvolenych
kriterii:

a/ zpisobu popisu procesu transformace srazky na odtok:
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- Modely fyzikalné zaloZzené (nap KINFIL)
- Konceptualni
- Empirické (nap. ANN-GA)
b/ prostorového @ritka:
- Modely celistvé feSenému prostoru odpovidaji vlastnosti pro cel®@@v nap.
HEC-HMS.
- Prostoro¥ distribuovanédeneni Uzemi na sipravidelnych segmeintprocesy jsou
reSeny pro kazdy segment samostathnag. Aqualog
c/ casového rritka
- Modely epizodni

- Modely kontinualni

VASKA et al. (2000) obeandéli hydrologické modely datt skupin:
1. Modely statické- prav@&podobnostni, stochastické, koreig regresni
2. Modely deterministické kybernetické, fyzikakhzalozené, koncepi

3. Modely smiSené obsahuji submodely statistického i determinksgtimo charakteru

ZEZULAK et al. (2000) in KLIMESOVA (2009) rozlisujmodely z hlediska matematické
formulace:
1. Modely sousednych parameti (0D) — predpokladaji prostorovou informaci
soustednou do jednoho boduiévazr vyjadiené diferencialnimi rovnicemi,
doplnenymi empirickymi algebraickymi vztahy (nagHEC-1, Muskingum, Aqualog-

TDR).
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2. Modely distribuované (1D, 2D, 33)prostorova informace o hydrologickych
charakteristikach povodi je ro#sina zavedenim prostoroveé zavislosti do

modelovanych procésvétSinou vyjadeno parcialnimi rovnicemi.

3.1 Struéna charakteristika vybranych metod a modei
V této kapitole jsou stkiné definovany vybrané metody a modely, pouzivaiéypracovani

disert&ni prace.

Metoda jednotkového hydrogramu

Metoda jednotkového hydrogramu umaje ze srazkovych udapegimo uovat pabeh
odtoku a jeho parametry napelikost kulming&niho piitoku. Vychazi z transformace srazek
naHs(t) na phtoky Q(t). Vychazi se z efektivnich srazelkdt), které jsou transformovany
distribwtnim grafem rozéleni odtokuq(t) — jednotkovym hydrogramem — naipé&h odtoku
Q(1).

Jednotkovy hydrogramiedstavuje funkci vlastnosti povodi, ktera vyjgd rozcleni
jednotkovych objert odtoku v zavislosti na morfologickych a fyzikalhiglastnostech
povodi.

Tato metoda umadilije stanovit odtoky na malych némenych povodich (DUB et al.,1969).

Zakladni principy metody jednotkového hydrogramBIl(BMANN in BAZATOVA, 2016):
1. Princip linearity — primy odtok v uéitém casovém intervalu jeffmo unmgrny
odpovidajici vstupni efektivni srazce.
2. Princip ¢asové invariance- velikost gimého odtoku neni zavisla na @dobyskytu
efektivni srazkyCas p@éatku vstupu neovlituje velikost antasové rozlozeni

vystupu.
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3. Princip superpozice— pritoky zpisobené po s@mnasledujicimi desti mohou byt

vypocteny sétenim pfitoki vyvolanych jednotlivymi desti.

Metoda jednotkového hydrogaramu se uplg v hydrologickych modelech, umagicich

urcit hodnoty odtoku na zakladnalosti vysky a srazky na povodi.

V souwasné dob existuje kkolik modifikaci této metody, které dokazou chijjbi data

empiricky odvodit — naip Snydetiv synteticky hydrogram, Claiik synteticky hydrogram.

Snydeniv synteticky hydrogram byl vyvinut Snyderem a jeho metodika je zaloZzeaa n
podrobné a strukturované analyze vysatapyelkého mnozstvi hydrograinz riznych povodi
v Apalaiskych horach na vychédJSA.

Pro Snydeiv synteticky model existuji dva hlavni parametgktbr dokghu (Ct) a faktor
kulminatniho pfitoku (Cp). Tyto parametry jsou topograficky zavialétly by byt

odhadnuty pro kazdy konkrétnifipad.

Model KINFIL

Model KINFIL ptedstavuje model simuiaiho typu, popisujici vyznamny srazko-
odtokovy gipad.

Model je zaloZzen na kombinaci teorie infiltraceansformace povrchového odtoku
kinematickou vinou (Jartek, 2012) a sklada se ze dvou kompotenEINFIL (simulace
infiltrac¢nich proces a determinace hyetogramu dg& KIN (simulace transformace
povrchového odtoku,detre rychlosti a hloubek) (KOVR, 1992).

V piipact absence terénnihogakumu a ndeni, Ize jako vstupni informace pro

model
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vyuzit fyzikalne-geometrické (fyziografickeé), hydraulické a klineké parametry povodi,
které mohou byt weny z mapovych a jinych podki&dviodel je vyuzivan fedevsSim pro
stanoveni navrhovych fioka pro izné ,scén#oveé situace”, zaginéné antropogenni
ginnosti jako nap zmsna kultur, odleseni, urbanizace (KOVR et VASSOVA, 2011).

Detailns popisuje problematiku modelu KO\RAet VASSOVA (2011).

Model ANN

Model ANN predstavuje matematicky srazko-odtokovyigi* model fungujici na
principu unglé neuronové sit(artificial neural networlk. Neuronova sije model nelinearni
funkeéni zavislosti mezi vstupy a vystupy s volnymi paediry, které jsou vytu@ny algoritmy
iterativniho gradientovehaani s vyuzitim kalibrénich dat. Neuronovatsje slozena z
jednotek nazyvanych neurony, ktet@mpéaseji a zpracovavaji informace v patlekcitace.

- ANN-KW (Chua, Wong, 2010) je epizodni srdZzkoodtokowodel zaloZeny na

kombinaci unglé neuronové sfta kinematické viny (KOVR et al., 2011).

- ANN-GA je sraZzko-odtokovy model zaloZzeny na kombinarglé neuronové sita

genetického algoritmuwgénetic algorithm (www. academia.edu).
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4 CILE PRACE

Disertani prace séeSi otazky aipstupy spojené s problematikou revitalizace

hydrologické sit, véetrg& moznosti vyuZiti hydrologického modelovani.

Dva hlavni cile disertace jsou nasledujici:
» Volba vhodného hydrologického modelu a metody,&ter mohla byt
v feSené lokalit pouzitelna jako vyznamny podklad peSeni potencialnich
revitalizatnich Uprav (studie, 1, 2).
» Vyhodnotit pisobeni vijSich viivi na jakost vody veSené lokallt, definovat
mozné riziko eutrofizace a navrhnout revitatizieopateni a postupy (studie

3).

Dil¢i cile prace:
» definovat vhodné lokality profpdmeét nasledného zkoumani — Studie 1, 2, 3
» prowiit a porovnat moznosti zvolenych hydrologickych ralddjejichz simulace
by bylo mozné vyuzit jako spolehlivy podklatl procesu navrhu potencialni
revitalizace — Studie 1, 2

» shrnout a navazat na vysledkiegesSlych vyzkumnych projekt Studie 2, 3
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5 STUDIE

Tato disertani prace pedstavuje soubor studii zarenych na velice Sirokou a
rozmanitou problematiku revitalizadgécni si€. Dvé studie jsou zagfeny na porovnani
vhodnosti vyuZziti vybranych hydrologickych mod@lel konkrétnich podminkéch iati studie
je zamétena na identifikaci a hodnocenig&ich vlivii pasobicich na jakost vody Kamencového

jezera v Chomutay

STUDIE 1. Studie jegnovana modelovani srazko-odtokovych précesblasti povodi
Smedé v Jizerskych Horach. Cilem je wlvhodného hydrologického modelu, ktery by mohl
byt spolehli¥ vyuzivan k predikci extrémnich srazko-odtokovyaioges:, které v lokali¥
pachaji velké skody. Vi byl proveden na zaklagporovnani vysledk provedenych simulaci

extrémnich srazko-odtokovych progégmostednictvim modeal ANN a KINFIL.

STUDIE 2. Studie se zabyva moznosti vyuZziti Snydesyntetického hydrogramu pro
simulaci povrchového odtoku v malychéranych a nemienych povodi. Dochazi zde
k porovnani vysledk kterych bylo dosazeno jak pomoci Snyderova sighigtio hydrogramu,
tak prostednictvim modelu KINFIL. Jako experimentélni plachylo pouzita vyzkumna
lokalita Trebsin, kterou provozuje Ustav melioraci a ochraidypy Praze. Studie je dogima
meéfenim  srdZzko-odtokovych pamic malého mdfeného povodi Jilovského potoka

prostednictvim moderniho modelu Matrix Inversion,

STUDIE 3. Studie je za#iena naieSeni problematiky Kamencového jezera
v Chomuto¥ a hodnoceni rizika eutrofizace. Vlastf@Seni je zaloZzeno na vysledcich a

metodéch historickych vyzkumnych projékt

Souasti jednotlivych Gvoil ke studiim je také stéay popis aplikované metodiky, ktera je

detailré popsana v ramci publikace.
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Formaty uvedenych studii jsou uvag na zaklad pozadavi redakci jednotlivyciktasopisi.
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5.1 STUDIE 1:

Choosing an Appropriate Hydrological Model for Rainfall-Runoff Extremes in Small

Catchment

Pavel Kov# Michaela Hrabalikova, Martin Neruda, Roman Nerudan Srejber, Andrea Jelinkova, Hana

Bacinovéa
Soil & Water Res., 10, 2015 (3): 137-146

DOI: 10.17221/16/2015-SWR

Studie se zabyva simulaci extrémnich srdZzko-odtp#ovproced malého povodi
Smedé a bydinného toku Bily Potok v Jizerskych horach. Cil¢envybér vhodného
hydrologického modelu, ktery by mohl byt spoleblisyuZivan k predikci extrémnich srazko-

odtokovych proceas které v lokali¢ pachaji velké Skody.

Pro simulaci vyznamnych srazkovych epizod byly engl dva zcela odliSné modely —
fyzikalni 2 D hydrologicky model KINFIL a matemakiz ,ucici se* model urdlych
neuronovych siti ANN (neuronovat'sje slozena z jednotek nazyvanych neurony, které
prenaseji a zpracovavaji informace v paglelcitace). | kdyz se jedna o modely zaloZzené na
rozdilnych principech, oba vyZzaduji shodné vstupfdrmace, tj.casovouradu (srazky —
odtok). Silna stranka modelu KINFIL je, Ze existlyzicky jasné parametry odpovidajici
odpovidajicim rovnicim hydrologickych proéegatimco silna stranka modelu ANN gp@

v "uc¢ebnim postupu”.

Studie je dopléna také modelaci povodi za pouziti nastrérc GIS 10.2., ktera

znazotuje ortofotografie, porry vysky a schéma dilch povodi, sklon a vyuZziti taly.
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Vyslednym produktem je zetpisna mapa obsahujici hydrologické informace poZaxé pro

model KINFIL.

Jako zakladni vstupni hydrologicka data pro simutgty zvoleny pamérné rani
srazky z blizkych hydrometeorologickych stanic debé odtokové hodnoty z limnigrafu na

Bilém potoce.

Model KINFIL — obecg se jedna @étyiparametrovy model (2 parametry infikkrd a 2
transform&ni kinematickou vinou). V rdmci studie byla vyzkena verze odtokovych CN
kiivek, kdy z této hodnoty byly odvozeny hodnoty dvparametli — Ks a S, ¢imZ byla

Ctyfparametrova verze redukovana fipdrametrovou.

Kalibrace modelu KINFIL — kulminai pnitoky testovanych hydrograimbyly
v souladu s pouzitymi kritérii hodnoceni (WMO 19®#&uze v pipact epizody 04. Pouzitelné

jsou pouze simulace s vyslednymi koeficienty v rezi0,75-1,0.

Model KINFIL ve verzi odvozeni paramétmasycené hydraulické vodivostis ka
sorptivity S jako jednoduchyitparametrovy model (spaeé s Manningovou drsnosti n), se
prokézal jako nefdlis spolehlivy pro simulaci extrémniho odtoku. @dené parametry ze dvou
kalibratnich pipadi jsou aplikovatelné, ale pouzé ke ¢tyi ovérenych epizod jsou pén

prijatelné (kvalita vysledk je popsana Nash-Sutcliffe koeficientem).

Kalibrace modelu ANN - &em experimeritjsme pouzili postup ,leave-one out ,,, tedy
model byl kalibrovany pomogityi epizod z pti a zbyvajici pata epizoda byla pouZzita pro
validaci. Hlavni problém p kalibraci si€ nebyla kvalita aproximace, ale spiSe zokatn
modelu dive neviditelnych udaj Pri kalibraci byla proto pouzita chyba &eni dat jako

kritérium zastaveni, aby se zabranilo ngdmmu zahlceni.
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V nasSem fipact je proces kalibrace modelu ANN zaloZen n&eni“ si€¢ o datech z

nekolika 2-3 hodinovych epizod, bez ohledu na fyziekgtém, strukturu &dici rovnice.

Robustnost modelu je zAginéna dwma faktory. Prvnim faktorem je spolehlivost tidaj
predstavujicich srazko-odtokové relace, zatimco dfaktpr je gistup typu leave-one-out. To
znamena, Ze kazda simulace je kalibrovan&kelika epizodach a je @ena v jedné epized
pii které nebyla pouzita kalibracByly testovany vSechny mozné kombinace kalibrace a

ovérovaci rozdily epizod.

NejvyznamujSi problém, ktery byloreba pi kalibraci modelu ANNeSit bylo zahlceni
»Skolicimi“ udaji. Zjevna nelinearita problému, regentovana udaji, vyzaduje komplé&jdi
design sit s WtSim pa@tem jednotek. To je v konfliktu s pammé malymi roznéry datovych
sad popisujicich epizod pomoci dat jedné hodingn padem, sé desitky jednotek ve dvou

vrstvach maji tendence zachytil mnoho detail (mozné ¥etns chyby neteni srazek).

Parametry sét a déelka ,zasSkoleni” byla protorgzkousena progdnictvim validani sady s

vysledky.

SraZzko-odtokovy proces v povodi &M je sice obtizné kalibrovat, zejména
prostednictvim modelu s malym ptem parametr, jako obvykle pouzivany fyzicky zaloZeny
model KINFIL, ¢tyfparametrovy 2 D model (2 infiltéai parametry a 2 transformace
kinematickou vinou). Simulaci by také nejspis pofadalibrace pomoci aktuaj$ich epizod.
Také lze pedpokladat, Ze fmé nefeni hydraulickych paramétrpady geostatickymi
metodami (misto pouziti CN metod) k odvozeni obwifiltiacnich paramefr, by prineslo

relevantgjsi vysledky.

V piipact modeli ANN bylo prokazdno Ze neuronovécésiibec# maji schopnost

zachytit nelinearni povahu srédzky-odtoku a vysleiou srovnatelné s vysledky ziskanymi
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pomoci hydrologickych mod&l Aplikace neuronovych siti v této oblasti vznestkatik
otazek, které jerebaieSit. Vzhledem k nizké statistick@tnosti extrémnich epizod, model
ANN musi byt ,,zadeny” na aktualnich a pi@bnych datectBohuzel mnoZzstvi dostupnych dat
z extréemnich epizod je relatizrmalé, s ohledem na slozitost systému inherentime@ni

vztah modelu.

s

Nejdilezit¢jSi otdzkou je vhodna velikost &itMéla by byt dostaiene velka, aby byl
problém modelovandérne, ale zarove by nela byt dostatené mala, aby se zobecnMase
feSeni tohoto problému bylo pouZziti vyslédikerovacich dat jako kritérium zastaverghlem
kalibratni faze.To umoznilo zastavit kalibraciredtim, nez algoritmus Zal systém zahlcovat

daty.
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Abstract

Kovét P., Hrabalikova M., Neruda M., Neruda R., Srejhedelinkovéa A., Banova H.
(2015): Choosing an appropriate hydrological mddetainfall-runoff extremes in small
catchments. Soil & Water Res., 10: 137-146.

Real and scenario prognosis in engineering hydyobdgn involves using simulation
techniques of mathematical modelling the rainfatoff processes in small catchments.
These catchments are often up to 5@ knarea, their character is torrential, and thetyp
water flow is super-critical. Many of them are ungad. The damage in the catchments is
enormous, and the length of the torrents is ab8#i &f the total length of small rivers in the
Czech Republic. The Sidéd experimental mountainous catchment (with thg Batok
downstream gauge) in the Jizerské hory Mts. wasarhas a model area for simulating

extreme rainfall-runoff processes using two diffenmodels. For the purposes of evaluating
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and simulating significant rainfall-runoff episodege chose the KINFIL physically-based 2D
hydrological model, and ANN, an artificial neuratwork mathematical “learning” model. A
neural network is a model of the non-linear furncélodependence between inputs and outputs
with free parameters (weights), which are createddrative gradient learning algorithms
utilizing calibration data. The two models are eiji different. They are based on different
principles, but both require the same time serasfall-runoff ) data. However, the
parameters of the models are fully different, withany physical comparison. The strength of
KINFIL is that there are physically clear paramstesrresponding to adequate hydrological
process equations, while the strength of ANN Irethe “learning procedure”. Their common
property is the rule that the greater the numben@ésured rainfall-runoff events (pairs), the

better fitted the simulation results can be expkcte

Keywords: flood prediction; infiltration; Jizerské hory Mikinematic wave; neural network

Rapidly developing catastrophic situations causeedxtreme rainfall-runoff episodes can
often be encountered in small mountainous catchenetere changes in the runoff and
sediment regime can be enormous. This is the gtuédr the creeks in the Jizerské Hory
Mts., where the Sada catchment was chosen as the case study fgrapes. Convective
high-intensity precipitation on a relatively smeditchment area, its high inclination and the
slope of the longitudinal profile of the river, eireel destruction and its surroundings

impacted by erosion often cause a great damage AGO¥ KROVAK 2002).

An improvement in runoff prediction methods andl@termining the volumes of flooding
waves are of economic as well as environmental itapoe CAMROVA & JILKOVA
2006).N-year flood discharges are the basic hydrologicatees for proposing measures

against floods and erosion. Over the past few deEs;agtowing importance has been given to
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the use of mathematical models of the rainfall-ofiprocess, based physically on

infiltration, and to monitoring surface runoff aitel movement on slopes and on hydrographic
networks. This case study shows the ways of idgngfthe design runoff in small basins
using the KINFIL model (KOVAR 1992). This model combines tB& curves method and

the solution of infiltration equations (MOREL-SEYTX & VERDIN 1981). The simulation

of surface runoff is resolved by the kinematic wavadel (SINGH 1976, 1996), taking into
account the detailed topography of the basin. ©pedraphic terrain values are calcualted by
ArcGIS software. The accuracy of these mathematncalelling methods and their

connection to GIS systems is adequate for the acguwf the mathematical description of

physical processes and to the range and reliabilitifge data set used herein.

The second model used in this paper is an artifir@aral network consisting of units called
neurons that transfer and process informationerfdalhm of excitations. The training of the
neural network can be imagined as modificationthéonetwork parameters in such a way that
the output neurons are excited by certain comlmnatof input signals (RUMELHART &
MCCLELLAND 1986). The number of neurons and th@ngections are determined by the
topology of the network. According to the functieve distinguish input, output, and
intermediate neurons. The input neurons correspotidreceptors, the output neurons are
connected to effectors, and the intermediate neuconstitute the mediators of the
information transfer between inputs and output®RMANN 1987). These ways of

excitation transfer are referred to as paths. Wf@mation is processed on paths by means of
changes in the states of neurons along the comdsmppaths. The states of all neurons and
connections (synaptic weights) represent the carditipn of a network. Training the neural
network involves setting the configuration on tlasis of data representing pairs of inputs
with desired outputs. This approach is called stiped learning, and it most often utilizes

gradient-based nonlinear algorithms, called eremkipropagation (NERUDAt al.2005).
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The goal of our study is to compare the KINFIL &NN approaches, to identify their

strengths and weaknesses.

MATERIAL AND METHODS

Description of the Snéda catchment

The river Smida rises in the peat lands of the Jizerské hory Wits the border flow between
the Czech Republic and Poland (Figure 1a). Siné& 18 water level recorder has been
installed in the Bily potok station and a numbepudcipitation gauges have been set up in
Hejnice, Nové Msto pod Smrkem, Vifva, and Bily Potok. This catchment with its
measured rainfall-runoff episodes is often a soofd®od disasters, which will be analyzed
in this study. Table 1 shows the major physicalrgewic catchment characteristics of the

Bily Potok downstream water level recorder.

The Snéda brook is classified as having class | and dlasasic water quality — the water is
classified as unpolluted or slightly polluted. TaBl shows the basic hydrological data in the

Smida catchment, e.g. the average yearly precipitatimhthe\N-years runoff values.

In the following description, the basic geologicaijl, geomorphological, and land use
characteristics of this part of the Jizerské hotg.Mre presented as a consequence of the
effects of major rainfall-runoff episodes. For uredanding the destruction in the area caused
by high surface outflow and erosion processesfalf@ving considerations should be taken

into account:

— The geological basement of the Jizerské hory ifnassomposed of biotic coarse granular

or porphyritic granite, easily eroded and crumbfed fine fractions.

— Most of the soils are shallow, light, coarse gitanloamy-sandy soils of peat mountain

Podzol type, peaty soils, and rocky rubble on stiejpes.
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— The unsuitable structure and texture of the soils the softness of the soil profile with a

lack of humus means that the soils are easily ekode

— The Jizerské hory Mts. have one of the highestipitation frequencies and amplitudes of

all Central Europe.

— Steep terrain slopes (30-50%) and quite longeslepgths (400—1000 m) provide

conditions for gully erosion of whole areas.

Table 1. Physical-geometric characteristics of the Smeéda
catchment, Bily Potok downstream gauge

Characteristics Value
Basin area (km?) 26.58
Thalweg length (km) 13.3
Thalweg slope (-) 0.069
Altitude (m a.s.l.) 497-1123
Basin average width (km) 1.96
Basin slope (Herbst) (%) 22.2
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Figure 1. Main charactenstics of the Smeda catchment

The vegetation in the Sit& basin consists mainly of spruce (80—-90%), beedmaple trees
(up to 15%). Dwarf pines occur in the peatlandsl, lsinches and rowans are scattered in
coppices. However, there is an intensive new pigmprogramme, and the herbaceous small
reed vegetation that has grown up in the clearafigs deforestation is gradually being
replaced. The species composition now being plastdidferent from the old species
composition, and includes species that are morkerggo natural disasters, and that help

preventing forest erosion and infiltration.
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GIS mapping of the Snéda catchment.

In the present study, GIS tools were used to credigital model of the terrain (DMT),
hydrological soil groups, economic land use, arddistribution into the sub-catchments. We
used ArcGIS 10.2 software tools, with the Spatiabist extension. The starting-point
materials were vector base datasets derived frenr®tthophoto map and the Basic Map of
the Czech Republic 1:10 000 (ZABAGED ll), digitabmBPEJ, and datasets downloaded
from the HEIS database. The resulting productsteenaps shown in Figure 1: Major
characteristics of the Sita catchment, comprising: (a) orthophotos, (b) Iteigtios and
schematization of sub-catchments, (c) slope, antafd use. The synthetic product is a
geographical map containing the hydrological infation required for the KINFIL model.
This data is compiled in Table 3 and shown in Fegirwhich provides a geometrical

schematization of the sub-catchments, including lase.

Table 2. Hydrological data of the Sméda basin at Bily Potok, the outlet station (Czech Hydrometeorological Institute)

Sméda Precipitation Runoft N-year runoffs (m?3/s)

basin (mm) Q Q, Qs Quo Qy Q5o Qi

Bily potok 1426 1116 21 33 54 74 97 132 162

Table 3 provides a numbering system for the geoneetiareas of the catchment (see Figure
2) away from the catchment boundary to the dowastrgauge profile, distinguishing the
upper segment (S) and the plates of the left (d)raght (R) side of the flow direction of the

Smeda river.

The KINFIL model.

The KINFIL model is based on a combination of in&tion theory, put forward by Green and

Ampt and modified by Morel-Seytoux (Morel-SeytouxM&rdin 1981), and direct runoff
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transformation, resolved using a kinematic wavex(&aNVendroff 1960; Kibler & Woolhiser

1970; Beven 1979; Singh 1996).

The task of the infiltration part of the model asdetermine the parameters of saturated
hydraulic conductivityKs and the retention coefficient of the suction presSi(for the state

of field capacityFC).

- - | -

Table 3. Schematization of the Sméda catchment

Other  Builtup

Cascade/ Area LfeE gt‘h I Area AV??EE Length Slope Grassland ~ Forest ared e
beatchment  (km?) akbadie: Hhie (km?) L (k) (=)
st (km) (km) (%)
) ) S11 1.12 1.26 0.178 - 99.30 - 0.70
S1 1.64 1.86 : 0.88
512 0.53 0.60 0.114 - 94.60 - 5.40
R1 1.34 1.35 R1 1.84 1.36 1.35 0.070 - 99.60 - 0.40
R21 0.96 0.50 0.097 - 99,60 - 0.40
R2 1.44 0.75 193
R22 0.48 0.25 0.204 - 99.90 - 0.10
R 31 1.08 0.98 0.213 - 100.00 - -
R3 1.99 1.80 1.10
R 32 0.91 0.83 0.394 - 99.90 - 0.10
R41 0.97 0.89 0.243 - 91.50 - 7.80
R4 1.91 1.75 1.09
R 42 0.95 0.87 0424 - 100.00 - -
R51 0.10 0.05 0.119 - 100,00 - -
R5 1.79 0.78 R 52 0.41 229 0.18 0216 - 100,00 - -
R53 1.27 0.56 0.269 1.10 81.10 1.70 16.10
R 61 0.50 0.23 0.156 - 100.00 - -
Ré 3.30 1.49 R 62 1.33 2,22 0.60 0.218 - 100.00 - -
R 63 1.47 0.66 0.380 0.65 93.75 3.06 2.54
R71 0.40 0.41 0.180 - 100.00 - -
R7 3.46 3.50 R72 1.68 0.99 1.70 0.317 2.90 95.40 1.70 -
R73 1.38 1.40 0.147 34.70 42.50 15.00 7.80
L11 0.62 0.41 0,193 - 100.00 - -
L1 1.79 1.18 1.51
L12 1.17 0.77 0.147 - 99.70 - 0.30
L21 1.34 0.73 0.086 - 100.00 - -
L2 225 1.23 1.83
L322 0.91 0.50 0.154 - 99.93 - 0.07
L31 0.36 0.23 0.157 - 100.00 - -
L3 2.33 1.48 L 32 1.61 1.58 1.02 0.415 - 98.40 - 1.60
L33 0.36 0.23 0.273 - 94.60 - 5.40
L41 0.23 0.23 0.171 - 100.00 - -
L4 2.75 2.67 L 42 1.03 1.03 1.00 0.403 - 100.00 - -
L43 1.49 1.45 0.164 24.70 52.00 2.00 21.30
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Figure 2. The Sméda catchment (BP) — distribution into
sub-catchments

The solution makes use of previously derived retethips between these parameters and the
values of the runoff curve numbeZi (US SCS 1986). ThEN index values correspond with
the conceptual values for soil paramet&sandSf(FC): CN=f (Ks, S (Kovar 1992; Kové

et al.2014). The second component of the KINFIL modehesdirect runoff transformation.
The equation describes an unsteady flow, whiclpgaimated by a kinematic wave. The
kinematic equation has been converted into théefisiiference form and resolved by the
Lax-Wendroff explicit numerical scheme (Lax & Weatfr1960). For practical solutions, the
basin has been geometrized by being divided intodwmponents: the cascade of planes and
the convergent segments, so that the simulatidheofunoff process corresponds with the
topographical catchment areas.

For the rain files of rainfall-runoff episodes, tENFIL model simulation is important for
correct determining the value for the runoff cumuembers<CN (US SCS 1992) for antecedent
moisture conditions (averag&MC Il), and also the default values for other paramsete
(actual:CNA, volumetric:CNvol), and consequently the hydraulic conducti¥i/and

sorptivity S (at the field capacitFC). TheCN values, and therefore the value for the potential
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retention of the active upper soil zone, are inflzel by the uses to which the mostly forested
land is put. The forest hydrological conditionseaffespecially the interception, infiltration,
and retention of water in depressions with no riianfl a ground cover layer of forest soil
(humus leaf litterHLL). The class of forest hydrological conditio®~HC) is determined on
the basis of the depth of the littéfl(L from 0 to 15 cm) and its compactne€3 (
classification. For thesEFHC values, the average numbers of rur@@ff curves have been
derived by hydrologic soil groups (KOVRA& VASSOVA 2012).

The average value representation of the first grategory Yis 25—-30%. To this class
reaches saturated hydraulic conducti¥igvalues as high as 10 mm/h. On the basis of the
humus compactness gra@& = 1 (depth to 5 cm), the forested surface of trerbanay be
classified into two hydraulic condition€FHC = 2) and for soil group C, subsequéiti =

79 and for soil group BNy = 69.

Table 4 provides a clear record of the numbersiobif curve values. To calibrate the
parameters of the model, it is necessary to choaaracteristic couples of rainfall-runoff
episodes in such a way that the rains were shdrhaavy, that the basin has already been
saturated by previous rain, and that the peak flas attained as soon as possible. This
means that the episode should preferably be igoat@dMC Il of the CN curve validity (i.e.

low values for hydraulic conductivity and sorptyvét FC).

Table 4. Land division in the Sméda catchment, Bily Potok

downstream gauge

Area HSG

Representation = Weighted CN
(%) :
i 70C 070 x79 =553
Forests 88
1SB 0.18x69=124
Pastures (clearings) 7€ 0.07 x79=55
Arable land 3 3B 0.03x79=24
Built-up (urbanized) 2 2- 0.02x98=1.9
CN,, = 77.0 (rounded)
Total 100 100 .
CN,, =89.0
1
HSG - hydrological soil groups; weighted CN — weighted

average of curve number values
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Episodes with the characteristics reported in Tabhere selected for calibration.
Variableimaxin Table 5 is the highest rainfall intensilys is rain depths5 is the sum of
previous rains for five days before the start ef ¢éipisode, an@max is peak flow. For the
selected calibration episodes, we were aware tiegdbériod of 35—45 years that elapsed
between the calibration and the validation periothe KINFIL model has changed the status
of land use in the Sédéa basin to some extent.

Table 5. Selected runoff episodes (KINFIL) in the Sméda catchment (calibration)

Episode No. Date (start) of episode i .. (mm/h)! H_(mm) H_ (mm) 0 (m3/s)

03 1/7 1971 10.1 77.3 50.5 33.75

04 20/6 1977 12.4 37.7 37.0 37.89

i nax — highest rainfall intensity; H, — precipitation depth; H_, — sum of the previous rains for five days before the start of the

episode; Q. — peak flow

Table 6. Simulation rating of episodes selected for parameter calibration in the Sméda catchment

Measured Q.. Calculated QC_ . Difference peak Nash-Sutclifte

Episode No. Date (start) of episode o
pisode N¢ e(s episode (m?/s) (%) coefficient (-)

03 1/7 1971 33.75 40.22 19.17 0.62

04 20/6 1977 37.89 35.45 3.14 0.99

Qpax — Peak flow; QC  — computed peak flow

The simulation rating for the parameters used &tibrating the KINFIL model is shown in
Table 6.
From the calibration criteria, only episode numb4iis fully acceptable (WMO 1984). When
selecting the validation episodes, we focused oenteepisodes (after 2008) (Table 7),
indicating the volume of effective rainfall (i.ainoff volumes) for each rain gauge station.
Table 7 also shows the previous rainfall totals ARI30 index, and the saturation class (llI—-
[I) for each episode. Table 8 provides the episailume values foEN and the volume of
the retention zone.

The volume values for theNo curves and the values for the retention zone voduwere
calculated from the rainfall and runoff volumes @cing to a well-known methodology

(PONCE & HAWKINS 1996).

55



The ANN model

The inputs for the ANN model are short-history eswf hourly precipitation and runoffs; the
output of the network, representing the runoff eabumme hour ahead, is predicted on the basis
of the history of hourly values of precipitationdarunoff. The experiments demonstrated that
a period of two or three hours was sufficient food predictions. A further objective of the
experiments was to minimize the free parametegsthe size of the network. A two-hour
runoff and precipitation history was therefore udeadng the experiments. The number of
layers in the network has also been kept as linatedossible. It is known that, in theory, one
hidden layer should be sufficient to obtain antaabiy relevant approximation of the
functional dependence represented in the data. tAEwiE our experiments there was a
confirmation that the use of two (and sometimeseatban two) hidden layers results in a
smaller network. In all our experiments we havedfare used networks with four input
neurons, one output neuron, and two layers of eigttfive neurons, respectively. This rather
small size has proved to be specific enough fogtrentity of available data; larger networks

have a tendency to over-fit the training data asfdeve poor generalization.

Table 7. Status of catchment saturation 30 days before the start of the episode

Total rainfall 30 days before the episode start (mm) API,

Episode No. Start of episode Saturation class

Hejnice Nové Mésto pod Smrkem weighted average ~ (mm)

Weight 0.830 0.170 1

1 29/10 2008 84.2 94.5 86.0 79.9 I1
2 24/6 2009 195.4 226.1 200.6 186.6 111
3 2/6 2010 144.8 150.8 145.8 135.6 11
4 23/7 2010 88.9 97.3 90.3 84.0 I1
5 6/8 2010 164.0 175.2 165.9 154.3 111

API,, — index of previous saturation
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Table 8. Runoff episode heights and CN__; volume
. . B o Rainfall Q A
Episode No. Start of episode CN,, (=)
(mm)

1 29/10 2008 54.6 26.3 37.3 87.2

2 24/6 2009 21 15.7 54 97.9

3 2/6 2010 44.8 38.6 5.7 97.8

4+ 23/7 2010 79.1 20.1 76.3 76.9

5 6/8 2010 199.7 136.8 63.5 80.0

3 L."; o ‘L'. ;"A.:'_. 2 l- I .
) — runoft; A — retention zone volume; CN, | — volume value of curve number

RESULTS

Results of the KINFIL model calibration and validation.
The results of parameter calibration for the KINFHodel are shown in Figure 3. The peak
flows of the tested hydrographs were in accordavittethe criteria assessment that was used
(WMO 1984) only in the case of episode 04. The datacalibrating the KINFIL model
parameters is presented in Table 6, and the resiultee hydrograph simulations used by the
model are shown in Figure 4.

According to the criteria of the World MeteorologicOrganization (WMO 1984),
simulations with resulting coefficients in the rangf 0.75-1.0 are applicable, using the same
coefficient for model assessment (Table 9). Thdityuaf the results is described by means of

the Nash-Sutcliffe coefficient (NASH & SUTCLIFFE 7@) in Table 9.

Table 9. Validation results of the physically based model
(KINFIL)

Episode Nash-Sutclifte coefficient
1 29-30/10 2008 0.61 no’
2 24-25/6 2009 0.77 yes
3 23-25/7 2010 0.89 yes
4 6-8/8 2010 0.81 yes

*coefficient lower than WMO limit
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Results of the ANN Model calibration and validation

During the experiments, we employed the leave-anermethodology — the model was always
calibrated using four episodes out of five, andrmaaining fifth episode was used for
validation. Figure 5 shows the calibration anddation results. In this case, a history of two
hour worth runoff and precipitation values is ussdn input of one training example with
the output of runoff value one hour ahead. The rpadiblem when calibrating the network
was not the quality of approximation, but rather ¢feneralization of the model for previously
unseen data. The validation data error was thexefsed during calibration as a stop criterion
to prevent over-fitting. In particular, the relevamcrease in the validation error was used as
an indicator to stop the iterative training algomt The models were calibrated by the error
back propagation method with a momentum term. Tadity of the results is described by

means of the Nash-Sutcliffe coefficient (Nash &ditfe 1970) in Table 10.

Rainfall (mm)  —I/Measured discharge (m*/s) === Effective rainfall (mm) — Simulated discharge (m?/s)

ng" “

30 1
25 |

8 20 +

(a) 40 — 0 (b)45
40

[

ar
35

Discharge (m is)

0.5 2.0 3.5 50 6.5 80 95 11.0 12.5 14.0 155 17.0 185 20.0 0.5 6.5 12.5 18.5 245 305 36.5 42.5

Time (h) Time (h)

Figure 3. KINFIL calibration: Sméda 04, 20-21/6 1977 (a) and Sméda 03, 1-2/7 1971 (b)
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Figure 4. KINFIL validation Sméda: 29-30/10 2008 - episode 1 (a), 24-25/6 2009 — episode 2 (b), 23-25/7 2010 - epi-
sode 3 (c) and 6-8/8 2010 - episode 4 (d)
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Figure 5. ANN Sméda: 29-30/10 2008 — episode 1 (a), 24-25/6 2009 — episode 2 (b), 23-25/7 2010 - episode 3 (c) and
6-8/8 2010 — episode 4 (d)
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Table 10. Validation results of the artificial neural network

(ANN) model

Episode Nash-Sutcliffe coefficient
1 29-30/10 2008 0.92 yes

2 24-25/6 2009 0.96 yes

3 23-25/7 2010 0.95 yes

4 6—8/8 2010 0.75 yes

DISCUSSION

Concerning the KINFIL model, the essential questitor hydrologists is which
simplifications are right. Physically-based raifkfainoff models attempt to link catchment
behaviour with measurable properties (BEVEN 20@49wever, scaling is a problem of
magnitude. It is currently unclear whether this agh®ig premise is correct. Catchment
behaviour at larger scales can hardly be descrilyethe same governing equations with
effective parameters that somehow subsume thedgeteeity of the catchment (KIRCHNER
2009). Not only the subsurface conditions for umsded flow, but also the spatial distribution
of the rainfall over a catchment area serve as go@anples of heterogeneity. However, we
tested the KINFIL model with four parameters onyarder to avoid over-parametrization
while keeping an adequate model structure (PERRIAL 2001; ANDREASSIAN 2004).

The Sn¢da catchment in the Jizerské hory Mts. has a venylimear rainfall-runoff process.
The shallow peat soils are poorly permeable, aadipitation extremes often cause soil erosion
and even landslides. The KINFIL model in the vansiath parameter derivation of saturated
hydraulic conductivityKs and sorptivityS (at FC), as a simple three-parameter model (along
with Manning roughness), has proved not to be entirely reliable for siatulg extreme runoff.
The derived parameters from two calibration casespplicable (Table 6), but only three out

of four validated episodes are fully acceptable(é®).
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Unlike a physically-based model, the mechanisnhefartificial neural network ANN model
involves approximating the relationship betweenfadi (an input to the system) and runoff (an
output from the system) represented by the availaisitorical data. In our case, the calibration
process is based on training the network on data fseveral episodes, irrespective of the
physical system, the structure, and the governmgions. The robustness of the model is
based on two important factors. The first factdhesreliability of data representing the rainfall-
runoff relations, while the second factor is thavie-one-out approach. It means that each
simulation is calibrated on several episodes, andiidated on one episode that has not been
used for calibration. All possible combinations a#libration and validation splits of the
episodes were tested.

The most important issue that we had to address wakbrating the ANN model was over-
fitting of the training data. The obvious non-lingaof the problem, represented by the data,
calls for a more complex network design with adsingumber of units. This conflicts with the
rather small sizes of the datasets describing pisodes by means of one hour-based data.
Thus, the networks of dozens of units in two layerge a tendency to capture too many details
(maybe including rainfall measurement errors). meavork parameters and the length of the
training episode were therefore verified by medrth@validation set results. Since our goal is
not the best-possible performance of the trainetglaut relevant performance of the validation

data, the models typically show better validatiesults than calibration.

CONCLUSION

The rainfall-runoff processes in the & basin are admittedly difficult to calibrate, esially
in a model with a small number of parameters. Galyerthe KINFIL model used here is a
physically-based four-parameter 2D model (2 irdiitvn parameters and 2 transformations by

a kinematic wave). When a version of the rur©N curves was tested, the resulting values
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were used for deriving two parametdfs,andS. Thus the four-parameter version was reduced
to a three-parameter version. The selection of mecent calibration episodes (not from the
1960s and 1970s) would probably also help the sitiurl. We also assume that direct
measurements of the soil hydraulic parameters ugdogstatistical methods, instead applying
CNmethods to derive both infiltration parameters, ldduing more relevant results. However,
a method of that kind would be very laborious.

In the case of ANN models, it has been demonstthagtcheural networks in general have the
ability to capture the non-linear nature of thenfali—runoff relationship, and the results are to
a degree comparable with those obtained using logloal models. The application of neural
networks in this area raised several issues theateteto be dealt with. Due to the low
statistical frequency of extreme episodes, the Ahddlel has to be trained on selected data
where these episodes are present, and most oathasdhot of interest and has to be
abandoned. Unfortunately, the amount of availabla fom extreme episodes is relatively
small, taking into account the complexity of theenent nonlinear relationship of the model.
We therefore have to address the issue of a seitativork size. It has to be large enough for
the problem to be modelled faithfully, but at tlaene time it should be small enough to
generalize well. Our solution to this problem wasise the validation data performance as a
stopping criterion during the calibration phaseisTdllowed us to stop the calibration before
the algorithm started to over-fit the data. Thislgpem should be further investigated in

future, and several other methods for improvingegalization should be employed.

Ensembles of ANNs are a promising approach.
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Technology Agency of the Czech Republic (Proje62T20402 “Water regime opti-

malisation to mitigate the impact of hydrologicatremes”).
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5.2 STUDIE 2:

The Use of Snyder Synthetic Hydrograph for Simulation of Overland Flow in Small

Ungauged and Gauged Catchments

Darya Fedorova, Pavel Ko¥aJan Gregar, Andrea Jelinkova, Jana Novotna
Soil & Water Research

DOI: 10.17221/237/2017-SWR

V ramci této studie byl &inén pokus objevit novy ifistup na simulaci povrchového
odtoku za pouziti Snyderova syntetického hydrograaly aby bylo dosazenoigsnych
vysledki. Simulace byly provedené Snyderovym syntetickyairbgramem a hydrologickym
modelem KINFIL. Meteni srazko-odtokovych pafmi bylo doplréno jednou z nejesrEjSich

a nejmoder#Sich metod — modelem Matrix Inversion, nalezickdaceptu maticoveé algebry.

Jako experimentalni plocha bylo pouZzita lokaliteldsin. Oblast p&tdo mirré teplé
oblasti, s réni pamérnou srazkou 517 mm teplota 6,5 ° C a naihkaé vyska 340-350 m n.m.
Vyzkumnou lokalitu provozuje Vyzkumny ustav melioraa ochrany fidy v Praze. Na

zajmové lokali¢ se nachazi deévexperimentalnich ploch o roznech 36 x 7 m.

V ramci studie byly simulovany srazko-odtokové goyma experimentalnich plochaéh4 a

5.

Pro simulaci odtoku byla pouZita srazkova data#ichstanice v BeneSeéyv

Tento deBovy ukazatel poskytuje Udaje o dennichtdegch srazkach s navratovym

obdobim N = 2, 5, 10, 50 a 100 let. Vzhledem k maigpovodi, byly vybrany kritické doby
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srazek td = 20, 30 a 60 min a navratova doba N,2Q050 a 100 let. Pro vypet redukce v

dennich hloubkach sradzek Pt, N byla pouzita meRied RAIN.

Praimérné hodnoty pro nasycenou hydraulickou vodivos{ri{s1 / min) a pro sorptivitu S (mm

/ min®) byly ziskany metodou infiltrometru (dvojité va)ce

Jednotkovy hydrogram popisuje zékladni tetesici transformaci srdzky odtokem, je
to v podstat hypotetickd odezva povodi na jednotkovy efektigé@®’, vzdy stejna pro dés
dané doby trvani. Tato jednoducha a Bgjouzivana metoda ma vsak jednu velkou nevyhodu

— nelze ji pouzivat na mistech s nedostatkem dat.

Snydetiv synteticky hydrogram byl vyvinut Snyderem a jehetodika je zaloZzena na
podrobné a strukturované analyze vyfitaprelkého mnozstvi hydrogranz riznych povodi

v Apalaiskych horach na vychédJSA.

Pro Snydelv synteticky model existuji dva hlavni parametrgktbr dokhu (Ct) a
faktor kulmin&niho pfitoku (Cp). Tyto parametry jsou topograficky zavislérely by byt

odhadnuty pro kazdy konkrétniipad. V této studii bylo oba Udaje odvozeny &enych dat.

Fyzikalni hydrologicky model KINFIL se vyuzivagdevSim pro simulaci eroznich
proces a gredpovidani zranitelnostigy wvici vodg, jelikoZz povrchovy odtok a vodni eroze
spolu Uzce souviseji. Stasna verze modelu je zaloZzena na kombinaci irddtra pimého

odtoku kinematickou vinou.

Matematicky model Matrix Inversion byl vyvinut Srgm@m v roce 1961. Zaklad
metodiky je zaloZzen na konvolucitgbyt&énych srazek s jednotkovym hodinovym

hydrogramem.

Testovani modelu Matrix inversion prigtio na zaklad katastrofické epizody v malém,

méieném povodi Jilovského potoka ze dne 4. — 5. 79.208@3nost kalibrace a validace
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modelu je vyjagena Nash-Suttcliffe koeficientengianosti (CE). Maximalni hodnota CE = 1.
V piipact testované epizodyinila hodnota CE = 0,989. Vysledny hydrogram Izegimvat za

velice gesny.

Studie prokazala, Ze i kdyZ se k simulacim na nahentienych povodich vyuzivaji
spiSe @izné variace hydrograim pro simulaci je mozno uvazovat take fyzikalpalozené

modely.

Metoda simulace odtoku malych n&mnych povodi pomoci Snyderova hydrogramu
se ukazala jako vysocegiana, avsak jeji hlavni nevyhodou je odvozentetmiych koeficierit

pro nengtrena povodi.
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The Use of Snyder Synthetic Hydrograph for Simulabn of Overland Flow in Small

Ungauged and Gauged Catchments

Darya FEDOROVA, Pavel KOVR, Jan GREGAR, Andrea JELINKOVA and Jana

NOVOTNA
Soil & Water Res., 13, 2018 (1): Online first, db@.17221/237/2017-SWR
ABSTRACT

The paper presents the results of simulated awfflaw on the Tebsin experimental area,
Czech Republic, using the Snyder synthetic unitrdghph. In this research an attempt was
made to discover a new approach to overland flamukition that could give precise results
like the KINFIL model for a small ungauged catchmérhe provided results also include a
comparison with the KINFIL model for N = 10, 20, 80d 100 year recurrence of rainfall-
runoff, with the rainfall time duration td = 10, ,280, and 60 min. Concerning a small gauged
catchment, one of the most accurate and elegarmoohabgies, Matrix Inversion Model, can
be used for the measurement of both the grossatbarfd the runoff. This method belongs to
a matrix algebra concept. For the sake of compésignve designated this model at the end of

the present article to show how exact this forwasedch can be.

Keywords: extreme rainfall; infiltration intensityKINFIL model; Matrix Inversion Model;

Snyder unit hydrograph
INTRODUCTION

One of the main problems in hydrological studiethesprediction of runoff from an ungauged
basin, since the majority of small catchments aigauged (Hrachowitz et al. 2013). The data
on rainfall events are often available for suchrim$owever the simulation of runoff is much

more complicated than for the basins with well obsé data of runoff discharges. In addition,
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it is even more sophisticated for the small ungdugggchments (Parajka et al. 2013). There are
many different approaches to the solution of sudhmydrological riddle. In 1932 the unit
hydrograph method was introduced by Sherman (1282) changed the runoff-rainfall
modelling forever. It has become the most widelgdumethod of flood analysis for gauged
basins. In spite of obvious advantages, simpliaitgd applicability of this method, it has one
big imperfection: it cannot be used on the basiitis lack of data. For the extension of the unit
hydrograph theory for ungauged basins the synttiesis physical characteristics should be
considered as an effective and necessary measunen@y, there exist several methods for
developing the synthetic unit hydrograph using raessle physical basin characteristics. As
the founder of the unit hydrograph theory, Sherwas the first to study the possibilities of
developed method extension. The physical charatitriof the basin he thought to have an
impact on the hydrograph and possibly could be usedhe estimation of runoff on the
ungauged basins are: the shape and size of theageiarea, slopes of valley sides and
mainstream, distribution of water channels and pandue to course or surface obstacles. As
the basis of most synthetic unit hydrograph methedearchers still use Sherman’s ideas.
Major part of the methods try to find relationshijtween physical basin parameters and unit
hydrograph characteristics, the differences aréh@used methodologies or in recognized
relationships (Ellouze-Gargouri & Bargaoui 2012y et al. 2014; Rigon et al. 2016). Those
methods for developing a synthetic hydrograph fyauged areas have been made by Bernard
(1935), Snyder (1938), McCarthy (1939) and Cla®48). The final step of our study was a
Matrix Inversion Model calculation. The basics lnistmethodology were developed by Snyder
(1961), through the concepts of matrices and veciidnie convolution of excess rainfall with
the T-hour Unit Hydrograph (TUH) is simply the pess of multiplication of a matrix by a

vector. The present study was conducted in fled§in experimental area. The surface runoff
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simulation was done using two different approacBegder synthetic unit hydrograph method

and kinematic wave based on the KINFIL model.
MATERIAL AND METHODS

This paper describes the continuation of researthomes from the article published by
Fedorova et al. (2017), using the HEC-HMS SCS Whitlrograph and KINFIL model to
compute the surface runoff from extreme rainfalthe small ungauged Kninice catchment.
One of the articles mentioning the unit hydrograps published by'ernohous and Kovéa
(2009) due to approximation of the recession lirilthe hydrograph. The KINFIL model is
currently used for simulating erosion processesfangredicting the vulnerability of soil to
water, since the surface runoff and water erosrencésely related. In the calculation, we
designed rainfall events on experimental plotsdNand 5 in Tebsin, which are located about
40 km from Prague in south-east direction, clos¢htovillage of Febsin. The location of

Experimental Runoff Area (ERA) is depicted in Figur.

@ PRAGUE

L ]
ERA
l:] Experimental Runoff Area

Figure 1. The location of the Experimental Runoféé (ERA)
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In sum, there are nine experimental plots, thetlenfeach is 36 m and the width is 7 m. The
average slope of the experimental area is abouthe&.research location is operated by the
Research Institute for Soil and Water ConservatidArague-Zbraslav (RISWC Prague). The
area belongs to a mildly warm region, with annualam precipitation of 517 mm, average
temperature of 6.5°C and an altitude of 340-350.sd.arhe natural soil composition is

originally a gneiss substrate and is mostly of ktabhmbisol type, belonging to the soil group
of silty loam. The scheme of experimental runofftplis presented in Figure 2. The studied

plots are highlighted in green colour.

Figure 2. The scheme of runoff plots

The rainfall data

The rainfall data from the BeneSov station was usedrunoff simulation in the febsin
catchment. This rain gauge provides daily rairdatia with a return periad = 2, 5, 10, 50 and
100 years. Due to the small catchment area, tlkeetsel periods of critical rainfall time duration
aretq = 20, 30 and 60 min and the return periotNaf 10, 20, 50 and 100 years. To compute
the reduction in the daily rainfall depthn was used the DES_RAIN procedure

(http://fzp.czu.cz/vyzkum) (VasSova and KovZ011l). The procedure is based on regional

72



parameters andc, derived by the methodology of Hradek and Kio{@94). The results are
provided in Table 1.

Table 1. Maximum rainfall depttfa.n on the BeneSov station (mm)

N Pt t (min)

(years) (mm) 10 207 307 60"

2 38.6 12.8 15.7 17.7 20.5
5 52.9 18.6 23.0 26.1 31.4
10 62.0 22.3 28.3 32.6 38.9
20 71.6 27.2 34.7 40.1 48.1
50 83.3 33.4 42.9 49.7 60.3

100 92.4 37.9 49.2 57.2 69.3

The field measurements

The average values for saturated hydraulic comndtictKs (mm/min) and for sorptivityS
(mm/mirP-®) were obtained by the infiltrometer method (doulylénclers).

The Richards equation (Kutilek and Nielsen 1994nlmomed with Philip solution for non-
steady flow infiltration (Philip 1957) was implented for calculation of hydraulic soil
parameters . The simplified Philip equation for ihidtration intensity v calculated with the

saturated hydraulic conductivitysKm/s) and sorptivity S (mfs), is as follows:

v (8) = 5 S.t7V2 4 K (1)

Subsequently, parametddsandS were both computed, applying the method of thelmear
regression (Kovaet al. 2011, Stibinger 2011). Table 2 provides theasured hydraulic
conductivityKs, sorptivity S,and the storage suction fact&(mm):

SZ
2K,

Sf = (2)
Table 2. The soil hydraulic parameters: hydraubnductivity Ks (mm/min), sorptivity S
(mm/mirP®), and storage suction factor(@m)
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Plot Sorptivity S, Saturated hydraulic Storage suction factor § (mm)

(mm/min©®9) conductivity K,
(mm/min)
4 4.64 4.36 2.47
5 4.13 1.65 5.17

Snyder Unit Hydrograph

The unit hydrograph is a universal solution for &agin rainfall-runoff relationship providing
the single storm hydrograph parameters given tbessxrainfall data. However, major part of
watersheds have no recorded rainfall or runoff .déte answer is in synthesizing of unit
hydrograph - estimating the simple rainfall-runo#élationship by application of physical
parameters of drainage basin.

In the year 1938, a concept of the synthetic upirbgraph was introduced by Snyder. The
methodology is based on the detailed and structamatysis of a large number of hydrographs
from different catchments in the Appalachian regidhe study led to the following formula
(3) for time lag (Ponce 1989):

Tiag = Ce(LLc)*? 3)

where:T,,, is catchment time lag in houlG; is coefficient explaining catchment gradient and
related to catchment storadejs the mainstream length (km), Lc is the mainstréangth
from outlet to the closest point to catchment cadttkm).

Snyder’s formula for peak discharge is as follolRsr{ce 1989):

_2,78CpA

Qp = 4

Tlag

Where Q is a peak discharge related to 1 cm of effectmnefall (m3/s), A is a catchment area

(km?), Gyis empirical coefficient connected with triangutese time to time lag.
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KINFIL rainfall-runoff model

The KINFIL model is used for simulation of sign#iat rainfall-runoff events or for estimation

of design discharge in catchments that are impaxydtuman activities. The kinematic wave
techniques are generally considered to be sufti¢é@ranalysis of overland and channel flow.
This method is a simplified version of the dynamvave theory.

Current version of presented model consists of pants. First part is based on Green-Ampt
infiltration theory with ponding time according ktein and Larson (1973) and Morel-Seytoux

(Morel-Seytoux and Verdin 1981, Morel-Seytoux 1982)

Sy = (6, - 6) - Hy ©)
tp=5/i- (- 1) (7)

WhereKs is hydraulic conductivity (ns1); z is the vertical extent of the saturated zone @);
is the water content at natural saturationé-)s the initial water content (-H: is the wetting
front suction (m);i is the rainfall intensity (,8?); S is the storage suction factor (ntyis
ponding time (s), antdis time (s). On small experimental catchmentddraulic conductivity
Ksand thestorage suction fact& can be measured directly.

The overland flow part of the model uses the kinsreguation and can be described by Eq.(8)
(Kibler and Woolhiser 197@even 2008

d d
2y a.m.ym‘l.%= 7,(t) (8)

wherere (1) is rainfall excess intensity (m/s),t, x are ordinates of the depth of water, time and

position (m, s, m), and, m are hydraulic parameters.
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Matrix Inversion Model

One of the most accurate mathematical model fomkn@infall and runoff parameters is the
Matrix Inversion Model. The basic processes of theshod have been developed in Tennessee
Valley Authority study by Snyder (1961). The degdilview if the process involved in the
convolution of discrete values of TUH with the ifaih excess to produce the direct runoff
through summation provides Equation 9 (O’Donneb@®

Qmin-1 = AT * X7 Py % Uy 9)

WhereQ is the runoff,P is a rainfall,U is the unit hydrograph ordinates,is a number of
rainfall intervalsn is the number of isochrones areas (equals to nuaflddJH ordinates)AT

is a length of time period. WhetiT—0, then summation can be replaced by a Duhamel's

convolution integral:

Q(t) = f, P(1) * U(t — 7)dr (10)

Equation 9 shows that basically the process islaphcation of a matrix by a vector. However,
this means to solven+n-1 equals ofn unknown values TUH. Consequently, it is an
overdetermined system of m—1 equations and it aestijhbe solved by the substitution method.
This  computation  suits the matrix algebra very  well(Figure  3):

Gy =Pi2ly + 0 F O mose s ms wsms T F0
Q=P xU;+P,xU;+0....+4 0...... ... ... ... 40 + 0
Q3 =P;3xU; +P,xU,+P;*U;+0... + 0... ... +0 +0
Qmn=Pn*U; +Pp_1*U, +Pp o, *xUs+-+PxU, +0
Qm+1 =0 +PB,*U,+Pp*xUp+-o---+ P *Up +0
Qnin-1=0 + 0 + 0 + 0 FwsvssontdByely
Figure 3.The group of equations relating rainfall and uydifograph ordinates to runoff.

The matrix equivalent of the equations of Figuiis iven by Figure 4:
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A Xy O 0 ssas o m as o e el we e se e s () Uy Yo
DD A AR [P U Ys
: : Us :
Xn Xm—1 Xm—z2 ... ... X 0 0 V. wenl * — Ym
0 m o Xmo1... .. X X 0 0wl ; -
0 0 0.. b % X Un :
0 0 0-- 0 0 X, | Fman—1

Figure 4. Matrix equivalent of discrete convolutequations.

The matrix technique suggested in the abovemerdiohe/.A study (Snyder 1961)
automatically provides a least-squares solutiofWiéd ordinates. Precipitation P should be
replaced by the letter X (only for rainfall, e.guid form of precipitation); Q by the letter Y

for discharge and the usual notation, the matriaéqn can be written:

X1+ Ul = Y] (11)
To solve the Equation 11 f¢iU|, one must first make the rectangular matt¥{ a square one.
This can be done by multiplying both sides of Eauatll by the transpose pf|” left side,

which is the matrix formed by interchanging the saand columns dfX| in Equation 12:

IXIT* |X| U] = |Z] = [U| = |X|" * |V (12)
Where:

IXI" = |X| = |Z] (13)
|Al = X" * Y] (14)
and

(Ul = ZI7" = |X|" Y] = |Z] 71 = |A] (15)

The computed vectdt/| gives the procedure finding the TUH ordinatesatlyefrom a gross
rainfall step by step to reach a net rainfall up tbrect runoffY C| (Y computed) using standard

matrix routines:
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[YC| = |X| U (16)

Hidden in the manipulation of the matrix algebralmaright side of Eq. (16) is the least-squares
curve fitting technique mentioned above but to a¢pieto requested close coincidence with a
net rainfall and T-Unit Hydrograph ordinates. Thgproved rainfall data is now used to find a

better estimate of the TUH and the whole procesgpgated. We were testing the Matrix

Inversion Model on a dangerous event in the Jilp\Riker catchment. The flooding occurred

on 4-5 of July in 2009 (24 h) when a gross rain falisg for about 10 hours. The difference

in gross and net rainfall was extremely large: 8025 = 69.75 (mm). Table 3 provides the

basic parameters of the Jilovsky catchment.

Table 3. Jilovsky catchment parameters.

Catchment area, knt  45.6 Land use

Elevation, m a.s.l. 730-249 Forest, % 52.8
Length of river, km 11.1 Grassland, % 37.0
River slope, % 10.3 Urban areas, % 9.4
Slope of catchment, % 14.2 Water areas, % 0.8

RESULTS AND DISCUSSION

The Unit Hydrograph (UH) was first proposed by $ien (1932), originally named unit-graph.
The UH is a very simple and effective method of thmfall-runoff simulation, however it
cannot be used if there is a lack of data. Indage the synthetic unit hydrograph modifications
should be used (Clark’s, Snyder’'s, SCS). Sincentlagority of small watersheds have no
recorded runoff or rainfall data, it must be a &gtic hydrograph. Snyder (1938) presented a
method of deriving synthetic unit graphs empirigallhe study and analysis of rainfall-runoff

characteristics were done in ungauged and gaudedneants of the Appalachian Mountains
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of the Eastern United States. There are two maianpeters for the Snyder synthetic UH: the
lag factor (Ct ) and the peak flow factor (C p)e$h parameters are topographically dependent
and should be estimated for each particular cas¢hi$ study both those parameters were
derived from measured data (Melching & Marquard@7Z;9Ramirez 2000). Snyder's method
was chosen for this study also because it is aop&#EC-HMS software. Many researches have
studied the implementation of the Snyder hydrogregihce it is one of the most popular
solutions for the ungauged catchments. In thegarh Hoffmeister and Weisman (1977) used
the synthetic unit hydrograph for an ungauged basidew Zealand. The authors simulated
the runoff using three different methods: Snyder&thod, SCS dimensionless hydrograph and
Commons’ dimensionless method in six basins ofliydrological regions. The synthetic UH
were compared with unit hydrographs based on obdedata. The results of research show
that Snyder’s method is reasonably accurate. lofgia good representative study of synthetic
unit hydrographs was conducted in Poland, in theb®dka catchment by Waga et al. (2011).
The research results show that both Clark’s andl&rsymethods are applicable, with slightly
better results of Snyder's method. The publicatitso contains an interesting approach to the
estimation of necessary parameters for simulafibe. previous study on a comparison of SCS
synthetic unit hydrograph and KINFIL model showéatt KINFIL model provided better
results due to the more natural form of hydrografite comparison of simulated runoff by
KINFIL model and Snyder’s method shows that the d&nysynthetic hydrograph improved
results compared to a previous study on the SC$hetym unit hydrograph. Figure 5
demonstrates the results of simulation for ploasd 5 of the Tebsin ERA. The simulation by
both models was made on rainfall with recurrend¢erual N = 10, 20, 50, 100 years, time

duration § = 107, 20", 307, and 60".
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Figure 5. The comparison of hydrographs simulatedKINFIL model and Snyder synthetic

unit hydrograph, febsin Experimental Runoff Area; N - recurrencerirdg tq - time duration

The Matrix Inversion method was well described yoBe and O’Kane (2003) and by Mays

(2010). If the unit hydrograph is described, it tenused to determine a direct runoff for any

storm event by the Matrix Inversion method. Becanisthe simplicity and accuracy of this

method it is quite popular in different variatioasd climatic conditions among hydrology

engineers. The study on the Johor River in Malayga done by Razi et al. (2010). The

synthetic flood hydrographs were calculated usirlgSCS Unit Hydrograph method and the



convolution matrix procedure. The results of thetialnversion Model for the Jilovsky

catchment are presented in Table 4. The calculatdbgraph is presented in Figure 6.

Table 4. The matrix hydrograph reconstruction.

Time, Gross rainfall,  Net rainfall, Observed Computd
hours mm/h mm/h runoff, runoff, Unitgraph
/s m/s
0 0.5 0 0.35 0 0.104
1 2 0.01 0.36 0.01 0.267
2 35 0.05 0.33 0.04 0.316
3 5 0.15 0.35 0.06 0.332
4 9 0.49 0.37 0.39 0.141
5 25 2.73 0.4 2.78 0.090
6 21 3.7 0.45 1.66 0.007
7 7 15 1.23 2.75 0.093
8 5 1.14 24.97 23.82 0.026
9 2 0.48 22.98 23.83 0.055
10 0 0 19.79 19.16 0.006
11 0 0 13.56 14.03 0.022
12 0 0 9.25 8.9 0.013
13 0 0 7.37 7.63 0.018
14 0 0 5.53 5.34 0.007
15 0 0 4.21 4.35 0.010
16 0 0 2.66 2.56 0.008
17 0 0 2.34 2.42 0.007
18 0 0 1.98 1.92 0.005
19 0 0 1.64 1.68 0.006
20 0 0 1.44 1.41 0.003
21 0 0 1.25 1.27 0.006
22 0 0 1.12 1.1 0
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23 0 0 0.98 0.99 0.009

24 0 0 0.85 0.84 0
25 0 0 0.73 0.74 0
26 0 0 0.65 0.65 0
27 0 0 0.59 0.57 0
28 0 0 0.52 0.5 0
29 0 0 0.46 0.5 0
30 0 0 0.4 0.52 0
31 0 0 0.35 0.2 0
32 0 0 0.31 0.13 0
33 0 0 0.27 0.05 0

The Matrix Inversion model hydrograph

25
20
15

10

5 I

012 3 456 7 8 91011121314151617 18 19 20 21 22 23 24 2526 27 28 29 30 31 32 33

Time, h
Net rainfall, mm/h mmmmmm Gross rainfall, mm/h e e e Observed runoff, m3/h e Computed runoff, m3/h

Figure 6. The hydrograph computed by Matrix Invansinethod

The successfulness of calibration and validatiomodlels is usually described by the Nash and
Sutcliffe Coefficient of Efficiency (CE). In the sa of the maximum coincidence CE = 1.00.

The equation for the Nash and Sutcliffe coefficiealtulation is:

_ _ ?zl(Qi_QC)Z
CE=1 YL (Qi-Q)2 (17)
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WhereQ; is observed runoff), is computed runoffQ is a mean value of observed runoff and
n is a number of runoff ordinates. Coefficient ofi@éncy for current study iI€E = 0.989
which is considered to be very high. The efficienéythe Jilovsky catchment is surprisingly

accurate.
CONCLUSION

Among all available models for runoff simulationungauged catchments different variations
of the synthetic unit hydrograph take the leaditegx@, however, it was necessary to consider
that there are many effective, physically based eteodrhe previous study showed that the
main disadvantage of the applied SCS synthetic wdtograph method was its less natural
shape. Snyder’'s method of the synthetic hydrogiaptbviously free of this disadvantage.
Nonetheless, the main difficulty is the derivatafmecessary coefficients. If this problem can
be solved in any manner, this method is considevdok effective for runoff simulation in
ungauged catchments, yet, it needs further resesrcdatchments under different conditions.
Hydrology as a science expands quickly and a nexwldped technology shows the priority of
physically based methods in gauged catchments.mietvodology, such as various time series
(Fourier series, Laguerre function, etc.) and isi@r via matrices, is developed rapidly in

terms of mathematical modelling.
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5.3 STUDIE 3:

Effect of external conditions on water quality in the Kamencove (Alum) lake in Chomutov

Andrea Jelinkova, Darya Fedorova

Scientia Agriculturae Bohemica, 2018 (accepted raaript on July 11th 2018, under revision)

Tato studie se zabyva vlivem ggich vliva na jakost vody Kamencového jezera

v Chomuto¥ a navrhem revitalizamich opaieni.

Kamencoveé jezero v Chomutbvzniklo v roce 181@atopenim povrchového dolu na
kamenéné Kidlice, ktery se vadsné blizkosti od r. 1588 nachazel a do lokalitgjazaste&ns

zasahoval. #¢inou zatopeni byl pozar a propad odiodaci Stoly a pival vod do dolu.

Jezero nema zadny povrchoviitpk, avSak existuji indicie, Ze je jezero dotovano
n¢kolika podzemnimi prameny. Hydrologické pé&mn jezera doposud nebyly podrabn

prozkoumany.

Vzniklé jezero ziskalo sy véhlas diky vlastnostem jezerni vody, které obsahuji
kamenec draselny. Koupele v jezerni &d@yly pro jeji blahodarnédinky v minulosti hoji
vyuzivany k |I€éb¢ celé fady nemoci nap revmatismu, anemie, nemoci ledwin koznich
chorob. Vzhledem k chemickému slozeni jezerni vjiadgiologicka aktivita v jeze zn&né
omezena na zastupce vodnich mikroorgafiisnhmyzu. Abnormakhkysela voda zamezuje

existenci vysSich organism

Vzhledem ke zhorSujici se jakosti jezerni vody azht ztraty jejich unikatnich
vlastnosti bylo Kamencové jezero v minulostegimétem rozsahlych vyzkumnych projékt

vyznamnych vodohospotkkych instituci.
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Tato studie navazuje na vysledkikterych z nich.

Jako hlavni fi¢iny zhorSujici se jakosti vody byly identifikovany:

Kvalita srazek (v minulosti ,kyselych d&§, opad z listnatych stroimlemujicich

jezero,cinnost rekrearit a nedostatmé Udrzba jezerniho aredlu.

Pro vyhodnoceni rizika eutrofizace byla pouzitaskikace podle Vollenweidera -

Klasifikace na zaklatiploSného réniho zatiZzeni jezera vnosem fosforu a dusiku.

e

Jako nejdlezit¢jSi faktor se prokazala kvalita a mnozstvi srazk#tikoz se kvalita
srazek po utlumwkého pimyslu a vlivem technologického pokroku (zavedersii@dacich
zaizeni) v severgeské hidouhelné panvi rapidnzlepSila, tato skut@ost se odrazila na

vysledcich provedené klasifikace.

Velkym problémem ovSemugtdva nedostated udrzba aredlu jezera +epevsim
absence periodického hloubkovétisténi. Mocnd vrstva sedimehha drt jezera zamezuje

dotaci mineralizované vody do jezera.

Navrhy revitaliz&nich opaiteni poukazuji fledevsSim na nutnost zavedeni kontinualnich
a systematickych opani, které vychazeji mnohdy z historickych prathaiwv minulosti velmi

dohe fungovaly.
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EFFECT OF EXTERNAL CONDITIONS ON WATER QUALITY INT HE

KAMENCOVE (ALUM) LAKE IN CHOMUTOV

Andrea Jelinkovd and Darya Fedorova

Faculty of Environmental Sciences, Czech Univedfityife Sciences Prague,
Czech Republic
*corresponding author

ABSTRACT

The Kamencove (Alum) Lake in Chomutov the is theyvare alum lake in the world. The lake
water has unique chemical composition (K Al ¢gxO12 HO) with ability of natural prevention
from algae growth. The lake is situated in the @zRepublic, in the North Bohemian brown
coal basin. The region was specialized in heavystrgl, based on brown coal burning, with
crucial impact on environment (especially acid yan1980s. This fact was considered as the
key aspect influencing worsening of lake water fyah the past. Other aspects were seen in
the growing popularity of this recreation area (g&sed risk of eutrophication) and the
significant changes in lake maintenance (increastdof eutrophication, excessive bottom
sedimentation). If there is no proposal and subseigmplementation of systematic measures
to reduce the potential risk of eutrophicationyéhis a real threat of a gradual loss of the unique
characteristics of lake water. This work buildstba result of scientific researches that have
been carried out by significant water managemetitiesias Geofyzika Brno, Povodi &@hs.p.

or Hydroprojekt Praha. The aim of the study is$sess the potential risk of eutrophication

and to propose remedial measures.

Keywords

The Alum Lake, water quality, eutrophication, wathemistry, alum water
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INTRODUCTION

.Kamencove jezero“ or the Alum Lake is a uniqueunalt formationboth for the Czech
Republic and for the whole worldnother similar lakes in former stone shales ngrameas
are e.g. Tonteich lake or Lake in Reinbek in Geryn@abrielova, 1996). The Alum lake in
Chomutov is the second biggest lake in the CzegbuBlE (bigger is TheCerné lake in
Sumava). The water, containing potassium alum (KS%4)». 12 HO) was used in the 19th
century for healing baths. It had positive effeots treating of upper respiratory tract,
gynecological diseases, anemia, rheumatism or kidiseases (Klement, 1940). The water

also serves as a natural prevention from growtiigde and cyanobacteria.

Over the past decades, the unique lake water ctrgrhigds been significantly influenced by
external factors worsening the lake water qualitythe sense of increasing the risk of
eutrophication. In order to avoid the loss of ueiguater properties, identification of the factors
was the subject of extensive research projectsntakegrast decades e.g. Geofyzika Brno

(Cahyna, 1982), Povodi Ohre, s.p., HydroprojekhBr@os, 1981).

The main factors that have influenced lake wateiyu(especially conductivity, pH value,
content of sulphates, chlorides, nitrates and phags) were identified as: quality of
precipitation (in the past ,acid rain“precipitation with pH bellow 5,6), fall of the leas from
the trees located close to the lake, bathers aswl inbppropriate maintenance of the lake,
especially insufficient depth cleaning. The lagbttiecleaning in the lake in 1993 was carried
out by suction in a caisson using a suction dredgbout 40 000 m3 of sediments were
harvested during this cleaning. Most of the exgdanaterial consisted of leaves from trees
near the lake, the rest represented the intakeathels (Gabrielova, 1996). Also due to the
growth of bottom sediments, preventing the lakenfsubmerging with mineralized water, the

concern on eutrophication has become significant.
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The aim of the study is to assess the potentialofiutrophication. The results from previous
research project (KOS, 1981) are going to be usedl laasis for assessment of potential risk
and comparison with the current state. The origimethodology will be updated with data from
local authorities and companies (Czech Hydrometegrcal Institute — CHMI, Povodi Ohre,
s.p.) and municipal resources (archive of ChomWtunicipality). Systematic measures to

reduce the potential risk of eutrophication arengdb be proposed.
MATERIALS AND METHODS

The Alum Lake is located on the North-East borde€bomutov (GPS locatior50°2821"
N,13°2331" E), on the foot of the Ore Mountains. Area ofldiee is 159 100 fmthe maximum
depth of the lake is 3.25 m. The origin of the lake be attributed to a combination of natural
and anthropogenic factors. The bed of the lakatisral due to the existence of field depression,
but the current shape of the lagoon is the conseguef slopes sliding and the flooding of the
surface alum slate. The alum and sulphur explonatiates back to the 1588-1785 years. It
partially affected the locality of the lake. Theusa of the flood, which is proclaimed to be the
main impact on lake formation, was fire and théofeing fall of the drainage galley and water
drifting into the mine in 1810. The further lakeration dates from 1813 to 1815. Since 1877,
the lake has been around its current shape (Gabéiel996). Next to the lake there is located
the Otvice water reservoir. The water into thisresir is supplied from the Podkrusnohorsky

feeder and it has no similar properties with watehe lake (Figure 1).
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Figure 1.The location of Alum Lakewww.mapy.cz)

Geological characteristics of the site

Geologically, the research area territory is a pérthe tertiary north Bohemian basin, the
basin's base forms the metamorphic rock of crystafbck. Tertiary sediments consist mainly
of clays, claystone, sands, sandstone, and alsentroal locally. The locality of the northern
edge of the lake is covered by claystone with deplosits in the overburden of the coal seam
- stone shale. Over which the underground watevdland then rises through the cracks from

the bottom of the lake (Gabrielova, 1996).

The origin and composition of alum water

The tertiary sedimentation of the North bohemiasiftbaegan in the Oligocene and formed the
main filling of the basin. It was by a layer of gJ@andstone with a mail on sealant and coloured
with redeployed volcanic material. The area of ldilee is formed by the clay layer with a
thickness of 8-27 meters (Cahyna 1982). The fonati the stone is bound to the oxidation
processes of the bedrock. Pyrite leaching prodaa#sric acid which dissolves the clays to
form ions (e.g. Ng K*). Aluminum sulphate and potassium sulphate amaddrindependently

of these, and after mixing, the potassium alumAIKSOs)2. 12 HO is formed (Cahyna 1982).

Therefore, so that water can be classified as ,alster”, it must exceed the following
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concentrations: the content of the sulphate ior8@f is about 400 mg / I, chlorine Ghore
than 35 mg/ |, iron more than 5 mg/l, aluminiumrenthan 1 mg/l. The water may also contain
an increased amount of NHhowever the ammonium cation must be of natuiglro(Cernoch,
1996). The metals are most abundantly representedlbium ions Ca', Mg?*, Na*, K *, Fe
and Al with a total content of 700 mg / | (Cahyri®82). The hydrolytic balance of the
aluminum ions and the pH value are critical fomalvater. Due to the sulfate salt content, the
lake water pH values range from 2.5-4.0. Increasihthe pH value of the water leads to
hydrolysis of aluminum and oxidation of divalerdnrand its excretion in the form of insoluble
hydroxide and / or basic sulfates- iron and alumirform deposites and settle on the bottom
of the lake. The pH limit for these reactions i8.4Z&ek, 1981). The changes of the values

can be seen in Table 1.

Date pH Alz* Fe K CI- SO47? NH4*
(mgll) (mgll) (mgll) (mgll) (mgll) (mgll)

1877 2.3 - -

1902 2.3 117.6 64 - - 955

1929 2.4 29 20 - - 630

1947 2.4 18 9 - - 520

1969 2.5 10 5.4 - 27.2 460

1971 4.1 10 5.6 - - 360

1975 7.1 10 5.0 - 36.5 398 21.8

1979 3.2 10 54 - 334 421 10.9

1980 3.6 10 6.7 - 38.6 424 9.9

1981 3.1 10 7.5 - 31.9 349 8.6

7.2.1985 3.3 - 6.6 - - 430 12.32

24.7.1985 3.0 - 7.0 - - 530 19.25

23.7.1986 5.1 - 15.0 - - 540 13.86

13.7.1987 4.9 - 4.5 - - 410 8.855

4.7.1988 3.0 - 10.7 - 53 500 13.86

20.7.1989 3.0 - - - 45 515 13.84
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16.7.1990 3.0 - 9.5 - 55 490 13.86

20.8.1991 2.9 - 7.5 - 51 528 12.3

2.7.1992 2.9 - 11.0 - 40 480 13.5

4.8.1993 21 - 12.0 21.3 48 586 13.2
21.7.1994 3.0 - 11.0 - 40 509 12.4

13.7.1995 2.8 - 8.0 24 41 461 7.26

11.7.1996 2.9 - 14.4 25.0 44 490 10.1
10.7.1997 3.0 - 13.6 23.0 52 499 8.81
3.8.1998 3.0 - 16.3 24.0 58 566 27.33
4.8.1999 3.0 - 195 22.0 47 470 9.6

18.7.2000 3.0 - 14.8 24.0 48 170 9.5

12.7.2001 3.1 - 10.4 20.8 48 430 115
15.7.2002 3.0 - 10.0 - 52 400 10.0

27.8.2003 3.1 8.39 10.7 221 54 400 9.1

30.5.2016 3.6 1.97 4.48 19.9 58 247 -

Table 1. An overview of the concentrations of sabsés in alum water in years 1877-2016

(Municipality of Chomutov town archives)

Abnormally acidic water prevents higher biologiaativity in the lake and so lakeside water is
sometimes referred to as "Dead water". Approxinydteity species of aquatic microorganisms
and insects were found in the lake by biologicakezch. In one milliliter of lake water live
tens to hundreds of individuals (in common watetaipundreds of thousands of individuals).
The most common are the genera Ochromonas, Eunditizschia and Chlamydomonas

(Gabrielova, 1996).
The hydrological balance

As the Alum Lake has no surface inflow, rainfaldaimderground springs can be considered
as the main sources of water supply. Based onake hydrological balance the spring
discharge was defined at 2.8-3 I/s (Zitny, 1981h&Wnecessary, water from the lake is diverted
to the Hutni Creek, flowing on the eastern sidéheflake.

95



Characteristics of the Alum lake catchment{Gabrielova, 1996)

Catchment area 2.83 km
Length of switchboard 9.39 km
Medium length of the catchment 4.38 km
Medium width of the catchment 0.646 km
Lake area 0.16 kin

Share of the lake on the catchment area 0.057 |

The relative height difference between the higlfes8 meters above sea level) and the lowest

(335 meters above sea level) lake point is 243 m.

Hydrological characteristics of the Alum Lake candummarized by following brief

hydrological balance in Table 2.

Input/calculated Balance of supply  Share of total volume o

parameters losse water in lake

Area 159 100 r
Water volume 329575 10C %
Rainfall total (565 mm/year -
CHMI) 90 400 m3/yee 27.4:%

supply 178 700 m3/yei
Water inflow (surface and
ground water) 88 300 m3/ye: 26.7¢%
Vapour 116 800 m3/yei 116 800 m3/ye: 35.4:%
Outflow (surface or loss
underground) 1.96 m3/ 61 900 m3/ye: 18.7¢ %

Table 2 Brief hydrological balance of the Alum Lake (CHMBgofyzika Brno,1982)
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The hydrological balance was calculated for théopeof keeping water in the lake for almost
2 years, which can be regarded as a relatively long in terms of maintaining the quality of

surface stagnant water.
Main factors affecting chemistry of the alum water
Precipitation quality and quantity

Rainfall is the most important factor influencirtgetquality of the lake water. Depending on

the amount, increased mineralization or dilutioha@&® water occurs.
Precipitation activity according to data from CHWHtabase:

The average rainfall for 1969 - 1980 was: 514 nyeaf 82.240 ®V year
The average rainfall for 2004 - 2015 was: 565 ny@ar 90.400 RV year

Differences in lake water quality occur dependimgtbe seasons (drought in the summer
months, spring melting, spring circulation). Natwenewal of water quality in the lake takes

about 2-3 months (Cahyna, 1982).

The precipitation acidity is determined by the @dressure of C&in the atmosphere. Due

to the high industrial activity of the North BoheaniCoal Basin, based on brown coal
burning and insufficient desulphurization in the8@8 SQ and NQ were oxidized in the
athmosphere and formed sulfuric and nitric acidictvineduced the pH of the local
precipitations (Kop&k, 2005). Character of the precipitation, alséeckhs ,acid rain“
subsequently significantly influenced lake wategristry - decrease in pH values, increased

content of sulphates, nitrogen and other substances
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Phosphorus and nitrogen subsidies

In general, eutrophication can be defined as agzoof nutrient enrichment of water, especially
with nitrogen and phosphorus. It can be divide® iatnatural one (the main source is the
nutrition of nutrients from the soil and the decasition of dead organisms) and anthropogenic
(nitrogen and phosphorus come mostly from agricejtliLakes gain these substances through
solid material transported by the water (sedimefntsh the shorelines erosion, atmospheric
deposition. It leads to overgrowth of the plank#moml cyanobacteria, resulting in shading of the
bottom where other plants grow. Subsequently, ti®re rapid depletion of the nutrients
dissolved in the water. after that oxygen deficienccurs. The system collapses and the
organisms dwindle in the water. The accumulatiosediments begins to fill the basin and,
with increasing of the interactions of water andisent, the resuspension of nutrients occurs
at the bottom of the lake (Luglie, 1993). This anhé& decomposition produces poisonous
substances, e.g. instead of nitrogen or waternaembic digestion, nitrogen in form of
ammonia and methane are produced (Kuskova, 2008ind@er (2006) defines eutrophication
as a process of excessive plant and algae growdlhcassequence to the increasing of one or
more growth limiting factors necessary for photdbegsis, such as sunlight, carbon dioxide,
nutrient fertilizers, etc. This process leads torther decrease of water quality, empasizing the
processes related to eutrophication (Medici, Rin&@08).Many studies were made on the
problem of euthrophication and measures to redy€xium, 1969). For example, the study on
Newman Lake, USA (Moore,2009). It rises the questibbiological response to phosphorus
control and restoration of the lake. The study amiay Lake Saebyvannet investigated the
mineral and chemical composition of sediments a&ectbntent of total phosphorus (TP) and P
pools (Lukawska-Matuszewska et al., 20Bjst time the idea of the watershed impact on
algae growth was proposed by a Swedish limnologisar Naumann (1929). The early

approach to the quantative classification of tbehrc lakes was made by Vollenweider (1968;
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1975; 1976), who developed Naumann ideas intovarsatassification. The research was made

upon the chemical results of several regional kakeeys (Harper, 1992).

A model calculation based on classification acaaydio Vollenweider (1968) was used to

assess the potential risk (not a status) of euitafibn in the lake.

Classification to the annual load of P and N accoiidg to Vollenweider (1968)

The classification is based on flat annual loadpbbsphorus and nitrogen. The water is
classified according to flat annual load of phospkand nitrogen depending on the depth of

the lake. The result shows the level of water piderisk - possible or hazardous (Table 3).

Depth of the lake Possible pollution to g/fyear? Hazardous pollution above
g/mP.year?
P N P N

5 meters 0.07 1.0 0.13 2.0

10 meters 0.1 15 0.2 3.0

50 meters 0.25 4.0 0.5 8.0
100 meters 0.4 6.0 0.8 12.0
150 meters 0.5 7.5 1.0 15.0
200 meters 0.6 9.0 1.2 18.0

Table3. Water Criteria for Eutrophication according/ollenweider, 1968 (Cahyna, 1982)

Key factors considered for evaluation were rainfaihlity and intensivity and nutrient loading
in a runoff from forested area for years 1980 a@ti42 These years were chosen to show the
impact of the industrial change in the region (mad¥esulphurization technologies and heavy
industry attenuation) on the rainfall quality wigffect on lake water chemistry. Cultural

euthrophication (bathers) was not included.

1. Rainfall quality and intensivity

The rainfall quality and intensivity data used floe model are presented in Table 4.
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Diameter

Index Units 1980 (OHS Most) ?gzlgi(f\be\;zé%el\xglsli)es of the measuring station
Quantity 514 mm/year 565 mm/year
82 240 nilyear 90 400 ni/year
pH value 4.6 4.99
conductivity uS/cm 75.1 38.2
sulphates mg/| 23.0 3.283
chlorides mg/| 3.1 0.885
nitrates mg/| 5.2 2917
ammonium ions Mg/l 2.4 1.16

Table 4. Comparison of rainfall quality and intiertg in 1980/2014Kos 1981, CHMI

database)

The average reported amount of phosphorus contamedecipitation for North Bohemian
brown coal basin waB.7 kg/0.01kn? and the average amount of nitrogen &ag/0.01 kn¥

a year in year 1980 (Kos, 1981).

2. Nutrient loading in a runoff from forested area nea the lake

Sedimentation also plays a significant role in faketrophication. Naturally eutrophication
occurs over lakes aging and filling in with sedinsefCarpenter, 1981).

For a mixed forest area with an afforestation adlb0 % the based declared amount of P and
N in the runoff (the considered area of the dedidustands at a distance of up to 10 m from
the shores of the lak is 0.03 Rmwvas set by Kos (1981) at:

3 - 16 kg/kn? of phosphorus (0.03 — 0.16 kg/0.01 Kna year

20 - 120 kg/kn? of nitrogen (0.2 — 1.2 kg/0.01 kA) a year
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From the total balance has been calculated, tealiinm lake is annually loaded with ct@.34
kilograms of phosphorusand169.6 kilograms of nitrogen after conversion to surface load

it present®.107 g/nt of phosphorus and 1.04 g/#of nitrogen a year (Kos,1981).

The cultural euthrophication, as a part of the research of Povodit€h.p., was in 1980

calculated as follows:

Estimation of the intake of 50 ml of urine per ath about 0.5 g of N / person

Number of days of the year considered: 10
Number of bathers considered: 5,000 people
The contribution of P from recreational activity: 40 mg / person / year

Total load of the lake due to recreational ace&ti25 kg of N/year, 2 kg of P/year.

This indicator can be considered as indicativehasnumber of bathers changes significantly

depending on the weather and the operating conditid the lake.
RESULTS
Classification according to the annual load of P athN according to Vollenweider (1968)

There were two main criteria for the evaluationnfal quantity and quality and nutrient
loading in a runoff from forested area near theeldkased on the original methodology used

for calculation in year 1980, a comparative calttafawas made for year 2014.

The average amount of phosphorus contained inptatton for North Bohemia brown coal
basin was calculated on the base of rainfall qualitd quantity in year 2014 as follows: 0.77

kg/0.01 kn? of phosporus and 4.72 kg/ 0.01 %aof nitrogen.
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For nutrient loading in a runoff from forested anear the lake were considered the same values

as in year 1980 (the forested area around thehakeot undergone a major change).

The comparison of the balance used for classifioatccording to Vollenweider for years 1980

and 2014 are presented in Table 5.

Phosphorus load Nitrogen load
1980 2014 1980 2014
Total load 17.34 k¢ 19.06 k¢ 169.6 k¢ 106.42kg
Flat load 0.107 g/m?/ye 0.117 g/m?/ye 1.04 g/m?lyee 0.65 g/m?/yee

Table 5. Comparison of the balance used for claasibn according to Vollenweider for years

1980 and 2014

After being classified into the Vollenweider's ddigation:
Phosphorus

The flat load of the phosphorus in year 1980 (0.@0%2/year) is slowly approaching the
classification ,dangerous pollution®.

The flat load of the phosphorus in year 2014 (0.flP/year) is almost reaching the
»dangerous pollution® classification.

Nitrogen

The flat load of nitrogen in year 1980 (1.04 §lyear) is moving slightly above the limit of
»possible pollution®.

The flat load of nitrogen in year 2014 (0.65 gfear) was classified as ,possible pollution®.

DISCUSSION

After being classified into the Vollenweider’'s cd#gcation, it has been determined, that the
major part of the risk is obviously caused by ralihfuality and quantity. The positive effect

of industrial progress and the overall improvemahe environment in the region is visible
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on drop of nitrogen. The cultural euthrophicatisrthe leading cause of water pollution for

many basins and is a fastgrowing problem in theelbging world (Smith, Schindler, 2009).

From theThe most noticeable effect of cultural eayphication is the dense blooms of algae

that reduce water quality and harm water claritigigldck et al., 2013

The assessment according to the Ecological Evaluati the Alum lake according to Vucka,
Nesmerak (1989) methodology, carried out by Hydvmkt Praha says, that the lake water has
a very good ability to withstand the influence &fegnal conditions and maintains its quality
relatively stable. In the case of assessment &f fasiliance to resist biodegradation was
detected, that the lake must be included amontaites with adverse natural conditions, with
the possibility of being subject to degradationevéhevery external influence can lead to lake
Biodegradation (Kos et al., 1981). Therefore, evatgrventions in the lake ecosystem must
be carried out professionally with extreme caution.

All these facts lead to the application of necesstgps and measures:

Proposal of revitalizating measures

The proposal of revitalizing measures can be dividéo technical and organizational types. A
comprehensive hydro-geological survey is a basithi® subsequent optimal interventions and
measures, followed by regular monitoring of botkelavater quality and outdoor lake

conditions (water analyzes at regular intervalstdmo sediment extracts, regular underwater

monitoring).

The main technical measure to avoid the eutropbicatf Alum lake is to carry out restoration
work periodically: sediment extraction from the toot of the lake (approx. once in 5 years).
The removal of sediments releases the path for rgmulend mineral springs. Also it is

important not to interfere the chemistry of wagatiicial alum). The artificial supplies of alum
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were applied several times in the past, which teaeémporary increase of mineralization and
acidity of the lake water. Moreover, once the exise of underground springs has been proven,
such interference is considered as a highly cgvductive (Gabrielova, 1996). To avoid the
possibility of salt coagulation (Feand AP*) it is needed to keep the pH value of the water
below 4.2. Another advice is to use appropriateens corresponding to the nature of the
lake water for landscaping (e.g. to treat the besthg washed river sand); to collect the fall
leaves on the water surface and around the lake firoe to time (e.g. with special rake - as
practiced in the past); planting the shores ofdke with evergreen shrubs, which could serve
as biological barriers to protect the lake levefrirthe flood of fallen leaves, rubbish or prevent
entry into the lake outside the reserved areadljianate the entrance to the lake directly from

the banks - build up additional piers and entrances

Organizational measures include avoiding of thereiase of recreational capacity. It is
necessary to amend the operating rules of the kakensure the needed control over the
entrance to the lake outside the reserved are@grtorm regular inspections of the operation

of the lake during the summer season.
CONCLUSION

Due to the chemical composition of lake water, Ahem Lake represents a unique natural
phenomenon, which must be treated with due cargpite of uncontrolled external influences
and nonconceptional interventions, lake water sfaiyly stable in its quality. The fluctuations
in the concentrations of certain substances cagel\abe attributed to the fact, that since 1993,
the lake has not been cleaned and the alum wataegspghave been flooded with a thick layer
of bottom sediments. The rainfall activity is stile most important factor influencing lake

water chemistry. With the application of modern udpBurization technologies and heavy
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industry attenuation in the North Bohemian browaldmasin, there was a decrease in exhalation

and thus a change in the quality of precipitatind &s impact on lake water chemistry.
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6 CELKOVE SHRNUTI A DOPORU CENIi PRO DALSI VYZKUM

Prezentovana disettai prace dokazuje rozmanito&innosti spojenych s procesem
revitalizaci. Poukazuje na nutnost individuainiheaaovés komplexniho pistupu kieSenym

piipadim.

Vyuzivani hydrologickych mod@l predstavuje jiz neodmyslitelnou a vyznamnou
soutast procesu. NefdezitéjSim, avSak také nejobtigsim ukolem je vybr a pouziti takového
modelu, ktery by poskytovalémou simulaci jak stavajicich hydrologickych pindy tak

predevsim simulaci moznych rizikovych situaci.

Studie 1.Simulace extrémnich srazko-odtokovych précepovodi Smidé slouzila k
porovnani vysledk dvou zcela odliSnych modet KINFIL a ANN. Tento inovativni fistup
piinesl vcelku pekvapivé vysledky: zatimco fyzikanzalozeny, ve studii modifikovany
tiiparametrovy model KINFIL se neprokazal pesenou problematiku jakdips spolehlivy,
Cist¢ matematicky ,dici se* model ANN dosahl vysledikporovnatelnych s hydrologickymi
modely. AvSak v fipact pouziti matematického modelu vyvstal problém sppje optimalni
velikosti architektury sét— tak, aby problém mohl by&in¢ modelovan a saasré také do
jisté miry zobecén. Tento problém je moZzno povazovat jako vhodnyngpé budoucimu

zkoumani a experimeinn.

Studie 2. Tato studie fedstavuje pokus, ve kterém se porovnavaji simulace
povrchového odtoku malého n&faného povodi prosdnictvim dvou odliSnychifstupi -
Snyderova syntetického hydrogramu a fyzikalniho ehodKINFIL. Studie je dopléna
mérenim srazko-odtokovych pami malého mndfeného povodi prosdnictvim velice
moderniho nastroje — matematického modelu Matriselgsion. Studie prokazala, Ze vyuZiti

Snyderova syntetického hydrogramu k simulaci poavého odtoku na malych nébenych
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povodich je porrné nara@na metoda, vzhledem k odvozovaniipbnych koeficieni pro
nentiena povodi, nicménv tomto ipac ponerné piresna. Stefrdolie se v tomto fipadt
oswdcil i fyzikalné zalozeny 2 D model KINFIL. Model Matrix Inversiocse na zaklas
testovani epizody z povodi Jilovského potoka prakéyt také vhodnym prastdkem pro
zvolenou simulaci. Jelikoz v tomtoripadt simulace pomoci Snyderova hydrogramu byla
velice Uspsna, bylo by vhodné prosetaplikaci tohoto postupu také v jinych povodich z

odliSnych podminek.

Studie 3. Tato studie se zabyva vlivem &sich vlivi na jakost vody Kamencového
jezera v Chomutava ndslednym navrhem revitalézach opaiteni. Voda Kamencového jezera
je proslula svou k&vou vodou s obsahem kamence draselnéimormalré kysela voda
zamezuje existenci vySSich organismjezeée. Studie navazuje na vysledky vyzkumnych
projekt, které byly v minulosti vzhledem ke zhorSujicialeosti jezerni vody realizovany. Ve
studii se potvrdilo, Ze nejvyznargjaim faktorem ovliviujicim jakost vody je kvalita srazek.
Metoda hodnoceni rizika eutrofizace dle Vollenwegdero roky 1980 a 2014 prokazala rapidni
pokles zatiZzeni jezerni vody dusikem, coz Bsgudit technologickému pokrokuigaevsim
aplikaci kvalitnich odsbvacich z#zeni ve zdejSich teplarnach a Gtlurdzkého ptmyslu ve
zkoumané lokalit. Pro trvalé udrZeni kvality jezerni vody byly nzemy mozné Upravy a
kroky, mnohdy na zakl&d historického pizkumu. ProtoZe je Kamencové jezero cilem
vzrastajiciho potu rekreani, tato studie také poukazuje na nutnost zajiSttrvalych
systematickych provoznich opani vedoucich k minimalizaci Skod, nakiad probléni
spojenych s fungovanim rektedho komplexu. Jelikoz hydrologie Kamencového jazer
nebyla dosudadre probadana a objasma, shledavdm tento fakt jakdepmeét pro mozny
rozsahly vyzkum, jehoz vysledky by byly velice vamné z hlediska optimalni & o tento

unikat.
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Tab.1
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Pehrazka z kulatiny (zdroj: www.natrixvz.cz)

Pehrazka na Luzeckém potoce — klenbaldopys (zdroj: Jelinkova, 2011)
Meandr koryta — schéma (zdroj: Just, 2005)

Prehledna situace stavuicni sie v uzemi Chomutov — Most (zdroj: V.
Pondlicek, 2007 in Jelinkova, 2011)

Vodohospoddka soustava oblasti Chomutov — Most (zdroj: ardhdowodi
Oh/e s.p.)

Podkrusnohorskyrwadec¢ — lokalita Drmaly - Vysoka Pec (zdroj: Jelinkova,
2011)

Vtok do Stoly Albrechtice (zdroj: Jelinko28,11)

Vytok ze Stoly JeZdzdroj: Jelinkova, 2011)

Reka Bilina svedena do potrubi (Bnicky koridor) (zdroj: Jelinkova, 2011)
Jezero Most (zdroj: Jelinkova, 2011)

Leteckd mapa — lokalita Kamencového jezadeof: www.mapy.cz)

Navrhové pitoky koryta (TNV 75 2102) (zdroj: Slavik et Neru2@07)

Index bysginnosti

Chézyho rovnice

Chézyho rovnice — rychlost praind vody
Vyp@et rychlostniho satinitele C dle Manninga

Vyp@et rychlostniho satinitele C dle Colebrook — Whitea
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