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1. Uvod a téze disertaéni prace

Struktura krajiny je jednim z nejvyznamnéjsich faktort, které ovliviiuji
biodiverzitu, ekologickou hodnotu krajiny €i prostorovou rozmanitost. Krajina
se stale méni. Je nezbytné vnimat zmény v krajiné v souvislosti s predchozim
nebo souCasnym vyvojem spoleCnosti. Krajina se formuje kulturnimi
a prirodnimi procesy, které se navzajem ovliviiuji a prolinaji, ale také ziistavaji

na sobé nezavislé (Lokoc et al.,, 2010; Kovdr et al.,, 2011a; Sklenicka, 2011).

VétSina zemédélské plidy ve svété je v soucasnosti ohrozovana nékterym
druhem degradace piid. Mezi hlavni nalezi vodni eroze. Regulace odtoku vody
v povodi je u nas uplatiiovana jiz cela staleti. Napiiklad je zde potteba regulovat
extrémni pritoky vody pri zemédélském hospodareni vzhledem k znacénym
rozdilim vudhrnu arozdéleni srazek. Hydrologickou odezvou srazkovych
vykyvil jsou na strané jedné velmi vodna obdobi, doprovazena povodnémi, a na

strané druhé obdobi sucha (CSKI et CSSI, 2002).

Voda ma dominantni vliv na celkovy charakter krajiny, rozmanitost
ekosystémi, vytvareni retenc¢nich zoén, akumulac¢nich zasob a je dilezitym
transportnim médiem v kolobéhu Zivotniho prostredi. Postupna ztrata hydro-
ekologickych schopnosti krajiny kvili Spatnému hospodareni ¢lovéka v krajiné
a postupujici klimatické zmény se na vodnim rezimu krajiny projevuji stale
CastéjSimi extrémy, povodnémi, vodni erozi piidy a neopominutelné i suchem.
K nejzavaznéjSim projeviim pocasi patii tedy vyskyty extrémnich hodnot
meteorologickych prvkli asnimi spojené projevy. Extrémy hydrologického
rezimu na vodnich tocich zahrnuji periody sucha, na druhé strané povodiové
situace, coZ znamena problém nejen pro Ceskou republiku, ale i pro celou
Evropu. Registrované zmény, Citrendy a také castéjsi vyskyty extrémnich
hydrologickych situaci vyZaduji nové metodické i odborné pristupy pro analyzu
hydrologickych a klimatologickych dat. To plati i pro formulaci zavéra
dilezitych pro spolec¢nost. VSe prii respektovani legislativnich pozadavki

Ceského pravniho radu ci legislativy Evropské unie.



V duasledku vyskytu nékolika velkych povodni v poslednich patnacti
letech byla pozornost vodohospodarti aspravnich organl soustfedéna na
problematiku ochrany ptred povodnémi, kdeZto sucho bylo spiSe mimo centrum
jejich zajmu. Presto nam sucho vroce 2003 hned po povodinovém roce
pripomneélo, Ze jde o neméné zavazny a nebezpecny jev s potencialné velkymi
disledky unas i ve svété. V poslednich letech je patrny nartist vyskytu obdobi

sucha a povodni.
2. Cile prace

Cilem celé mé prace je zjistit, jak se da dojit k zavértm, které pomohou ke
sniZeni dopadl hydrologickych extrémi. Jednim z cili je také potvrdit (popft.
vyvratit) hypotézu o vyraznych rozdilech hydro-fyzikdlnich vlastnosti na
historickych prirodnich ¢i agrarnich terasach a jejich hydro-fyzikalni
charakteristiky ptidy na izemi mimo né. Dale je Zadouci potvrdit protierozni
a protipovodiiovy ucinek stavajicich teras jako biotechnické opatreni. Jejich

funkci je zpomalit priitok povrchového odtoku a sniZit erozni uc¢inek vody.

Cilem je tedy provést méreni ndvrhovych srazkovych hyetogramt a jimi
zplisobenych hydrogrami vcetné pulsobeni tangencidlnich napéti a dalSich
hydraulickych jevi (hloubky, rychlosti vody,...). Pro tucely analyzy je pouZzit
model KINFIL, ktery je zaloZzen na kombinaci teorie infiltrace desté
a transformace primého odtoku ,kinematickou vlnou” a ktery se osvédcil na
radé experimentalnich povodi pri rekonstrukci historickych povodnovych
pripadl. Dalsi analyza je provedena srazko-odtokovym modelem HEC-HMS,
coz je simulacni program vyvinuty americkym (U. S.) hydrologickym centrem
HEC. Aplikace tohoto modelu lze rozdélit na uUpravu schematizaci podle
ukazatele predchozich sraZzek, kalibrace parametrii modelu, konverze
schematizaci (napf. schematizace s metodou NRCS CN (Natural Resources
Conservation Service, Curve-Number) na metodu Green-Ampt apod.),
hodnocenti a statistiku vysledki. K vypoctu objemu odtoku bude pouZzita metoda
NRCS CN, vyuzivajici k vypoctu odtokové ztraty metodou CN krivek. Divodem
jejiho vyuZiti bude predevsim jednoduchost a nenarocnost na vstupni data. Tato
metoda stanovuje efektivni srazku jako funkci thrnu srazek, ptidnich vlastnosti,

vegetacniho krytu a predchoziho nasyceni. DalSim modelem, ktery bude vyuZit,
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je FOURIER Model. Tento model perspektivné simuluje vliv aktualni
evapotranspirace na pritokovy rezim 24 hodinového cyklu, zejména v letnich
mésicich kdy rozdilné podminky den/noc zasadné meéni cyklus pritoki.
V dnesni dobé systém méreni pritoki citlivymi Cidly (typu ,high resolution®)
odpovida pravé tvaru krivky Fourierova rozvoje. Kuplatnéni tohoto modelu
jsou k dispozici mérena data pritokd, data vyparu z volné vodni hladiny a data
ptdnich vlhkosti. Tento model byl plivodné odvozen pro ucely srazko-
odtokovych procesti, a to jiz v70. letech minulého stoleti. Ale pro dnes
aktualnéjsi problémy, tj. sucha, se zacind pouzivat az nyni. Tento dosud
podcenovany hydrologicky extrém ,sucho” je tfeba brat vazné. Vétsi pozornost
by méla byt vénovana jeho Skodlivym dopadim. Retence a akumulace vody
v krajiné je velmi problematickd. Bude vyzadovat zvySenou pozornost, Setieni
s vodou a nutnost vystavby vodnich nadrzi, v€etné vodarenskych, podzemnich
nadrzi svadéjicich relativné Cistou vodu ze stiech objektli a zajistovani rozvoje

zavlah.

Hlavnimi nastroji pro analyzu tcinnosti opatieni provadénych za ucelem
upravy vodniho rezimu krajiny a sniZeni Skod zptlisobenych hydrologickymi
extrémy jsou matematické modely, vytvarené rovnéz katedrou biotechnickych
tiprav krajiny FZP CZU v Praze. Cilem mé prace je analyzovat vstupni data
pomoci jiz zminovaného modelu KINFIL, HEC-HMS, FOURIER a aplikaci metody
CN kiivek na tizemi Ceské republiky. Pfednostné se zabyvame moZnostmi

sniZovani dopadi hydrologickych extrémiu.

Podobné projekty jsou reSeny na katedi'e biotechnickych tprav krajiny
FZP CZU vPraze, a to naptiklad vramci projektu TACR - TA02020402
,Optimalizace vodniho rezimu krajiny ke sniZovani dopadii hydrologickych
extrémi“ a NAZV - QI91CCC8 ,Optimalizace postupu navrhovani technickych
protieroznich opatfeni“. Byla jsem ¢lenkou autorského tymu TACR pii FeSeni

tohoto projektu v letech 2014 - 2015.
3. Metodika disertacni prace

Disertacni prace je zpracovana formou komentovaného souboru praci.

Tento komentovany soubor praci je ¢lenén do nasledujicich kapitol:



o Uvod do problematiky - literarni reserse,

o Vlastni prace - rozbor jednotlivych ¢lankd,

. Komentar k pracim:

—  logicka provazanost jednotlivych ¢lankd,

— diskuze vlastnich publikovanych vysledki s jinymi védeckymi
prameny,

- formulace zavéra.

Prvnim krokem k vypracovani modelu odtokového procesu je nezbytné
shromazdit  hydropedologické,  hydrologické @ a  pripadné geodetické
charakteristiky zajmovych oblasti, které maji na srazko-odtokové reakce povodi
zasadni vliv. Na jejich zakladé se poté vytvori model pricného profilu, napr.
modelem KINFIL. Proces proudéni vody v plidnich horizontech je tfeba popsat
Richardsovou rovnici pomoci deterministického modelu, do kterého vstupuji
mérené srazkové hodnoty. Je feSeno vzajemné porovnani a hodnoceni urcitych,
konkrétné vymezenych, ohranicenych zajmovych ploch steSenymi

hydrologickymi extrémy se zamérenim na vodni rezim krajiny.

Relativné nejdtlezitéjSim a nejvice vypovidajicim procesem v hydrologii
jsou priitoky vody, které poskytuji pohled na dynamiku odtoki z povodi a jsou
pomérné presné meéritelné (Kirchner, 2009). Proto rada prispévkll vyuziva
téchto zkusenosti (Beven, 2001; Tallaksen, 1995; aj.). Pomoci vypoctu riznych
modelovych pripadl zaloZenych na zakladé odliSnych modeli je vysledkem
navrh na zmirnéni negativnich jevli, které by mohly byt vyvolany
hydrologickymi extrémy, jako jsou povodné a sucho. Je to spiSe popis aktualniho
stavu opatreni na dané lokalité, zda ovliviiuje vodni bilanci a povrchovy odtok
a dale zjisténi vhodnosti dvou modeli na riiznych lokalitach pti hydrologickych

vypoctech.
4. Prinosy reseni a ocekavané vysledky

Jeden zmoznych prinosti bude poskytnuti nejnovéjSich poznatki
o metodach prevence hydrologickych extrémi s vyuzitim technickych
a biotechnickych opatfeni aziskavani znalosti o zplisobech preventivnich

opatteni (Kovdr et al, 2015b; Kovdr et al, 2016). V dnesni dobé maji podobné



projekty, které mohou ochranit vodni zdroje avodni reZim v krajiné,
nezanedbatelny vyznam, a to z diivodu soucasnych hrozeb castéjSich vyskyti
hydrologickych extrému. Tuto praci bude mozno uplatnit pti ndvrhu prevence
hydrologickych extrému. Znalosti z této prace se mohou vyuzit pii projektovych
arealizaCnich reSenich pri realizacnich planech v krajiné. Vysledky mohou byt
uplatnény zejména na urovni statni spravy: v podnicich povodi, zemédélskych
vodohospodatskych spravach, pozemkovych utadech, organech ochrany pady

a v projekcnich, vyzkumnych a realiza¢nich organizacich.

Vystupem jsou publikace, zejména ¢lanky ve védeckych Casopisech, a to
napiiklad vJournal of Hydrology Engineering (Kovdr et al, 2017), Soil and
Water Research (Kovdr et al., 2015a; Kovdr et Bacinovd, 2015; Gregar et al,, 2017;
Bacinovd et Kovdr, 2017; Fedorova et al, 2017) a Plant, Soil and Environment
(Kovdr et al., 2016), které jsou soucasti disertacni prace. Dale to jsou prezentace
na konferencich jako je HydroEco ve Vidni 2015 a konference tématicky blizké
danému tématu. Kompletni seznam publikovanych c¢lank jsou uvedeny

v kapitole 14.

Disertatni prace je zpracovana formou komentovaného souboru
védeckych studii, jejichZ vysledky byly prezentovany formou publikovanych

clankt ve védeckych casopisech (celé texty praci jsou v prilohach 1 - 7).
5. LITERARNI RESERSE

Disertacni prace se vénuje moznostem snizovani dopadi hydrologickych
extrému. V dnesni dobé maji podobné projekty, které mohou ochranit vodni
zdroje avodni rezim v Kkrajiné, nezanedbatelny vyznam, a to z dlvodu
soucasnych hrozeb castéjsich vyskytli hydrologickych extrémi. Nepriznivé
disledky zmény klimatu ptinaseji taktéZ stale ¢astéjsi disledky, a to v podobé
hydrologickych extrémd, tj. povodni a sucha. Vsoucasné dobé vzristajicich
hydrologickych extrémt, jakymi jsou jiZ zminované privalové srazky, je
vyuzivani napriklad systému teras a parcel s trvalym travnim porostem mezi
nimi naprosto pozitivnim trendem, smérujicim k ochrané krajiny a jejiho
vodniho reZimu. Pro optimalni vyuziti Uzemi, vybér plodin, jejich rotaci

a ochranu pozemki byl v nedavné dobé (2009 - 2011) vypracovan pro clenské



zemé EU Systém GAEC (,Good Agricultural and Ecological Conditions“), dnes
standardy Dobrého zemédélského a environmentdlniho stavu pldy (DZES).
Tento systém a i manual pro ziskani dotaci pro zemédélce dba o zajiSténi
podminek ,dobrého” zemédélského a environmentalniho stavu pro zemédélské
a lesnické hospodareni ve shodé s ochranou Zivotniho prostfedi. Podminky
DZES jsou definovany pro clenské staty EU na zakladé ramce stanoveného

v priloze . Il narizeni Rady (ES) ¢. 73/2009.
5.1. Odvozeni nadhradnich intenzit destu

Vyznamnou studii s vysledky zpracovani intenzit kratkodobych destt
v povodich Labe, Odry a Moravy publikoval jiZ koncem padesatych let Trupl
(1958). Zpracoval ombrografické zaznamy v 98 srazkomérnych stanicich
a odvodil pro né nahradni intenzity destli pro dobu trvani ¢t = 5 - 120 minut
a periodicitu p = 5 - 0,025 (podle doby pozorovani v jednotlivych stanicich).
Studie obsahuje i metodiku odvozeni ndhradnich intenzit destt v libovolném
misté uvedenych povodi. Tato metoda navazala na zminéné prace Trupla a jeho
pokracovatelli (Kulasovd et al, 1983; Kaspdrek et Krejcovd, 1993; Hrddek et
Kovdr, 1994; Kovdr et Stibinger, 2006) a vychazela ze stejného principu:

Piy = @¢ - Pian (1)
Poy=A- ti-¢ (2)

kde P,y srazkovy uhrn pro dobu trvani deSté ¢ a priim. dobu opakovani

P, 4 y jednodenni maximalni srazkovy uhrn pro dobu opakovani 1x

za N let,
¢t koeficient redukce pro dobu trvani desteé t,
t  doba trvani vypoctového desté,
A,c oblastni parametry zavislé na periodiciteé.

Pro odvozeni rovnice pro vypocet hodnot koeficientu redukce ¢t byly

dale vyuzity vztahy (1) a (2):



At =@, - Pign (3)

A.tl¢ (4)
(p =
' Pian
Jestlize oznacime a = A/Py4 y, pak rovnice (3) prejde do tvaru:
Qe = a-t'™° (5)

Predpoklada se, Ze hodnoty ¢t jsou reprezentativni pro velké regionalni
oblasti. Pri dostupnych hodnotach P,y aP,;;y Vv reprezentativnich stanicich

urcité oblasti l1ze odvodit hodnoty ¢t dle vztahu:

0, = Py
"7 Pun

(6)

S pouzitim rovnice (5) a odvozenych hodnot ¢t dle rovnice (6) lze
odvodit parametry a,c analytického vztahu pro vyjadreni srazkového thrnu
P,y a intenzity srazky i,y pro libovolné misto (dil¢i povodi) v prisluSné

regionalni oblasti reprezentované hodnotou P4 y:
Poy = Pigy - a - t'¢ (7)

ey = Pigy - a - t7° (8)

Rovnice (7) a (8) lze vyuZit v hydrologickych modelech (Hrddek et Kovdr,
1994). Hodnoty koeficientii redukce ¢t byly odvozeny dle rovnice (5) s vyuzitim
primérnych hodnot P,y odvozenych Truplem (1958) a hodnot jednodennich
maximalnich srdzkovych uUhrnt P4y, odvozenych dle metodiky CHMU

(Kulasovad et al,, 1983).

Hodnoty P;4 y mohou byt stanoveny bud’ z materiali Trupla (1958), nebo
jinych udaji - napt. z dennich maximalnich srazek podle Gumbelovy statistiky
extrémt (Samaj, et al, 1983). Pro kratké privalové desté spadla na mala povodi
od doby trvani 10-60 min do trvani 2-3 hodiny to vSak neni prili§ na zavadu,
protoZe ani dalsi uprava hyetogramu celkového desté neni obvykle zpracovana

nelinearné s fyzikalné zaloZenou teorii ztrat (zejména infiltraci) do realného
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tvaru hyetogramu efektivniho desté. VétSinou se tento postup v praxi CHMU
provadi linedrnim zplisobem, tj. s konstantnim koeficientem odtoku v celém
pribéhu trvani desté. U navrhovych destt je mozZné prerozdéleni do
variabilnich intenzit podle syntetického hyetogramu, navrzeného Ustavem

fyziky atmosféry (Kalvova et Metelka, 2010).

Tento software slouzi k vypoctu vysek privalovych destl rtznych dob
trvani s pravdépodobnosti opakovani jednou za N let a nahradnich intenzit
téchto destli metodou redukce jednodennich maximdlnich srazkovych dhrni.
Desté, které trvaji déle nez nékolik malo minut, jiZ nemivaji konstantni intenzitu
v dobé svého trvani, byly proto pierozdéleny do variabilnich intenzit podle

syntetického hyetogramu.
5.2. Hydrologické modely

Matematické modelovani hydrologického chovani povodi je zakladem
pro pochopeni dynamickych vztahi mezi klimatickym, pedologickym,

litologickym a hydrosférickym systémem.

Klasifikace hydrologickych modeli se provadi na zakladé nékolika

kritérii, napft.:

o zplisob popisu procesu transformace srazky na odtok (modely
fyzikalné zaloZené, konceptudlni a empirické,
. prostorové méritko (modely celistvé a prostorové distribuované),

. Casové meéritko (modely epizodni a kontinualni).
5.2.1. Modely srazko-odtokovych epizod

[ kdyzZ je kazdy model pouhym zjednoduSenim hydrologického ¢i jiného
procesu ajeho vysledné simulace budou vzdy zatiZeny néjakou chybou, je
nepostradatelnym nastrojem pro ziskdni ramcové predstavy o chovani
sledovaného systému. Pod timto pojmem se rozumi komplexni reakce systému
na vstup neboli transformacéni funkce povodi, podle niZ se transformuje
efektivni dést’ na povrchovy odtok. Pro ucel vymezeni transformacni funkce je
nutné pomoci fady parametri popsat fyzikalné geometrické vlastnosti systému

jako jsou plocha, hydraulicka drsnost, sklon, plidni vlastnosti, retence a mnoho
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dalSich (Hrddek et Kurik, 2008; Kovdr, 1990). Obecné plati, Ze ¢im
komplikovanéjsi model, tim vice parametrli pouzivj, a je tfeba si dat pozor na
preparametrizovani modelu, které vede k vétSim moZnym neurCitostem ve

vysledku (Beven, 2001).

Matematické modely zcela zastoupily ,Cisté” fyzikalni modely, které se ve
vodohospodarské praxi uplatnuji uZz jen okrajové v nékterych specidlnich
odvétvich hydrauliky. Rozvoj matematickych modeli nastal zcela ptirozené
s rozvojem vypocetni techniky, kterd prinasi kvalitnéjsi méreni dat a potiebny
prostor pro casové ndarocné vypocCty numerické matematiky, jejimz
prostrednictvim se vyrazné zpiesnily vysledky matematickych modelti a mohlo

tak dojit k jejich implementaci.

Za jedno ze zakladnich rozdéleni hydrologickych modelt povaZzuje
Zeman (1994) hledisko Kkauzality stochastické a deterministické. Jestlize
kterakoliv proménna vystupujici v modelu je nahodila, to znamend, Ze ma
néjaké pravdépodobnostni rozdéleni, jedna se potom o model stochasticky
(Kovar, 1990). Parametry jsou tedy nahodné generovany a dva shodné soubory
vstupnich dat mohou dat rozdilné vysledky. Stochastické modely dale délime na
pravdépodobnostni modely a na modely pro generovani ¢asovych rad (Zeman,
1994). Pouzivaji se pri extrapolaci ¢asovych fad nebo hydrologickych parametri
pri zachovani zakladnich statistickych charakteristik. Klasickym prikladem je
model ARIMA (Darihelka, 2003). U deterministickych modeld je kazda proménna
reprezentovana jednou hodnotou ajejich vztahy mezi sebou i k parametriim
jsou pouze pri¢inné, tedy deterministické. U¢elem deterministickych modeli
v hydrologické aplikaci je popsat co moZna nejpresnéji matematickymi
rovnicemi vztahy urcité fyzikalni predstavy, které jsou predmétem nasSeho
zajmu. Cim je popis fyzikalnich vztaht lepsi, tim je pochopitelné piesnéjsi.
V praxi vSak vyssi stupen presnosti matematického popisu klade narocnéjsi
pozadavky na vstupni data. S ohledem na omezenou kvalitu i kvantitu
pozorovanych proménnych atim i odvozenych parametri se vyvinuly dvé
hlavni vétve deterministickych modeld (Kovdr, 1990): hydrodynamické modely

(“white box”) a hydrologické (parametrické) modely.
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Pro hydrologické modely jsou typické dva pristupy: kyberneticky (“black

box“) a koncepcni (“grey box“).

| DETERMINISTICKE MODELY |

Y

[ L
| Hydrologicke modzly i Hydrodynamické modely |

Y v

§ ] . [ . ] i
Kybemetické Koncepni | | Fyzikilni | Fyzikilnia |
..... — | | .

systém | topologicky |

T i
— ! [ gystim
| Lineami | Nelinedmi | ' ‘—'—- T

! Otimaliz, 5 Celistve | | Diskrétni nebo

I |
| mebo | nebo de[ene| | kontinudlni | ca:jl-we-’ Im..
neoptimaliz. T ‘—'— | neadaptivi |
_J Optimalizované | |
| nebo
|
| neoptimalizované

OO0br. ¢. 1: Rozdéleni deterministickych modeli (Kovdr, 1990)

L —

Adaptivn

Podrobné rozdéleni deterministickych modeli dle Kovare (1990) (obr.
1). Ve vodohospodarské praxi se uplatiiuji ve vSech oblastech. Obecné se da rici,
Ze jsou uzivatelim pristupnéjsi, nebot se svym vnitfnim usporddanim snaZzi
priblizit jednotlivym procesim hydrologického cyklu a jsou tak fyzikalné
i matematicky srozumitelnéjsi. Nemaji poZadavky na existenci extrémné

dlouhych tad (Darihelka et al., 2003).
Model KINFIL (INFILTRATION AND KINEMATIC WAVE)

Tento model patii do kategorie modelli distribuovanych, fyzikalné
zaloZzenych na teorii infiltrace privalovych dest a transformace primého
odtoku na svazich povodi avkoryté. Vyuzivd fyzikalné-geografickych
charakteristik povodi a hydraulickych vlastnosti ptidy, které mohou byt ziskany
bud’ primym mérenim nebo analyzou mapovych podkladi. Pocitaji se
kvalitativni a kvantitativni faktory, které determinuji nachylnost povodi
k extrémim povrchového odtoku, a moZnosti ochrany pozemki
protipovodiiovym a protieroznim opatfenim. Model mize byt aplikovan

i vnepozorovanych povodich. Je primarné urcen kodvozeni kulminac¢nich
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pritoki pri variantnich simulacich s riznymi vstupnimi podminkami, napriklad

zména landuse (odlesnéni, urbanizace, atd.).

Model KINFIL je zaloZen na kombinaci teorie infiltrace (INFIL)
transformace primého odtoku pomoci “kinematické viny“ (KIN). Kvypocltu
infiltrace deSté model pouziva fyzikalné zaloZenou metodu Green-Ampt (INFIL)
aneprimo také vyuziva konceptu CN krivek. Stanovuji se navrhové priitoky
ovlivnéné antropogenni cinnosti, jako napf. odlesnéni, urbanizace a zména
kultur, asimulace vyznamnych odtokovych procesi. Byl pouzit viadé
experimentalnich povodi pii rekonstrukci historickych povodnovych pripadii
nebo riznych scénarovych situaci. (Jenicek, 2005; Jenicek, 2010; Kovdr et al.,

2011a; Kovdr et al, 2011c; Kovdr et Vassovd, 2011; Kovdr et al, 2015a).

Soucasna verze modelu KINFIL je zaloZena na infiltracni teorii Greena
a Ampta se zavedenim koncepce vytopy podle Meina a Larsona (1973) a Morel-

Seytouxe (Morel-Seytoux et Verdin, 1981; Morel-Seytoux, 1982):

Zf + Hf _ de
K <T> - (95 - ei)E (9)
t, = —Sf
’ z(KLS— 1 (11)

kde K je nasycena hydraulicka vodivost (m/s), z; hloubka infiltracni
fronty (m), 65 nasycena ptidni vlhkost (=), ; pocatecni piidni vlhkost (=), Hy sact
tlak pod infiltracni frontou (m), i intenzita desté (m/s), Sy retencni soucinitel

saciho tlaku (m), t,, doba vytopy (s) a t Cas (s).

Zakladnim ukolem je vZdy urcit parametry nasycené hydraulické
vodivosti Ks a retencniho soucinitele saciho tlaku S, a to pri stavu polni vodni
kapacity. Re$enim je vyuZiti vztahu mezi témito vstupnimi parametry
hodnotami cisel odtokovych krivek CN. Indexové hodnoty CN koresponduji

s konceptudlnimi hodnotami ptidnich parametrii Ks a S¢ : CN = f (K, Sf).
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Resen{ infiltra¢niho procesu vychazi z teorie Greena a Ampta v Upravé
Morel-Seytouxe, zalozené na vypoctu tzv. doby vytopy t,. V rovnicich se
uplatnuji dva parametry nasycend hydraulicka vodivost K; (m/s) a retencni
soucinitel sactho tlaku Sy (m): Sy = (6; — 6;).Hy , kde 65 je vlhkost pidy pti
nasyceni (-), 8; pocatecni vlhkost (-), Oz vlhkost pri polni vodni kapacité (-)
aH; saci tlak na infiltracni fronté. Sorptivita piidy pri polni vodni kapacité

(m/s%%) je pak dana vztahem:

S (Brc) = / 2K; . Sy (12)

Z rovnice Greena a Ampta:

(13)

(65— 0;). Hy
==

vf: Ksll+

kde W je kumulativni infiltrace (m), a z teorie Meina a Larsona (1973)
o stanoveni doby vytopy byly Morel-Seytouxem odvozeny infiltracni rovnice
(Morel-Seytoux, 1976). Druhym komponentem modelu KINFIL je tedy jeho Cast,
ktera simuluje propagaci atransformaci pfimého odtoku. Re$end parcialni
diferencidlni rovnice popisuje neustdleny pohyb, aproximovany kinematickou
vlnou po zadanych plochach, které mohou byt rlzné usporadany, a dle
topografickych podminek jsou to riizné naklonéné rovinné “desky”. Tato
kone¢na rovnice je prevedena do tvaru konecnych diferenci a je reSena
explicitnim numerickym schématem. Pro vytvoreni modelu je povodi
geometrizovano rozdélenim do tfi komponentd (kaskdda desek, konvergentni
adivergentni segmenty a posledni usek koryta toku) (Kovdr et Vassovd, 2011).
Kinematickou vlnu lze definovat jako neustaleny pohyb, kdy nedochazi ke
zpétnému vzduti vody. Model kinematické viny je model s rozdélenymi
parametry (distributed model), je moZné ho pouZit na riznych geometrickych
utvarech, jako kaskada rovinnych desek, konvergentni nebo divergentni

segmenty Ci soustiedény odtok v Usecich ri¢nich koryt.
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Proudéni vody po pfimém nepropustném svahu simulovaného Sirokou
rovinnou deskou (resp. konvergentnim segmentem) je mozné vyjadrit rovnici

kinematické viny jako

dy dq

2y 2t 14
6t+ax fe (2) (14)
q=a.y™ (15)

kde q je pritok na jednotkovou S$iri svahu (m?2/s), i, (t) je pritok
povrchové srazky, neboli intenzita efektivniho desté (m/s), a, m jsou
hydraulické parametry, L je polomér konvergentniho segmentu, ¢ a x jsou
souradnice Casu (s) a polohy (m). Spojenim rovnic dostavame:
dy mq 0¥
o == 16
at+ma:y 5 = e (t) (16)
Model kinematické viny podle explicitniho numerického schématu ma
nasledujici reSeni (Lax et Wendroff, 1960) pro hloubky vodniho proudu:

) At ;
y}'+1 = y] - E . (ay}:l_l - ay}??—l1 — 2Ax (le)])

(At)? met o i '
* 4 (Ax)? '(ayf+1 t ay; )(QYjH — ayj" — Ax. (le)j)

(At)? - - '
T 4(Ar)2 (ay ™t + ayt — Ax . (ie))) (17)

A .
+ [ = )]

V této rovnici jsou vSechny proménné, které nejsou oznaceny hornim
indexem i + 1, povaZovany za probihajici v ¢asovém kroku i (i + At =t + At).

Dolni index j oznacuje plosny krok x (j + Ax = x + Ax).

Kromé tesSeni naslednych hloubek y}“ fesi model KINFIL i ostatni
proménné procesu tvorby a transformace povrchového odtoku, predevSim

hydraulické rychlosti vji:
U} = a; _(y]?)mf_l (18)
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dale treci rychlosti (v *)3-:

(v*)§-= /gY]y]l (19)

a tangencialni napéti T}:
= p.9.Y.y (20)

kde @;, m; jsou hydraulické parametry, ¥; sklon pozemku (-), g gravitacni
zrychleni (m/s?) a p hustota vody (kg/m3).

KINFIL se hodi jako hydrologicky orientované nastroje spiSe pro
urc¢ovani hydrologickych charakteristik pii navrhovan prvka TPEO (Dostdl et al,

2014; Kovdr et al. 2015b). Matematicky model povodiiovych odtokli KINFIL je
k dispozici na webovych strankach CZU:

(http://fzp.czu.cz/vyzkum/software.html) ve zdrojovém jazyce Fortran

(Kovar etal, 2011d).

Model HEC - HMS

Program HEC-HMS (Hydrologic Modeling System) byl vyvinut Hydrologic
Engineering Center of the US Army Corps of Engineers. Byl vytvoren pro
simulaci srazko-odtokového procesu. Je to tedy hydrologicky srazko-odtokovy
model, ktery umoZnuje provadét simulace extrémnich srazko-odtokovych
epizod v prirodnich i antropogenné ovlivnénych povodich. To vSe vcetné vlivu
vodohospodarskych soustav. Na zakladé namérenych ¢i predikovanych
hydrometeorologickych dat, ddaji o manipulacich vramci vodohospodaiské
soustavy aschematizace zkoumaného povodi je mozné nasimulovat odtok
z povodi a stanovit tak jeho kulminacni priitok, nastup a pribéh povodiové viny
(Ponizilovd, 2014).

Podle Kklasifikace se model radi mezi deterministické a konceptualni
modely, nebot casti hydrologického procesu jsou vprogramu pocitany
matematickymi vztahy. Jde predevSim o celistvy model, nékteré komponenty

mohou byt FeSeny distribuované jako napi. metoda Green a Ampt pri stanoveni
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primého odtoku ¢i ModClark u problematiky primého odtoku. VétSinou je HEC-
HMS pouZivan jako udalostni model, jelikoZ umi dobre simulovat privalové

srazky, ma-li k dispozici vhodna data (Feldman, 2000).

Tento program HEC-HMS je pokrocilym srazko-odtokovym modelem,
ktery se stal komer¢nim standardem. Je akceptovan jako validovany
hydrologicky model v ramci agentury Federal Emergency Management Agency /
National Flood Insurance Program, kde mezi dal$imi nalezneme napt. modely
HSPF, SWMM nebo MIKE 11 se svym s-o modulem NAM. Srazko-odtokovy
model HEC-HMS ve své aktudlni verzi 4.1 je bezesporu jednim snejvice

pouzivanych srazko-odtokovych modelli v celosvétovém méritku.

MoZnosti této jedinecné aplikace lze v zadsadé rozdélit do 3 skupin:
1. dprava schematizaci podle ukazatele predchozich srazek, kalibrace
parametri modelu 2. konverze schematizaci (napf. schematizace s metodou
SCS-CN na metodu Green-Ampt a opacné apod.) a jako posledni 3. zhodnoceni
a statistiky vysledk® (Nash-Sutcliffe koeficient respektovany WMO) (Rihovd et
al, 2011).

Jednou z nejpodstatnéjSich vyhod modelu je jeho dostupnost jako
freeware na internetu. HEC-HMS obsahuje tzv. snéhovy model, model
transformace vilny v nadrzi ¢i vodohospodarské soustaveé, umozZnuje také
nékolika metodami vypocet evapotranspirace. Dale umoznuje vypocet primého
odtoku, podzemniho odtoku a odtoku v korytech. Pro stanoveni objemu odtoku
je pouzivana také metoda SCS CN kiivek, ktera vychazi ze zavislosti na
hydrologickych vlastnostech plid. Pfed samotnou simulaci srazko-odtokového
procesu je nezbytna priprava vstupnich dat modelu preprocesing. Tento proces
je mimo jiné diileZity pro pripravu geologicky korektni vrstvy reliéfu terénu,
odstranénim terénnich depresi v prostredi ArcGIS aplikaci HECGeoHMS, ktera
umoziuje pripravu dat jako je napf. vymezeni povodi, tvar terénu, fyzicko-
geografické charakteristiky povodi vtomto prostredi. Model HEC-HMS také
umoznuje automatickou Kkalibraci parametrli, idedlné provadéné na kratSich

Casovych radach (PoniZilovd, 2014).
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Tento software byl vytvoren tak, aby dokazal simulovat srazko-odtokové
procesy vrozvétvenych vodnich systémech. Model je pouzitelny v Sirokém
spektru geografickych procesii. Konkrétné umi resSit problematiku povodnové
hydrologie, zasoby vody zvelkych povodi, ale i odtok vody zmalych ci

meéstskych uzemi.

Tento program reflektuje modelovaci systém, ktery je schopny hodnotit
odliSna povodi a uzemi. Kazda €ast modelu je schopna pracovat v rozdilnych

prostredi za jinych podminek (Maindment et Djokic, 2000; USACE, 2009).

Aktudlni verze programu HEC-HMS 4.1 (stav k 23. 9. 2015) umoziuje
sestavit model povodi z nékolika riiznych komponent, aby struktura co nejlépe
odpovidala poZadovanému ucelu: subpovodi (Subbasin), ficni koryto (Reach),
nadrZz (Reservoir), pramen (Source), soutok (Junction), bifurkace (Diversion),

ponor (Sink) (USACE, 2015).

Prvnimi softwarovymi balicky byl HEC-1, ktery se zabyval problematikou
odtoku vody v povodi, HEC-2 resici ricni hydrauliku, HEC-3, ktery jiZ umozioval
analyzy chovani vody v nadrzich ¢i HEC-4. Béhem let dochazelo k neustalému
zdokonalovani programi, rozsifovani jejich plisobnosti a komunikace s jinymi
softwary. Prednim uspéchem byla podpora s GIS programy (Correia et al, 1998).
Model patfi v sou¢asné dobé mezi nejrozsirené€jsi programy svého druhu. Jeho
prednostmi jsou volna dostupnost na internetu, prehlednost, nenaroc¢né

pozadavky na vstupni data a moznost propojeni s prostiedim GIS.
5.2.2. Modely bilan¢ni

Modelovani hydrologické bilance je podstatné pro vSechny komponenty
bilan¢ni rovnice. Bilan¢ni model umoziuje ovérit a popsat zadkladni relace mezi
srazkami, evapotranspiraci, celkovym odtokem a poskytuje i vypocet dotace

podzemni vody (prisak ze zony aerace) i vypocet zakladniho odtoku.
Model WBCM (Water Balance Conceptual Model)

Tento model patii mezi deterministické, celistvé a nelinedrni modely,
s pravdépodobnostnim rozloZenim parametri po ploSe povodi dle

reprezentativnich méreni. = Automatickd optimalizace = modelu  resi

vvvvvv
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(dekdda). Parametry modelu jsou pravdépodobnostné rozdéleny po ploSe
povodi tak, Ze je zachovana jejich ploSna variabilita. Kazdy kapacitni element
modelu reprezentuje prirozenou zasobu vody vjednotlivych vertikalnich

hydrologickych subsystémech.

Aplika¢ni verze modelu pouZiva dennich hydrometeorologickych dat
a optimalizuje zminéné 3 parametry: SMAX, GWM a BK, které jsou popsany jako
(Kovaretal, 2010):

SMAX: parametr max. kapacity nenasycené zény (mm),
GWM: parametr max. kapacity nasycené zény (mm),
BK: parametr transformace zakladniho odtoku (mm).

Princip optimalizace téchto parametrii je stejny, jako u predchozich verzi
modelu WBCM-5 a WBCM-6, podle kriterialni funkce (dekddni odtoky WBCM-5
az 6, nebo hladina podzemni vody u verze WBCM-7 (Rosenbrock, 1960).

Model byl navrzen pro studium jednotlivych komponent hydrologické
bilance v zavislosti na zménach hospodarského vyuziti povodi. Simuluje denni
bilan¢ni hodnoty ve vegetatnim obdobi (kritickém obdobi pro vznik vlahovych
deficiti) a uvazuje vSechny podstatné interakce mezi jednotlivymi zénami, tj.
vegetacni, nenasycenou a nasycenou zdénou. Kritériem optimalizace modelu je
kolisan{ hladiny podzemnich vod v transektech (Kovdr et al, 2013). ReSenymi
procesy jsou tedy potencidlni evapotranspirace, intercepce, tvorba primého
odtoku a jeho transformace, dynamika korenové zony, nenasycené zony
a aktualni evapotranspirace. Ddle dynamika nasycené zény, zakladni odtok

a celkovy odtok.
5.2.3. Modelova bilance suchych obdobi modelem Fourier

Extrémni sucha jsou casto ur¢ovana podle trendu vytokové ¢ary povodi.
Tato c¢ara svymi vykyvy vdennich a nocnich hodinach vykazuje c¢asovou
harmonickou Fadu zplisobenou aktualni evapotranspiraci obvykle mensiho radu
neZ u stiedné velkych povodi (Kirchner, 2006 et 2009; Deutscher et Kupec, 2014;
Langhammer et Vilimek, 2008). U malych povodi, obvykle do 10 km?, jsou tyto

vlny dobre reSitelné Fourierovou radou, zaloZenou na systémové teorii a na
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teorii ortogondlnich goniometrickych fad. Interakce mezi vegetaci
a hypodermickou zénou nebo zénou mélkych podzemnich vod tvoii diilezité
vztahy dynamiky ekosystému (Balek, 2006). Prvni priznaky kolisani stavi
pritokl vody na malém povodi byly vyborné popsany pro suchy rok 1976 (Burt,
1979). Zpozd'ovani zakladniho odtoku za primym odtokem s rozliSenim rezimi
dne a noci bylo rovnéz detailné popsano (Bond et al,, 2002). Dalsi hydrologové
(Loheide et al, 2005) uverejnili podobna data kolisani priitokd rezimu den/noc,
jini sledovali tvary vytokovych ¢ar na malych povodich (Fenicia et al, 2006;
Winsemius et al, 2006; Mul et al.,, 2007; Dvordkovd et Zeman, 2010; Dvordkovd et
al, 2012).

Hydrologické procesy v povodi byly analyzovany a popsany modernim
systémovym pristupem Kkratce potom, kdy byly objasnény vztahy systémového
inZenyrstvi koncem 60. let minulého stoleti (Kraijenhoff et al, 1966). Ke
vztahim mezi vstupnimi (dést) a vystupnimi (odtok) procesy radime také
goniometrické Fourierovy rady popisujici harmonické periodické procesy
(hyetogram - hydrogram). Model Fourier byl ptivodné odvozen pro ucely
srazko-odtokovych procesi jiz v70 letech minulého stoleti, ale pro reSeni
opacného problému, tj. sucha, se zafina pouZivat az nyni. Namisto vztahu
srazka-odtok je pouzit vztah odtok-evapotranspirace, tj. do jaké miry ovlivni
(zvlasté vsuchém obdobi) aktudlni evapotranspirace priitoky. Harmonické
funkce vlastni vztahu srazka-odtok se v disledku matematicky podobnych
vztahll evapotranspirace-odtok, neboli harmonické sniZovani odtoku dzemnim
vyparem v cyklu den/noc daji resit analogicky. Fourierova rada je popsana jako
funkce ortogonalni (Hardy et Rogisinski, 1971) a matematicky presné popisuje
délku periody (obvykle L = 24 hod) a skutecnou vysku redukovaného priitoku
evapotranspiraci. Funkce g (t) vintervalu 0 <t <L, miiZe byt pfedstavovana

v kazdém t tohoto intervalu presné Fourierovou radou:

(00}

2mt . 2mt
g(t) =a, +Z (ar . cosrT+ b, - smrT)

r=1

(21)
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Kosinové a sinové funkce této rady jsou navzajem ortogonalni pro
kteroukoliv dvojici, mimo L; poskytujici hodnotu K, rovnou L/2. Tudiz

soucinitelé v rovnici (21) jsou dany:

L T
2 2mt 1
a, = —fg(t) -cosr——dt, avSak a, = —fg(t)dt
L L L
0 0
L (22)
b, = 2] 0 - sinr 2 de
r==] 9@ -sinr=

0

JestliZe jsou dale ¢asové funkce vstupu x (t), vystupu y (t) a transformacni
funkce u (t) predstavovany Fourierovym rozvojem, a to nad stejnou €asovou
zakladnou L, pouZijeme-li soucinitell [a, b] pro x(t), coZ je vytokova cara, [4, B]
pro y (t) jsou evapotranspiracni zvinéné pritoky a [a, B] pro u (t) je recipro¢ni
funkce, transformovana ve tvaru evapotranspirace. Dostaneme dosazenim do
konvolu¢niho integralu, coZ je vyjadreni vystupu, potrebné algebraické

soucinitele.

Tento postup plati pro linearni systémy, za ktery je formace odtoku
z efektivniho desté povaZovana. Je samoziejmé otazkou, jestli je moZno takto
formulovat naS problém vyjadreni vytokové c¢ary bezdestového obdobi
(x(t)=0), kdy dochazi k jejimu zvinéni periodicky v dobé trvani
evapotranspiracniho procesu. Vpribéhu 24 h se vyskytnou vzdy 2 viny,

konkavni s kulminaci nahore (v noci) a konvexni s kulminaci dole (ve dne).

Z klasické metody srazko-odtokovych epizod pro simulaci hydrogramu
jsme alternovali metodu Fourierovych rad, vstupni funkci je pfima vytokova
¢ara x (t), bud primka, nebo exponenciala, tvaru dle Boussinesqa, aproximovana
Fourierovym rozvojem s koeficienty ar, br, kde r je pocCet harmonickych

koeficientl (viz rov. (22)).

Vystupni funkci y (t) je harmonickd (vlnova) funkce transformovana

evapotranspiraci s koeficienty Ar, Br:

A, = 3 (ara, — b.B,), avsak A, = Laya,
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L (23)
B, = E(arﬁr — bya,)

Transformacni proces byl opét linearni s pouZitim Fourierova rozvoje

pro funkci u (t) s koeficienty ar, Br. Resime-li pro tyto koeficienty:

2 a,A,+b.B, | 1 A
ar=z-w,avsakao=z-a—o

_ 2 a;B,— b4, (24)
'Br_L a? + b?

V zasadé tedy, je-li dano x (t) a odpovidajici y (t) v n tdajovych bodech
stejné od sebe vzdalenych (o interval At) a budiZ L = n - h, mohou byt x (t) ay (t)
predstavovany g (t) diskrétné v téchto bodech, v rozmezi 0 <t<L. Z Udaji
ovstupu a vystupu v n bodech miZeme pak sestavit presné konecnou
harmonickou radu obsahujicich n ¢lenti:
n—1

2mt . 2mt
<ar cosr——+ b, sinr —)
n n

M

r=1
Ve skutecnosti rovnice (25) predstavuje fadu n rovnic, s(n - 1)
neznamymi koeficienty ao, ai, ..., ap; b1, bz, .., bp. Ortogonalita rovnice (25)

umoznuje nalezeni vSech téchto koeficienti:

3|N
SIN

n-— 1 n-1 n—
i
Z g(t) cos r— aviak 0= - 2 g(ih), b, = Z g(ih) smrT
=0 ’ i=0 i=0 (26)

ReSeni rovnic (26) poskytuje Fourierovy koeficienty (piesngji
harmonické koeficienty) vstupu [a, b] a vystupu [A4, B] takové miry presnosti, jak
presné je vdiskrétnich bodech vstupni a vystupni funkce urcena meérenim.
ZaleZi zde samoziejmé na rozumné volbé Casového intervalu At, uvnitr kterych
jsou vstupni a vystupni data povaZzovana za konstantni, cozZ je ovSem bézZné pro
vesSkeré vypocty v oblasti diskrétnich hodnot. Nyni je moZno pouzit rovnice (24)

pro vypocet koeficientli chovani systému, tj. transformacni funkce [a, f],
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definovaného rovnicemi (25) pro vstup i vystup. Jestlize jsme vypocetli
harmonické koeficienty @, f potom miliZeme vypocitat poradnice transformacni

funkce:

n-—1

2mt ~ 2mt
u(t) = ay + (ar cosr—+,851nr—)
n n

g

(27)

=1

<

Dale pak Ize vypocitat pritokové poradnice v kazdém casovém intervalu
At dosazenim zndmych harmonickych koeficientl [a, ] do rovnice (24). Tim
vypocteme harmonické koeficienty modelovaného vystupu (odtoku) a z nich

potom piimo potadnice odtoki yc (t):

£ = y(c) = 4 +T§<A Ty Bsinr )
y (@) =y(c) =4, 4 r COST— rsinr— 28)
r=1
Tento metodicky postup vyzaduje dobré charakteristiky sucha, vyrazné
podminky vyparu i fyziologické podminky transpirace (Kovdr et Bacinovd,

2015).
5.3. Hydrologické extrémy

V naSich podminkach mezi nejvétSi prirodni ohroZeni patii povodné
a meteorologické extrémy. Mezi né patii teplé a studené vlny, vydatné srazky,
Casné apozdni mrazy, a sucha obdobi, ndmraza, ledovka a ndledi, vysoké
snéhové uhrny. Proto je studium takovychto extrémnich projevli pocasi velmi
dulezité (Brdzdil, 2002). Dosud podcenovany hydrologicky extrém sucho, ktery
ma nesporné obtiZnéjsi reSeni, neZ je tomu u povodni, je tfeba brat vazné
a vénovat maximalni pozornost jeho Skodlivym dopadim. Napiiklad retence
a akumulace vody v krajiné je problematika, ktera bude vyZadovat zvySenou
pozornost. Stejné tomu bude i u Setfeni vodou a nutnost vystavby vodnich

prostor nadrzi, v€etné vodarenskych, podzemnich nadrzi svadéjicich relativné

Cistou vodu ze stiech objektli a zajiStovani rozvoje zavlah (Kovdr et al., 2015b).
5.3.1. Vodni eroze

VétsSina zemédeélské plidy ve svété je v soucasnosti ohrozovana nékterym

druhem degradace pid. Mezi hlavni ndlezi vétrnd a vodni eroze. Regulace
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odtoku vody v povodi je unas uplatiiovana jiz cela staleti. Napriklad je zde
potieba regulovat vodu pri zemédélském hospodareni vzhledem k znacnym
rozdilim v dhrnu arozdéleni srazek. Hydrologickou odezvou srazkovych
vykyvl jsou na strané jedné velmi vodna obdobi, doprovazena povodnémi, a na
strané druhé obdobi sucha (CSKI et CSSI, 2002). ,Vodni eroze se projevuje
smyvem pldy vlivem unaseci sily vody a jejim ukladdnim v nizsich partiich
povodi. Pricinou vodni eroze jsou nejcastéji privalové desté, tani snéhu nebo
staly (kolisavy) priitok vody v korytech vodnich toka“ (Sklenicka, 2003). Je tedy
vyvoldvana destruktivni cinnosti deStovych kapek povrchovym odtokem
a naslednym transportem uvolnénych plidnich ¢astic povrchovym odtokem dale
do povodi (Janecek et al, 2012). Eroze pudy je zavazZnym problémem, ktery
vyplyva z kombinaci intenzifikace v zemédélstvi, plidni degradace a intenzivnich
boutkovych obdobi. Je to proces, pfi kterém dochazi k odstranéni materialu
pidy vodou. Tento proces miize byt prirodni nebo urychlen lidskou cinnosti
z krajiny. Rychlost eroze mize byt velmi pomala az velmi rychl3, a to v zavislosti
na pudé, krajiné, pocCasi aostatnich podminkdch. Je to tedy jeden
z nejvyznamnéjsich degradacnich procest plidy v Ceské republice. Je vyvolana
destruktivni cinnosti deStovych kapek a pozdéjSim povrchovym odtokem.
Intenzita je ddna charakterem srazek, povrchovym odtokem, ptidnimi poméry,
morfologii Uzemi (to je sklon, délka a tvar svahii), vegetatnimi poméry
a zplusobem vyuziti pozemkd, a to v¢etné pouZzivanych agrotechnologii (Amore

etal, 2004; Vopravil et al., 2013).
5.3.2. Povrchovy odtok

Povrchovy odtok na svahu probiha nejprve plosné jako svahovy odtok
(overland flow). Postupné dochazi dale vlivem nerovnosti ptidniho povrchu ke
koncentraci odtékajici vody (rill flow). PloSny odtok se méni v odtok
soustfedény. Voda stékajici po plidnim povrchu se postupné soustied’uje, az
dojde k odtoku do vodnich toki. V protierozni ochrané nas zajima predevsim
odtok do koryt bystfin. Ten je pricinou pohybu znacného mnoZstvi splavenin,
jeZ jsou bystrinami dopravovany do nizSich poloh. Splaveniny se dostavaji do
pohybu pri urcité vymilaci rychlosti vody. Ta zavisi predevSim na povaze,

velikosti splavenin a na jejich souciniteli tfeni. V poslednim obdobi se vzhledem
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k rozvoji vypocetni techniky stale castéji pristupuje k modelovani povrchového
odtoku, a to jak z povodi, tak i z jednotlivych svahti. Modely se déli na 4 druhy:
stochasticko-konceptualni, stochasticko-empirické, deterministicko-
konceptualni, deterministicko-epirické. A vSechny tyto modely lze dale rozdélit
na linearni a nelinearni. Stochastické modely se vyznacuji tim, Ze néktera z jejich
proménnych je povazovana za nahodnou veliCinu, jiZ prislusi urcité rozdéleni
pravdépodobnosti. Deterministické modely jsou naopak charakterizovany
predpokladem, Ze Zddna z proménnych veli¢in nepodléha nahodnym zménam.
Konceptualni modely jsou zaloZeny na teoretickych zakonech, empircké modely

na experimentu nebo pozorovani (Holy, 1994).
5.3.3. Protierozni a protipovodiova opatieni

Povodné a erozni ¢innost predstavuji od nepaméti znacné ohroZeni.
Dtive uplatnovany centralizovany pristup k protipovodiiové ochrané znamenal
vétSinou realizaci technickych opatieni bez ohledu na ptirodni specifika krajiny,
vegetaci, hospodareni na pozemcich, nevyuZivani jednoduchych retencnich
a akumulacich opatreni. Decentralizovany pristup spociva v moznosti vytvareni
opatreni prirodé blizkych, jako jsou predevsim hydrologicky prijatelné formy
hospodareni na pozemcich, moZnosti infiltrace srazkové vody do pldy
systémem cestnich prikopt, hrazkami aterasami, priilehy a dalSimi ptirodé
blizkymi biotechnickymi opatfenimi na ploSe povodi i na vodnich tocich.
Komplexnost je zakladnim poZadavkem na protierozni opatreni. Cely soubor
téchto opatieni je nutno dat dohromady s riznymi poZadavky, aby se dosahlo
optimalniho efektu i nezbytné ochrany ptidniho fondu a vSech hydrografickych
zdrojli. Pri navrhu protieroznich opatieni se vychazi predevsim ze sklonu
adélky svahu. Mélo by dojit kzeslabeni jejich neptiznivého vlivu na vnik
aprubéh eroznich procesti spocivajici vomezeni tangencidlniho napéti
arychlosti povrchové stékajici vody na hodnotu, pfi niZ nedochazi
k intenzivnimu rozruSovani pldniho povrchu. Tento proces je vSak pomérné
nakladny. Lze ho uplatnit vétSinou jen na hodnotnych ptdach pro cenné kultury.
Proto se ochrana plidy zaméruje na snizeni spisSe jen nepriznivé délky svahu.
Zajima nas predevsim kriticka délka svahu. Definujeme ji jako vzdalenost, na niz

dochazi na nepreruSeném svahu k preméné povrchového ploSného odtoku
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v odtok soustfedény a na niZ prechazi ploSna eroze ve vymolovou. Intenzita
eroze na svahu, kde délka svahu neni kriticka, se nepoklada pro zemédélskou

vyrobu za nebezpecnou (Holy, 1978; Kiepe, 1995; Sinclair, 1997).
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6. Vlastni prace - soubor védeckych studii

Disertatni prace je zpracovana formou komentovaného souboru
védeckych studii, jejichZ vysledky byly prezentovany formou publikovanych
clankt ve védeckych casopisech (celé texty praci jsou v ptilohach 1 - 7). VSechny
prace jsou zamérené na moznosti sniZeni hydrologickych extrémi. V praci je
vyuzita Sirokd Skala hydrologickych modeld, jedna se o modely KINFIL, HEC-
HMS a WBCM. V ramci disertacni prace jsou tyto studie propojeny dopliujicim

komentarem.

STUDIE 1 (vlastni podil 50 %): BACINOVA H., KOVAR P., 2017: Impact of

overland flow on soil characteristics in experimental plots Trebsin. Soil and

Water Research, Accepted.

STUDIE 2 (vlastni podil 25 %): KOVAR P., BACINOVA H. LOULA J.,
FEDOROVA D., 2016: Use of terraces to mitigate the impacts of overland flow

and erosion on a catchment. Plant, Soil and Environment, Vol. 62, No. 4: 171-

177,doi: 10.17221/786/2015-PSE.

STUDIE 3 (vlastni podil 33 %): FEDOROVA D., BACINOVA H., KOVAR P,

2017: Use of terraces to reduce overland flow and soil erosion by the HEC-HMS
model and acomparison with the KINFIL model. Soil and Water

Research, Accepted.

STUDIE 4 (vlastni podil 50 %): KOVAR P., BACINOVA H., 2015: Impact of

Evapotranspiration on Diurnal Discharge Fluctuation Determined by the
Fourier Series Model in Dry Periods. Soil and Water Research, ro¢. 10, ¢. 4, s.

210-217.ISSN: 1801-5395, doi: 10.17221/122/2015-SWR.

STUDIE 5 (vlastni podil 16 %): KOVAR P., PESKOVA ]., DOLEZAL F.,
BACINOVA H. KROVAK F., MIHALIKOVA M., 2017: Study of the

evapotranspiration impact on diurnal discharges in a small catchment. Journal

of Hydrologic Engineering (ASCE). Review process.

STUDIE 6 (vlastni podil 14 %): KOVAR P., HRABALIKOVA M., NERUDA
M., NERUDA R, SREJBER J., JELINKOVA A., BACINOVA H. 2015: Choosing an

Appropriate Hydrological Model for Rainfall-Runoff Extremes in Small
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Catchments. Soil and Water Research, roc¢. 10, ¢. 3, s. 137-146. ISSN: 1801-5395,
doi: 10.17221/16/2015-SWR.

STUDIE 7 (vlastni podil 25 %): GREGAR ]., KOVAR P., BACINOVA H.,

BAZATOVA T. 2017: A comparison of water regimes using the hydrological
balance of two dump catchments in dry years in the Krusne Mountains. Soil and

Water Research, Accepted.

Format citaci je u jednotlivych studiji vZdy na zakladé instrukci dané

redakce Casopisu.
6.1. Strucny popis védeckych studii

STUDIE 1 (vlastni podil 50 %): BACINOVA H., KOVAR P., 2017: Impact of
overland flow on soil characteristics in experimental plots Trebsin. Soil

and Water Research, Accepted.

Tato prvni studie popisuje pokracovani simulaci vysledkd z ¢lanku
publikovaného v Soil and Water Research Vol. 7, No. 3. popisujici vyhodnoceni
odtoku pri extrémnich destich. Pro vypocty byl pouzit model KINFIL, coZ je
fyzikalné zaloZeny, parametricky distribuovany 3D model jiz zminovany
a popsany v literani reSerSi. Tento model byl vyuZit poprvé vroce 2012 na
simulaci vlivu povrchového odtoku zplisobeného destém nebo simuldtorem
desté. Nyni po 4 letech jsme aplikovali ptivodni méreni na plochach ¢. 4 a ¢. 5,
které jesté nebylo poblikovano. Méreni deStovym simulatorem pri vysoké
intenzité deSté vyZaduje také znalosti a hodnoty hydraulické nasycené
vodivosti, sorptivity, rozméri obou parcel a granulometrické krivky, které jsou
pouzity pro dals$i vypocty. Od roku 2012 je model KINFIL pozménén a dnes
vyuziva efektivnéjsi porovnani nameérenych a vypocitanych vysledkd. PouZiva

nové parametry, jako je reten¢ni soucinitel saciho tlaku a polni vodni kapacita.

Experimentalni plocha z této studie je situovana 40 km jihovychodné od
Prahy v blizkosti vesnice Trebsin. Priimérny sklon na pozemcich je 7° aZ 8°. Za
pouziti deStového simulatoru jsme mérili odtokové simulace na ploSe S = 30 m?
(pri délce 10,0 m aSifce 3,0 m), a to na obou pokusnych plochach (vSe

znazornéno na obr. 1 a 2 vpriloze ¢. 1). Tabulka jedna a dva v priloze ¢. 1
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popisuji pouzité informace o srazkoodtokovych simulovanych akcich

a charakteristiky vyzkumnych ploch.

Efektivni srazky byly vypocteny s pouzitim modelu KINFIL, do kterého
byly zadany tyto vstupni informace: nasycena hydraulickd vodivosti, ptdni
sorptivita, srazky, cas a hodnota Curve Number (CN). Model KINFIL je zaloZen
na kombinaci teorie infiltrace (INFIL) a transformace povrchového odtoku
kinematickou vinou (KIN). Povrchovy odtok byl vypocitdn pomoci kinematické
viny s hydraulickymi parametry (a, m) asoucinitelem drsnosti (n) dle
Manninga. Obrazky 3, 4, 6, 7 v ptiloze ¢. 1 popisuji srazky za pouZiti deStového
simulatoru. Krivka méfreného a simulovaného odtoku znazornéného
v hyetogramech rychle stoupa v prvnich minutach a posléze se obé dvé hodnoty
stabilizuji. Nastup povrchového odtoku je zpoZdén o 2 minuty. Tento model
poukazuje, jak efektivni srazky a odpovidajici odtokové hydrogramy odraZeji
soucasny stav plidy, a to zejména jeji schopnost propoustét deStovou vodu. Na
obrazcich 5 a 8 v priloze ¢. 1 jsou zaznamenany soucasné hodnoty hloubky,
rychlosti a smykové rychlosti. Namérené avypoctené hodnoty znazornéné
v hydrogramech byly porovnany s pouzitim Nash-Sutcliffe koeficientu (Nash et
Sutcliffe, 1970), viz rov. (8). Podle naméfenych a pocitanych hodnot odtokil
v poslednich dvou sloupcich tabulky 1 v priloze ¢. 1 se zda, Ze jejich rozdily jsou
zanedbatelné. Nicméné, v pripadé sporovnanim obrazkd 3, 4, 6 a 7 jsou

nameérené hodnoty zubatéjsi nez je tomu u vypoctenych hodnot.

STUDIE 2 (vlastni podil 25 %): KOVAR P., BACINOVA H. LOULA J.,
FEDOROVA D., 2016: Use of terraces to mitigate the impacts of overland
flow and erosion on a catchment. Plant, Soil and Environment, Vol. 62, No. 4:

171-177, doi: 10.17221/786/2015-PSE.

Tento prispévek popisuje zmirnéni povrchového odtoku a eroznich
smyvl v povodi, a to diky historickému systému teras vytvofenému v raném
sttedovéku majiteli pozemkd, v Sudetské oblasti Krusnohoti, ktefi se pak mohli
lépe starat o svoji ptidu. Pouzitim kament sesbiranych z mistnich zemédeélskych
poli vznikl material na tvorbu praveé téchto teras. Jejich vliv na povrchovy odtok

byl simulovan jiZ zminovanym a popsanym modelem KINFIL. Tento model
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ukazuje, do jaké miry miiZe systém teras zmirnit vysledky povodni a ptdni

eroze.

Zajmova odtokova plocha se nachazi 9 km severné od Usti nad Labem
a severovychodné od intravilanu obce Kninic a zapadné od dalnice D8. Rozklada
se na upati kruSnohorského zlomového svahu v Naklérovské hornatiné.
Experimentalni odtokova plocha Kninice je zfejmé historicky nejlépe chranéna
lokalita s terasami na tizemi Ceského stiredoho¥{ s plochou 2,207 ha (se sedmi
terasami a Sesti terénnimi pasy mezi nimi) viz obr. 1 v ptiloze 2. Terasy zartiistaji
souvisle pokryty drevinami a predevSim stromy. Pritomnost této liniové
vegetace vytvaii v Kkrajinné scéné vysoké estetické hodnoty. Tato vegetace
a stejné tak dalsi typy rozptylené zelené, plosna ¢i bodovd, plni celou radu
funkci. Mezi né patii napriklad funkce hydricka, klimaticka, produk¢ni, bioticka

a v neposledni radé krajinotvorna.

Zpracovani N-letych srazek bylo opét provedeno metodickym postupem
redukce 1-dennich srazek (Hrddek et Kovar, 1994) s urcenim lokalnich
parametrii a, ¢ ze srazZkomérné stanice Usti n. L., Ko¢kov a déle softwarem, ktery
je soucasti navrhovaného softwaru DES_RAIN (VasSovd et Kovar, 2011). Méreni
ptidnich hydraulickych parametri nasycené hydraulické vodivosti K
a sorptivity S pri hodnoté polni vodni kapacity PVK bylo pomérné narocné,
zejména na terasach, kde skladba kament vyZadovala nejen jejich stabilitu, ale
i homogenitu. ZaleZelo také na primeérné velikosti mezer mezi kameny.
Rekognoskace a méreni probihalo na jare roku 2015. Méreni bylo provedeno
v povrchovych vrstvach a jeho cilem bylo zjistit hodnoty infiltracnich
a hydrofyzikalnich charakteristik na izemi mezi terasami a na nich. Tyto agrarni
terasy lze povazovat za prvek s drendznimi a vsakovacimi schopnostmi, jenz
zachycuje potencidlni povrchovy odtok a piisobi tak jako protierozni opatreni.
Terasy disponuji vyrazné vyss$i propustnosti ve smyslu proudéni vody
v porovitém prostiedi nez povrchové vrstvy pozemki lezici mimo né. Je to tim,

Ze terasy kromé kamene obsahuji také organické zbytky rostlin, z vétsi casti jiz

mineralizované.

Hydraulické parametry teras byly méreny infiltrometrem trikrat na

kazdé terase, pasy travalého travniho porostu mezi nimi pouze dvakrat pro
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pomérnou shodu vysledkil z obou parametri Ks a S. Softwarovy program pocital
retencni soucinitele saciho tlaku Sy (Verdin et Morel-Seytoux, 1981). Vysledky
poskytuje tabulka 1 a 2 viz priloha 2.

Simula¢ni vypocCty modelem KINFIL opét prokazaly, Ze v disledku
priznivych infiltracnich vlastnosti pid na povodi Kninice jsou vysky
povrchovych odtokd (efektivni desté) opét N =2, 5a 10 letych destd, stejné
jako u experimentalni plochy Vernerice Ci Libouchec a Adofov, zanedbatelné.
U destli s dobou opakovani N = 20,50 a 100 let by jiZ tyto desté a priitoky
znich bez ochranného uc¢inku teras byly nebezpecné, ale terasy je svou
infiltra¢ni  kapacitou a hydraulickou drsnosti efektivné redukuji.
U nejnebezpecnéjSich pritokii Qioo (10", 20°) je priitok z navrhového desté
redukovan terasami z hodnoty 3,0 m3s-1na 1,8 m3s1 (tj. pro N = 10 let je pritok
s terasami sniZen o cca 60 %, u N = 20 a N = 50 let je pritok niZsi o 40 %
aul =100 let je to 0 20 %). Tab. 4 viz. ptiloha ¢. 2 obsahuje hlavni parametry
pricinnych i efektivnich destt a kulminac¢ni priatoky, podle kterych jsou
zpracovany modelem KINFIL grafy viz priloha 2, dokazujici stupen ochrany
proti erozi plidy. Do N = 10 let je soucasna ochrana, kdy se jiZ nepéstuji na plose
okopaniny, vlastné zarucena a TTP snasi tangencialni napéti proudici vody aZ do
cca 60 Pa, kdy jsou uz kulmina¢ni pritoky v hodnotach 50 let< N < 100 let.
Redukce priitokd takto navrzenymi a zhotovenymi terasami poskytuje velmi
dobry historicky priklad ochrany ptidy. Pokud by se tyto pozemky mély zménit
zpét na ornou pudu, v dlisledku zmény kritickych tangencidlnich napéti pidy
nekryté trvalym travnim porostem, bylo by to jen téZko moZné bez dalSiho

ochranného opatreni.

STUDIE 3 (vlastni podil 33 %): FEDOROVA D., BACINOVA H., KOVAR P.,

2017: Use of terraces to reduce overland flow and soil erosion by the HEC-
HMS model and a comparison with the KINFIL model. Soil and Water

Research, Accepted.

V soucasné dobé probihaji diskuse o charakteru a pouzitelnosti modelu
kinematické viny. U této publikace byla nejvétsi pozornost vénovana otazce, zda
kinematickd vlna miiZze nahradit jiné metody generovani odtoku. Naptriklad
jednodussim prostiredkem mize byt jednotkovy hydrogram pro vypocet
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povrchového odtoku v horskych oblastech shistorickym systémem teras.
Terasy zde funguji jako uUcinna bariéra pro povrchovy odtok, a to diky své
kamenité konstrukci s rliznymi primeéry maji vysokou propustnost pro vodu,
¢imZ dochazi ke sniZeni hydraulické rychlosti. Tyto terasy maji obvykle velkou

vegetacni rozmanitost.

Vybrana lokalita Kninice je stejna se Studii 2. Povrchovy odtok byl
vypocten s vyuzitim dvou riznych metod, a to metodou kinematické viny a SCS
(Soil Conservation Service) jednotkovym hydrogramem. Jednou ze zakladnich
syntetizovanych charakteristik povodi je pravé tento hydrogram odvozeny
s pouzitim typové S-krivky (US SCS, 1992). Tato metoda je zaloZena na
predpokladu rovnomeérného ploSného rozloZeni jednotkového pri¢inného desté
vysoké intenzity a kratké doby trvani na relativné malém povodi s linearnim
srazko-odtokovym procesem, kdy plati tzv. princip superpozice. Tento princip
predpoklada platnost linedrniho vytvareni odtoku, ktery lze popsat soustavou
odtokovych rovnic, majicich obecné reseni ve znamém ,konvolu¢nim integralu®
(Beven, 2001). Pravé jednou ze zakladnich syntetizovanych charakteristik
povodi je vySe zminény hydrogram. Pro simulaci kinematické metody viny byl
pouzit software KINFIL a pro jednotkovy hydrogram byl pouZit software HEC-
HMS. Vysedkem bylo srovnani vysledkl hydraulickych vlastnosti na terasach
ana ploSe mezi nimi. Kvypoctu byly pouzity oba softwary. Vypocet simuluje
tedy dva riizné zpisoby s vyuZzitim veskerych stejnych namérenych dat vcetné

naméienych dat ohledné plidni hydrologie.

Oproti Studii 2 je vtomto Clanku priloZen i ¢aste¢ny podélny profil (ve
sméru odtoku vody) viz obr. 2 v priloze 3 se sklony 0,35-0,61 a sklonu past
orné pudy 0,04-0,12. Je ukazkou intuitivniho zabezpecCeni alesponn proti
20letym povrchovym odtokiim z navrhovych destl stejné periodicity. Otazka,
zda metoda kinematické viny milZe nahradit metodu jednotkového
hydrogramu, zlistava stdle otevienou vzhledem kobrovskym zasadnim
rozdilim téchto dvou metod. Model kinematické viny pro povrchovy odtok je
zaloZzen na deterministické a fyzikalni bazi, distribuovanych parametrech
a hydraulicky naro¢né metodé ziskani dat (vyzadujici geometrickych a trecich

parametrli). Oproti tomu jednotkovy hydrogram byl pivodné vytvoren pro
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velké povodi (Sherman, 1932), ale pozdéji bylo zjiSténo, Ze primarni pouZiti je
pro stfedné velké povodi. Model vyuZivajici kinematickou vlnou se pouziva
predevSim pro malé povodi a jednotkovy hydrogram predevsSim pro stredné
velké povodi. Zda se tedy, Ze by mezi témito dvéma zplsoby mél byt maly

presah (Ponce et al, 1996).

V zavéru se neda tict, ktery zptlisob je lepsi, nebo presnéjsi. Vysledek
nema jednoduchou odpovéd. Obé metody maji odliSné datové potieby a maji
odliSny charakter anejsou snadno srovnatelné. Software HEC-HMS bez
jakychkoliv pochybnosti je jednodussi pro pouziti i pro nezkusené uZivatele.
Jeho rozhrani je zjednodusSené a muizZe byt pouZit intuitivné, coz je jeho velka
vyhoda. Rozhrani modelu KINFIL neni tak uzivatelsky ptivétivé, vypocet
kinematické viny vyZzaduje vice dat, ale diky tomu ma presnéjsi vysledky, které
lze vidét na obr. 3 viz priloha 3. Jak je na tomto obrazku ziejmé, hydrogramy
vypoctené metodou kinematické viny maji ostrejsi tvar, ktery je prirozenéjsi za
danych podminek pro malé povodi. Zato jednotkovy hydrogram vykazuje lepsi
vysledky v pripadé bez teras, avsak rozdily v priitocich nejsou prili§ velké, a to

zejména un = 10 a 20 let. Tato hodnota je menSi nez 0,1 m3 s-1.

Vyznamnou vyhodou zptlisobu vypoctu kinematické viny je, Ze 1ze popsat
koeficient drsnosti a deStovou variaci. Model kinematické vlny zvySuje presnost
pri sniZovani velikosti povodi, av§ak u jednotkového hydrogramu dochazi ke
zvySeni pouZitelnosti pri zvySujici se velikosti povodi. Velky rozdil
nepozorujeme. Je to ale tim, Ze model kinematické viny je aplikovan ve zna¢nych

sklonech, kdy nedochazi ani zdaleka ke zpétnému vzduti proudici vody.

STUDIE 4 (vlastni podil 50 %): KOVAR P., BACINOVA H., 2015: Impact of
Evapotranspiration on Diurnal Discharge Fluctuation Determined by the
Fourier Series Model in Dry Periods. Soil and Water Research, roc¢. 10, C. 4, s.

210-217.ISSN: 1801-5395, doi: 10.17221/122/2015-SWR.

V této studii byl pouZzit model Fourier, ktery byl ptivodné odvozen pro
ucely srazko-odtokovych procest jiz v 70. letech minulého stoleti. Pro reSeni
opacného problému, tedy sucha, se zaCina pouZivat aZ dnes. Tento model byl

v tomto pripadé vyuzit k hodnoceni vlivu evapotranspirace na odtok v malém
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povodi, a to béhem suchych obdobi. Povodi jsou povaZovana za dynamicky
systém, kde potencidlni evapotranspirace miize byt freSena z méfenych
klimaticko-meteorologickych dat anaslednym vypoctem bilan¢nich dat
(Penman, 1963). Pokud ale mame kdispozici velmi presna data méreného
Starosuchdolského potoka, pritoku (high resolution) v uzavérovém profilu

povodi, aplikujeme druhou moznost reSeni modelem Fourier.

Méreni priitoku v obdobi sucha ma trend vytokové ¢ary povodi, ktera
cyklicky v ramci 24 hod vykazuje krivku tvaru Fourierovych tad. Vlastnosti této
kiivky jsou znamé z teorie goniometrickych ortogondlnich rad. Jejich
harmonické koeficienty plati nejen pro vztah srazka-odtok, ale i pro vztah
odtok-evapotranspirace. Extrémni sucha jsou pravé casto urcovana podle
trendu vytokové Cary povodi. Tato ¢ara svymi vykyvy v dennich a noc¢nich
hodinach vykazuje c¢asovou harmonickou tadu zplisobenou aktudlni
evapotranspiraci obvykle mensiho fadu nez u stfedné velkych povodi (Kirchner,
2006 et 2009; Deutscher et Kupec, 2014; Langhammer et Vilimek, 2008). U malych
povodi, obvykle do 10 km?, jsou tyto viny dobre reSitelné pravé Fourierovou

radou.

Vybrany Starosuchdolsky potok dobte spliiuje podminky pro vyuZiti
modelu Fourier. Jsou to dobré charakteristiky sucha a vyrazné podminky
vyparu i fyziologické podminky transpirace. Tento potok prameni v severni
Casti starého Suchdola. Délka toku k uzavérovému profilu je zhruba 580 m.
Plocha povodi €inf 2,95 km2. Pozemky jsou z 53 % uZivany jako orna ptida, 36 %
povodi v okoli uzavérového profilu povodi z obou stran toku. Terén povodi je
prevazné rovinného charakteru o sklonitosti do 5 %, pouze v severni zalesnéné
casti vokoli toku se vyskytuji svahy s prlimérnym sklonem az do 36 %.
Z pedologického hlediska je povodi rozdéleno zhruba do tii zakladnich
geomorfologickych formaci: pldy rozlehlych plosin, niva toku a svazité
pozemky priklonéné k toku potoka. Klimaticky se fadi povodi
Starosuchdolského potoka do teplého, mirné suchého regionu. Primérna ro¢ni
teplota je 8,8 °C. Primérny roc¢ni uhrn srazek pro povodi je pod 500 mm.

V zimnim obdobi je thrn sraZek v rozmezi 200 - 300 mm.
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Soucasné jsou v uzavérovém profilu povodi Starosuchdolského potoka
méreny dalSimi dvéma sensory teplota vzduchu (°C) a vlhkost ptidy v hloubce
korenové zony (cca 30 cm pod povrchem). TaktéZ je cca 1,5 km od ploSného
té%isté povodi varealu CZU Praha kontinudlné méfen vypar z volné hladiny.
Méreni je provadéno automatickym zarizenim EWM. Ke stanoveni polni vodni
kapacity bylo vyuzito definice (Romano et Santini, 2002): objem vody v pidé
odpovidd priméru 0,371 m3.m3 se standardni odchylkou 0,063 m3.m-3

za pouziti pristroje HYPROP (Schindler et al., 2010).

Obrazek 2 v priloze 4 predstavuje zajimavé udaje ukazujici, co se stane,
kdyZ evapotranspirace ovliviiuje vodni tok. Je to vSe realizovano Fourierovym
modelem na zakladé Fourierovi fady, kde vstupnimi koeficienty jsou (a,, b,)
avystupnimi (4,,B,). Byly pouzity pro vypocet transformacnich funkénich
koeficientli (a,, ;). Pro interpretaci vysledkli by mélo byt ziejmé, Ze tvorba
odtoku ma vliv také na hydraulicky odpor, ktery zpomaluje vodni perkolaci. Ve
srovnani evapotranspirace s vlivem hydraulického odporu je daleko mensi. Nas
vypocet ukazuje, Ze prinos hydraulické odolnost i proti sniZovani spadového
odtoku je niz$i nezZ 10%. Hlavnim ucinkem hydraulického odporu je vliv na
zpozdéni evapotranspirace na povodi. Koeficienty Fourierova modelu mohou
byt také pouZzity pro vypocet chybéjicich dat pri selhani méreni. Pro tento
pfipad miizeme pouZzit vstupni koeficienty a transformacni Kkoeficienty
z Casovych tfad tésné pred vypadem meéfeni. Zavérem muiZeme konstatovat
nasledujici:

. Methohodologie mitiZe jasné ukazat, jak moc aktudlni
evapotranspirace ovliviiuje povrchovy odtok z malych povodi.

o Fourierovi transformacni koeficienty a(rr) a g (rr- 1) lépe
vyhovuji vypoctu odtoku u malych vodnich tokii v pifipadé zvySeni konstanty
(n).

o Pro dopocteni chybéjicich ddajli o odtoku zplisobeném vypadkem
pri nehodé.

o Metoda proof-control potvrzuje spravnost vypoctu na konvolu¢nim
procesu. MlZe byt pouzit postup sumace (rov. 13). Transformacni funkce

u (t) poskytuje spolehlivé vysledky.
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STUDIE 5 (vlastni podil 16 %): KOVAR P., PESKOVA ], DOLEZAL F.,
BACINOVA H., KROVAK F. MIHALIKOVA M., 2017: Study of the

evapotranspiration impact on diurnal discharges in a small catchment.

Journal of Hydrologic Engineering (ASCE). Review process.

Tento ¢lanek popisuje aplikaci Fourierovy rady pro podrobnou simulaci
odtoku na povodi v suchych obdobich, kdy je priitok proudu vyznamné ovlivnén
evapotranspiraci, a to zvlasté béhem dennich hodin. Povodi mohou byt
povazovana za dynamické systémy, kde evapotranspirace ma vliv na denni
ano¢ni kolisani pritoké. Clanek popisuje tfi epizody v suchych obdobich.
Zameéruje se na moznost vyuziti modelu Fourierovych rad, jako jizZ bylo zminéno
ve studii 4. Tento Clanek je rozsifenou verzi pravé zminéné studie 4. Oproti

Studii 4 byly vybrany tri epizody:

e EPISODE 1:24/6 (20 h) — 29/6 (05h) 2011 (n = 106 h)
e EPISODE 2: 22/5 (09h) — 29/5 (02h) 2012 (n = 162 h)
e  EPISODE 3: 08/8 (02h) — 16/8 (20h) 2012 (n =211 h)

Jednim z cili na Starosuchdolském potoce bylo urceni aktudlni
evapotranspirace na malém povodi. Je mozné ji urcit takto: AE(i) =
FWE (i).(SMC (i)/FC). AE (i) je vypoctena aktualni evapotranspirace (Uzemni
vypar) (mm.h'1) FWE (i) reprezentuje méfeny vypar z volné vodni hladiny (mm
h-1), SMC (i) je mérend pudni vlhkost (-) a FC je mérena polni vodni kapacita
PVK (-). Vliv evapotranspirace na odtok z povodi je velmi zajimavym ukazem.
Spotfeba vody brehovym porostem je Uzce spojena pravé s denni dynamikou
pritokd v povodi. Pouzity model vyuzivad harmonickych funkci, konvolu¢nich
principt a silné konvergence. Rovnice 2 - 9 (uvedené v piiloze 5) je mozné
vyuzit jediné s méricimi pristroji s vysokym rozliSenim, které jsou dostupné az
v poslednich desetiletich. Zavérem je moZno konstatovat, Ze vyuZiti
Fourierovych tad pro aproximace funkce srazko-odtokového procesu je
evidentni, Ze s vyuZitim transformace quasi-linearni konvoluci je vypocet
jednodussi nez reSeni vlivu evapotranspirace na odtok. Proces srazka - odtok se
da v radé pripada resit nékterou z linedrnich metod. V procesu odtok - vypar,
kde byla vyuZita stejnd metoda aproximace pritokové rady Fourierovym
rozvojem, jsou dlisledky nelinearity procesu vice viditelné, a vysledky tudiz

37



dobre pouZitelné.

STUDIE 6 (vlastni podil 14 %): KOVAR P., HRABALIKOVA M., NERUDA
M., NERUDA R., SREJBER J., JELINKOVA A., BACINOVA H., 2015: Choosing an

Appropriate Hydrological Model for Rainfall-Runoff Extremes in Small
Catchments. Soil and Water Research, roc¢. 10, ¢. 3,s. 137-146. ISSN: 1801-5395,
doi: 10.17221/16/2015-SWR.

Rychle se zvySujici pocet Kkatastrofickych situaci zpiisobenych
extrémnimi srdzkoodtokovych epizodami se ¢asto nachazi u malych horskych
povodi, kde zména z odtoku k ustaleni reZimu muzZe byt obrovska. Konvektivni
srazky s vysokou intenzitou na relativné malém povodi s velkym sklonem
podélného profilu reky casto zplisobi velké Skody. Redlnd prognéza a scénar
vinZenyrské hydrologie c¢asto zahrnuje pouZiti simulac¢nich technik
matematického modelovani srazkoodtokovych procesti u malych povodi. Tato
povodi jsou Casto vétsi nez 30 km?, jejich charakter je bystrinny a typ proudéni

vody je super-kriticky.

Sméda, naSe experimentalni horské povodi v Jizerskych horach, bylo
zvoleno jako modelovy prostor pro simulaci extrémnich srazkoodtokovych
procest s vyuZzitim dvou riznych modell. Fyzicko-geometrické charakteristiky
povodi poskytuje tabulka 1 v priloze 6. Plocha povodi (profil Bily Potok) méri
26,13 kmZ2. Na povodi Smédé a jejim limnigrafickém profilem Bily Potok se
provadéla méreni od konce padesatych let 20. stoleti. Intravilan obce Bily Potok
trpi zaplavami pomérné Casto, i kdyZz prirozena retence povodi vegetaci, piidou
a bezodtokovymi depresemi miliZe dosahovat misty 3 - 5 mm. Je to stale malo
z hlediska porovnani snavrhovanou ochranou terasami i s jinymi
biotechnickymi opatfenimi. Pro ucely hodnoceni a simulaci vyznamnych
srazkoodtokovych epizod jsme zvolili model KINFIL a ANN (artificial neural
network). Neuronova sit je model nelinearni funk¢ni zavislosti mezi vstupy
avystupy svolnymi parametry, které jsou vytvoreny interaktivnim ucenim
algoritmt s vyuzitim kalibra¢nich dat. Tyto dva modely jsou zcela odliSné. Jsou
zaloZeny na odliSnych principech, ale oba vyZaduji stejnou ¢asovou radu dat.

Nicméné parametry modelu jsou odlisné, KINFIL je 3D hydraulicky model
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a ANN je “fuzzy” model. Pfrednost modelu KINFIL je, Ze existuji fyzikalné jasné
parametry pro adekvatni hydrologické procesy rovnic, zatimco prednost ANN
spociva ve "fuzzy“ ucicim se postupu. Jejich spoleCnou charakteristikou je
pravidlo, Ze ¢im vétsi poCet mérenych srazkoodtokovych udaji, tim se daji

ocekavat presnéjsi vysledky.

STUDIE 7 (vlastni podil 25 %): GREGAR ]., KOVAR P., BACINOVA H,,

BAZATOVA T., 2017: A comparison of water regimes using the hydrological
balance of two dump catchments in dry years in the Krusne

Mountains. Soil and Water Research, Accepted.

Po ukonceni povrchové tézby hnédého uhli nastava dlouhodoba faze
rekultivaci. Jednim ze zdkladnich procesii je optimalizace vodniho reZimu. Dvé
vysypkova povodi v Krusnych horach v Ceské republice byla vybrana pro studii.
SnaZi se odhalit, zda je jejich hydrologicka bilance v téchto povodich adekvatni,
aby Zivot v nich mél dostatecné prirozenou uroven. Vysypkova uzemi se
potykaji s touto problematikou predevSim v klimaticky suchych obdobich. Tato
studie je zamérena na povodi dvou vysypek Radovesické a Loketské. Obé dvé se
nachazeji v oblasti Krusnych hor a jsou vzdalené od sebe asi 90 km. Povodi
Radovesické vysypky spada do srazkového stinu KruSnych hor. Dlouhodoby
srazkovy deficit v tomto povodi je cca 100 mm roc¢né. Hydrologicka bilance je

zakladnim prostfedkem pro hodnoceni vyskytu a distribuci vody v povodi.

Pro analyzu bilance povodi byl vybran bilan¢ni model WBCM-6. Bilan¢ni
modely jsou vytvareny zejména pro simulaci nejen povrchového odtoku, ale
také dalSich procesti probihajicich v povodi v dlouhém c¢asovém intervalu. Pro
vypocet byl pouzit model WBCM (Kulhavy et Kovdi 2002; Kovdr et Stibinger,
2006; Kovdr et al, 2015b). Je to deterministicky model patiici do kategorie
model  koncepc¢nich, celistvych a nelinearnich s pravdépodobnostné
rozdélenymi parametry po ploSe modelovaného povodi tak, aby mohla byt
zachovana jejich ploSna variabilita. Tato prace srovnava hydrologickou bilanci
vysypek ve vegeta¢nim obdobi roku 2003 (suchy rok) se srazkové primérnym
rokem (tzv. normalnim) 2004 (Radovesicka vysypka) a rokem 2006 (Loketska

vysypka) kvili posouzeni vhodnosti navrhi biotechnického opatfeni. Jako
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indikator zmén slouzi data srazkovych uhrnd, rozdil v potencidlni a aktudalni

evapotranspiraci a zmén hladin podzemni vody.

Nas zajem byl zaméren na suché roky a pro simulace vodni bilance
studii. Tab. 1 v priloze 7 uvadi prehled dekady (10 dni) hodnot v roce 2003 na
Radovesické vysypce spadové oblasti a tab. 2 ve stejné priloze predstavuje
hodnoty na Loketské vysypce. Obrazky 4 a 5 v priloze 7 predstavuji hlavni grafy,
které predstavuji vysledky studie. Posledni slozkou, DGWR, vyjadiuje
skladovani podpovrchové vody jako soucet vody jak v nesaturované zoné
takivsaturované zoéné. Zanedbatelné nerovnovahy lze pozorovat béhem
nékolika desitek let, pokud jsou povazovany za zvlastni. Rozdily ve vodni
bilan¢ni rovnici na Radovesické vysypce v roce 2003 jsou nasledujici: SDIF =
0,90 mm (0,37%) ana Loketské vysypce: SDIF = -0.27 mm (-0,05%). Tyto
srazky jsou o 23% vysSsi u Loketské vysypky neZ na Radovesické vysypky.
Ostatni slozky vodni bilance jsou tedy jen stéZi schopny zlepSit vodni rezim na
Radovesické vysypce. Je zapotiebi vytvorit biotechnicka opatfeni ke zlepSeni

retence a akumulace.
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6.2. Vyuziti vysledkii studii pro moznosti sniZovani dopadi

hydrologickych extrémi

Plida je jednim ze zakladnich pilita lidského Zivota. Také patii mezi
hlavni zdroje biosféry aje jednim z neobnovitelnych prirodnich zdrojl, bez
kterého by Zivot neexistoval. V soucasné dobé dochazi bohuZel k jejimu
znehodnocovani a k pozdéjSimu nendvratnému poskozovani. Prvotni pri¢inou
ztraty pudy je lidsky faktor ve vétSiné pripadt (eAGRI, 2015; Holy, 1994). Lidsky
faktor porusil intenzivnim vyuzivanim plidy pro zemédélskou vyrobu a realizaci
vystavby postupné prirozeny kryt plidy a vystavil jeji povrch plisobeni eroznich

sil (Holy, 1970; Holy, 1978; Holy, 1994).

VétsSina zemédélské plidy ve svété je v soucasnosti ohrozovana nékterym
druhem degradace pid. Mezi hlavni ndlezi vétrnd a vodni eroze. Regulace
odtoku vody v povodi je unas uplatiiovana jiz celad staleti. Naptiklad je zde
potieba regulovat vodni cyklus pii zemédélském hospodareni vzhledem
k znaénym rozdilim vudhrnu arozdéleni srazek. Hydrologickou odezvou
srazkovych vykyvl jsou na strané jedné velmi vodna obdobi, doprovazena
povodnémi, a na strané druhé obdobi sucha (CSKI et CSSI, 2002). ,Vodni eroze se
projevuje smyvem pldy vlivem unaseci sily vody a jejim ukladanim v nizsich
partiich povodi. Pri¢inou vodni eroze jsou nejcastéji privalové desté, tani snéhu
nebo staly (kolisavy) priitok vody v korytech vodnich tokG“ (Sklenicka, 2003). Je
tedy vyvolavana destruktivni Cinnosti destovych kapek povrchovym odtokem
a naslednym transportem uvolnénych plidnich ¢astic povrchovym odtokem dale

do povodi (Janecek et al., 2012).

Erozni jevy vedou kvyraznému poskozovani zakladnich prirodnich
zdrojli, a to puidy a zdroven i vody. Vsoucasné dobé se dostaly do popredi
pozornosti svétové verejnosti, ktera se snazi nezbytnému poskozovani pldy
predchazet, snazi se plidu avodu chranit (Holy, 1978). VSechny zemédélské
systémy jsou ohroZeny do urcité miry erozi. Hrozba miiZe byt jak v kratkych, tak
v delSich casovych intervalech. Ty s delSim casovym intervalem jsou ale
obzvlasté obtizné pro zemédélce. Velmi nepriznivé disledky nastavaji prii
dlouhodobém procesu tvorby nové ptlidy, pii kterém miiZe nastat intenzivni

srazka a dochazi k smyvu mélké ptidni vrstvy a tim se obnazi ptidni podklad.
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Erozni jevy jsou vysledkem velice slozitych prirodnich procest.
Stanoveni pribéhu téchto procesli, matematické vyjadieni a predvidani
eroznich jevi urcité intenzity je zdvaznym hydrologickym problémem. K feSeni
je nutno podrobné zhodnotit veSkeré erozni faktory, které pilisobi na vznik
apribéh eroznich procest. Dale je nutné provést rozbor jejich vlivu ana
zakladé tohoto rozboru ucinit spravné zavéry o jejich komplexnim plisobeni

(Holy, 1970; Janecek et al,, 2008).

Ochrana plidy a vodnich zdroji ma zdsadni vyznam pro zemédélstvi.
V soucasné dobé je eroze plidy a usazovani sedimetnti jsou procesy, které jsou
studovany pomoci méricich ptistrojii, modelovani a managementu (Collins et
Owens, 2006). Drivéjsi modely nebyly vyvinuty pro predpovéd ¢i pro zjiSténi
eroznich pripadd, ani pro posouzeni ztraty pldy pomoci univerzalni rovnice
ztraty pldy (Wischmeier et Smith, 1965). Soucasny vyzkum v oblasti modelovani
eroze se zabyva pldnimi fyzikdlnimi parametry, které odrazeji jejich vlastnosti
v nehomogennim prostoru. Erozné simulacni modely, jako WEPP (Flanagan et
Livingston, 1995), AGNPS (NRCS, 2017), EUROSEM (Morgan et al, 1998)
amnoho dalSich vyZaduji znacné mnoZstvi dat a fungujicich na zakladé
srazkoodtokovéhych udalosti. Na simulaci eroze zplsobené extrémnimi
kratkodobymi privalovymi epizodami bude mit zcela jisté vliv zastoupeni
zrnitosti pidy (zrnitostnich frakci), plisobici na vytvareni plosné (meziryzkové)
a ryzkové eroze. Na kratkych experimentalnich svazich predpokladame, Ze
proudova a vymolova eroze zatim nebude vznikat. Hlavnim odtokovym jevem je
transport deStém uvolnénych pldnich ¢astic. Odnos téchto pidnich c¢astic do
sité ryzek je funkci charakteristik desté, zejména jeho intenzity, plidnich
vlastnosti, rostlinného pokryvu a dale délky a sklonu svahu, ktery vyznamné
ovliviiuje odtokovy proces. OdliSeni ploSné (meziryzkové) aryzkové eroze je
problémem, ktery s vyraznou heterogenitou zrnitosti plidy nekryté vegetatnim
pokryvem, roste. Proto bude treba vdal$i fazi reSeni peclivé provadét
granulometrické méreni pro konstrukci zrnitostnich krivek (Holy, 1994;

Boardman et al,, 2009).

Jednim z modelli, ktery se pouZzivd pro vypocty je jiZz zminovany

a popsany model KINFIL. V roce 2011 (Kovdr et VasSovd, 2011) byl tento model
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pouZzit poprvé pro simulaci vlivu svahového odtoku v diisledku prirodnich nebo
uméle simulovanych desttli na riiznych pokusnych plochach. Pravé tento model
byl pouzit skoro u vSech studii prezentovanych v této dizerta¢ni praci. V ramci
prvni studie byly prezentovany vysledky za pouZziti destového simulatoru
a modelu KINFIL. Je tedy zfejmé, Ze model KINFIL je velmi citlivy na presnost
hydraulickych parametrti hydraulické vodivosti a sorptivity. Odchylky ve
vystupech pri modelovani srazkoodtokovych situaci oproti skutecnému stavu
jsou vyhradné vztaZzeny ke kvalité vstupnich dat nebo k jejich zadavani.
Zavérem lze konstatovat, Ze model KINFIL je vhodnym nastrojem pro
modelovani povrchového odtoku, ale je také vhodny pro hodnoceni ohrozZenosti
pid vodni erozi. Mnoho dalSich autorli feSi podobné studie, které se snazi
vyresit problém s erozi, a to dokonce i na stejné lokalité Kninice (Kovdr et al,

2011b; Korinek et Kovdr, 2013; Hrabalikovd et Janecek, 2017).

Eroze pady je =zavainym problém, ktery vyplyvd z kombinaci
intenzifikace v zemédélstvi, pidni degradace a intenzivnich bourkovych obdobi.
Je to proces, pii kterém dochazi k odstranéni materidlu piidy vodou. Tento
proces muze byt prirodni nebo urychlen lidskou ¢innosti. Rychlost eroze miize
byt velmi pomald az velmi rychla, a to vzavislosti na pldé, krajiné, pocasi
a ostatnich podminkach. Je to tedy jeden znejvyznamnéjSich degradacnich
procesi pidy v Ceské republice. Je vyvolana destruktivni ¢innosti de$tovych
kapek a pozdéjSim povrchovym odtokem. Intenzita je dana charakterem srazek,
povrchovym odtokem, plidnimi poméry, morfologii tizemi (to je sklon, délka
a tvar svahti), vegetatnimi poméry a zplisobem vyuziti pozemki, a to v€etné
pouzivanych agrotechnologii (Amore et al, 2004; Vopravil et al, 2013). Vodni
eroze je u nas velmi rozsifenym jevem. Povrchovy odtok miZe také vznikat
z privalovych nebo dlouhotrvajicich srazek a ze snéhovych vod pfi jarnim tani.

Nebo vznikd koncentraci vody v prirozené i umélé hydrografické siti (Holy,

1994).

Cilek et al,, (2004) ve své knize napsal, Ze ,Krajina je urcity vysek souse,
ktery ma néjaky stred, urCitou hranici ¢i okraj a uvnitr té hranice lezi pole
néjakych viceméné jednotnych vlastnosti. VSichni mame zkuSenost, Ze existuji

razné krajiny, ale Ze rozdily mezi nimi spi$ citime, nez abychom je uméli
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pojmenovat“. Struktura krajiny je jednim z vyznamnych faktorl ovliviiujicich
geomorfologickou diverzitu, biodiverzitu a tim ale i ekologickou hodnotu
krajiny (Langlois et al, 2001). Tyto faktory krajiny se méni v ¢ase a prostoru.
Méni se jak prirodnimi vlivy, tak i hospodarskou cinnosti. V nékterych
prihrani¢nich oblastech Ceské republiky (zejména v Podku$nohofi a v Krugnych
horach) je moZno pozorovat v krajiné prvky s prevladajicim parametrem délky.
Jejich ptivod je antropogenni a saha od stredovéku (Low et Michal, 2003). Ptikré
svahy, které jsou opatieny terasami vytvorenymi snosem kamene z poli po dobu
Zivota fady generaci. Rozméry téchto teras se pohybuji v rtiznych hodnotach
vysky, $irky a délky. Jsou zavislé zejména na sklonu a délce svahu. VSechny tyto
historické pozistatky stredovéké krajiny vSak maji dulezité krajinotvorné
a stabilizacni vlastnosti (Merot, 1999; Marshal et Moonen, 2002). BohuZel tyto
zajimavé a dllezité prvky z dneSni krajiny pomérné rychle mizi ajejich
estetickd, ekologickd a stabilizacni funkce krajiny se tak rychle vytraci

(Sklenicka, 2003).

V ramci druhé sudie byl pouzit stejny model KINFIL (Kovdr et Vassovd,
2011) sukolem potvrdit ¢i vyvratit hypotézu o vyraznych rozdilech hydro-
fyzikalnich vlastnosti agrarnich teras a hydro-fyzikalnich charakteristik zemin
na uzemi mimo tyto terasy. Velmi podobné téma bylo reSeno i v clanku Kovar et
al. (2011b), ale na experimentalni ploSe Vernerice. Pomoci modelu KINFIL byl
simulovan tedy odtok ze zajmové lokality Kninice v soucasném stavu s terasami
a také pro variantu bez teras, aby mohl byt stanoven vliv tohoto opatieni na
velikost povrchového odtoku, a tedy i vodni eroze. Dale potvrdit protierozni
a protipovodiiovy ucinek stavajicich teras jako biotechnické opatieni. Pro
vySetieni ucelli protierozni ochrany plidy je nutné zjistit zejména vyskyt,
rozdéleni a intenzitu srazek. Erozni uc¢inek je zesilen ucinky kinetické energie
deStovych kapek na pidnim povrchu, kde nastava rozpad plidnich agregati
adochazi kodnosu materialu. Tyto srazky jsou charakterizovany znacnou
intenzitou, kratkou dobou trvani a omezenym ploSnym rozsahem (Toman et al,
1993). Privalové desSté jsou charakteristické svoji vysokou intenzitou, kratsi
dobou trvani a omezenym ploSnym rozsahem. Z charakteristik hydrologického

rezimu toku apovodi jsou zvlast zavazné jeho extrémy, coZ jsou maximalni,
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minimalni pratoky avodni stavy. Zavaznost téchto charakteristik vyplyva
z jejich dusledki pro hospodatskou Cinnost a také z jejich Casto katastrofalnich

nasledki (Dub et Némec, 1969).

Existuje nékolik hydrologickych modeli, které mohou simulovat
infiltrace a proces povrchového odtoku na agrarnich terasach, valech i
hrazkach (e.g. Amore et al, 2004; Aksoy et Kavvas, 2005). Jednodussi
geomorfologicky systém erozni kontroly obvykle poskytuje lepsi modelovani
(Maidment, 1993). Pravé zminovany systém teras na lokalité Kninice v okres
Usti nad Labem je velmi dobrym piikladem pro analyza vlivii teras na
kulminacni priitok a na zpoZdény kulminaéni pritok na nepruseném svahu.
Ziskané informace mohou také poskytnout informace vedouci k lepSimu
hospodareni s ptidou (e.g. Hallema et Moussa, 2014). Cilem této analyzy bylo
tedy znazornéni a porovnani funkce ochrannych teras pri extrémnich srazko-
odtokovych pripadech pro rliznou dobu opakovani. Je to soucCasné scénar
protipovodiiové a protierozni ucinnosti téchto teras jako biotechnickych

opatreni.

Zplsob vyuziti krajiny (land use) je vyznamnou charakteristikou
a znacné ovliviiuje jeji hydrologické vlastnosti, zvlasté retenci a akumulaci vody
i retardaci odtoku. V pripadé vystavby a udrzby teras, vytvarenych snosem
kamend a balvanii z vlastnich i ptilehlych pozemki jde o historicky proces,
vyvolany nutnosti obZivy rodin majiteli pozemk, podporujicich zemédélskou
Cinnost, bez které by tehdejsi obyvatelstvo nemohlo preZzit. Napriklad vyznam
zvolenych teras je popsan ve studijnich pracich Machové a Elznicové (2009 et
2010), kde je hodnoti velmi pozitivné. Jejich vyskyt zaznamendavaji zejména
v Krusnohorti (Adolfov, Fojtovice, Kninice, Libouchec, rovnéz v okrese Usti nad
Labem aj.) a v severni ¢asti Ceského stiedohoti (Oblik, Vernefice, aj.), kde taktéz
v minulosti probihalo méreni a zpracovani vysledki srazko-odtokovych ptipadi
(Kovdr et al, 2011b; Bacinova 2014, Kovdr et al.,, 2014; Kovdr et al., 2015b; Kovar
et al, 2015c). Ve vSech téchto pracich bylo zjiSténo, Ze maji zejména
nékolikanasobné vyssi hodnoty infiltrace, coz dokazuji pravé zminéné vysledky
ve vSech publikovanych studii. Tato biotechnicka opatreni funguji pfi sniZovani

povrchového odtoku a da se predpokladat predpokladat, Ze maji i priznivy vliv
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na vodni rezim v obdobi sucha. Tyto vysledky byly predmétem zavérecné
zpravy (2015c) a soucasné i Certifikované Metodiky TACR (2015b). Ze
zajimavych terasovych Uzemi jsme se inspirovali také pro Zavérecnou zpravu
(2015c) lokalitou Vernerice, ktera ma nizsi a uzsi terasy spise hrazky, vzajemné

dale od sebe.

Stibinger (2011) uvadi, %e experimenty pro odhad hydrologickych,
a zejména infiltraCnich charakteristik na izemi s agrarnimi opatrenimi, nebyly
dosud na tzemi CR provadény ani ve star$i ¢i relativné novéjsi literatuie neni
zminka o vlivu téchto utvari na vodni rezimy, snad jen néjaké poznameky

o zmirfiovani negativnich jevli povrchovych odtokti a pripadné vodni eroze.

Elznicova a Machova (2009), Stibinger (2011) a Machova et al. (2012)
popisuji historii vzniku agrarnich opatreni, které vznikaly zejména sbérem
kamenii z obdélavanych poli ajejich uklddanim na meze a také ukladanim
kamenii na hranice pozemkdu. Jsou to tedy skeletovité agrarni formy reliéfu
v krajiné, vétSinou svaZzité. Je mozné je chapat jako soubor ¢i systém agrarnich
kamennych a Stérkovych Kkrajinnych prvkad (valli, teras, hald), vzniklych
dlouholetou lidskou Cinnosti. Tyto druhy reliéfu byly vytvoreny zemédélskou
Cinnosti ¢lovéka zamérné nebo spontanné s vyuzitim tradi¢nich zemédélskych
nastrojli a postupti. Po staleti provadéna orba svazitych polnich parcel, jejichz
hranice vedou po vrstevnici ¢i Sikmo k ni, vedla k tvorbé téchto prvki v krajiné.
Dle Machova et al, (2012) tyto formy reliéfu plni radu funkci: zvySuji
geodiverzitu, jsou specifickym ekotopem pro rozmanitd rostlinna a ZivociSna
spoleCenstva, v nezalesnénych izalesnénych oblastech jsou indikatorem
nékdejstho rozsahu pluziny, vypovidaji o horninovém sloZeni lokality, plni
protierozni funkci, maji vysokou estetickou hodnotu, spoluutvareji krajinny raz
ajsou hmotnymi doklady lidské prace v minulosti za zcela odliSnych
technickych, ekonomickych i socidlnich podminek. Z toho vyplyva jejich veliky
vyznam a predevSim nutnost jejich ochrany (Machova et al, 2012). Tyto valy
vznikaly skladdnim kameni sbérem, snosem z vlastnich i ptilehlych pozemkl
a jejich navrSenim do linii. Jako dlsledek zmén v hospodareni, coZ se projevilo
naptiklad ukoné¢enim sbéru auklddani kamenid na valy, nastalo postupné

zarlstani vall vegetaci. V pribéhu desetileti se na téchto mistech vyvinula
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spoleCenstva drevin, ktera tvori vyznamny Kkrajinny prvek (Elznicovd
et Machovd, 2009). Maji také priznivé drenazni a vsakovaci schopnosti. Do
znacné miry snizuji povrchovy odtok, ¢imz dochazi ke sniZeni vodni eroze pldy,
a to zejména pokud jsou orientovany ve sméru vrstevnic (Kovdr et al, 2011b).
Molnarova et al. (2008) uvadi, Ze v mnoha tradicnich kulturnich krajinach méli
agrarni opatreni pevné misto v zemédeélskych systémech, které slouzilo taktéz
jako hranice mezi pozemky, pristfeSi a zdroje dreva. V soucasné dobé tyto
funkce jsou nejvice cenény spiS pro jejich ekologickou a kulturni funkci, které
jsou stale vice studovany ekology, zahradnimi architekty, historiky krajiny ci
krajinnymi archeology v Evropé (Burel et Baudry, 1995; Oreszczyn, 2000;
Oreszczyn et Lane, 2000; Kristensen et Caspersen, 2002; Deckers et al, 2005)
ajinde (e.g., Rao et al, 1999; Schmucki et al,, 2002; Tangya et al., 2003, Zuria et
Gates, 2006). V dneSnim intenzivné vyuzivané krajiné, agrarni opatieni maiji
zasadni vyznam pro zachovani biologické rozmanitosti krajiny (Boutin et al,
2002), vcetné nékterych lesnich druhii (Wehling et Diekmann, 2007). Slouzi jako
prostiedi pro mnoho Zzivoc¢iSnych druhii (Forman et Godron, 1986, Burel et

Baudry, 1995).

Kovar et al. (2011a) ucinili také podobné zavéry v lokalité Vernefice,
vokrese Usti nad Labem. Zde terasy (maji podobny charakter, pouze se
nachazeji vlokalitdich s mirnéjsim skolen) maji odliSné hydro-fyzikalni
vlastnosti nez izemi mimo né a maji zejména nékolikanasobné vys$si hodnoty
infiltrace. Terasy funguji pii sniZzovani povrchového odtoku a da se
predpokladat, Ze maji i priznivy vliv na vodni reZim v obdobi sucha. Pii méreni
pomoci modelu KINFIL bylo prokazano naptiklad, Ze pri nejnebezpecnéjsim
Q100 (10") je pritok z navrhového desté redukovan terasami aZ o 60%. U odtoki
pfi opakovani castéjSim neZ N = 10 let jsou terasy chranény i trvalym travnim

porostem pred erozi.

Zavérem studii je prokazano, Ze pokud by pozemky mimo terasy byly
zpétné zmeénény napriklad na ornou pldu, mohlo by dojit ke zvySeni
tangencialnich napéti ve vyuziti plidy, ¢imz by povrchy nekryté trvalym travnim
porostem a nebo bez jiného ochranného opatreni, mohly prinést problémy

s vodni erozi. Dnes vzristaji hydrologické extrémy, jakymi jsou extrémni srazky,
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a proto terasy a parcely mezi nimi s trvalym travnim porostem mohou smérovat

k ochranné krajiny a predevsim jejiho vodniho rezimu (Kovdr et al, 2011b).

Studie 3 vplynulosti navazuje na Studii 2, kde vyuZiva stejnych
vstupnich dat astejného experimentalniho povodi, ale snaZi se porovnat
zjiSténé vstupni data i s vyuzitim jiného modelu. Studie porovnava vypocet
povrchového odtoku dvéma metodami ato jednotkovym hydrogramem
a kinematickou vlnou. Model KINFIL (Kovdr et VasSovd, 2011) je zaloZen na
kombinaci teorie infiltrace a transformace pifimého odtoku “kinematickou
vlnou” (Beven, 2001; Overton et Meadows, 1976; Stephenson et Meadows, 1986),
coz se osvédcilo na fadé experimentalnich povodi pti rekonstrukci historickych

povodnovych pripadi.

Jednotkovy hydrogram SCS je bezrozmérny hydrogram s jednou
kulminaci. Je to pravdépodobna odezva povodi na efektivni dést' za urcitou dobu
jeho trvani. UmoZniuje urcit hodnoty odtoku z ildajii o mnoZstvi srazek v daném
povodi. Jako prvni tuto metodu navrhl Leroy Sherman v roce 1932. Od té doby
je dale rozvijena a aplikovana. Povodi je jako celek povaZovano za systém.
Uvnitr tohoto systému se srazkovy vstup (pro nas efektivni dést) transformuje
na vystup (primy odtok). To vSe za predpokladu platnosti principu superpozice
a principu casové invariance. Podle prvniho principu zavisi velikost vystupu
linedrné na velikosti vstupu, casové rozloZeni vystupu neni tvarem vstupu
ovlivnéno. Vysledny vystup je roven souctu vystupt vyvolanych jednotlivymi
vstupy. Druhy princip zarucuje, Ze se vstupy liSici vzajemné pouze ¢asem svého
pocatku transformuji do vystupti, které se od sebe lisi také pouze ¢asem svého
pocatku. Prichozi odtok se konvoluci sklada s jednotkovym hydrogramem. Ten
se nasledné tvaruje do vysledného hydrogramu. Metoda efektivné modeluje vliv
intezity srazek na odtok z povodi v case. Zplsoby modelovani pomoci
jednotkového diagramu se déli na konceptudlni a empirické. Mezi konceptualni
metody patfi napf. metoda linearni kaskady (Nashova kaskada apod.). Mezi
empirické metody, vyuzivajici zdroje GIS patii Snyderova metoda a SCS-UH

metoda (Jenicek 2007; Mdca, 2010; U. S. Army Corps of Engineers, 2000.).

Kinematicka vlna je alternativni metoda pro stanoveni pfimého odtoku.

Oproti zminovanému jednotkovému diagramu je tato metoda fyzikalné zaloZena
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na modelovani vlastnosti povrchového odtoku vody. V praxi se tato metoda
pouzivad kromé modelovani odtoku z ploch, tak i vlivu jednotlivych pritokd,
které prispivaji k odtoku z daného povodi. Metoda bere v potaz predevSim
podélny a pri¢ny sklon, rozméry a drsnost odtokovych ploch a koryt samotnych.
Pro popis drsnosti povrchu odtokovych ploch se vyuZiva jiZ zminovany
Manninglv koeficient. JehozZ hodnota je pro rGzné typy povrchii urcena

hydrologickymi tabulkami (U. S. Army Corps of Engineers, 2000).

Vysledkem porovnani téchto dvou metod pro vypocet povrchového
odtku ze zajmové lokality nema jednoduchou odpovéd. Obé metody maji
odliSné datové potreby a maji odliSny charakter a nejsou snadno srovnatelné.
Mensi povodi jsou nachylnéjsi k vyraznéjsSim vykyvim (Brutsaert et Nieber,
1977; Boronina et al.,, 2005) jako je tomu i u naseho zvoleného povodi. Podobny
vysledek byl zjistén i pro dobu zdrzeni a pro vodu pouZitou se souvisejicimi

vykyvy zplisobené evapotranspiraci (Kirchner, 2009).

Jak jiz bylo fefeno, mald povodi jsou velmi nachylna na dnes velmi
Castéjsi vykyvy pocasi. Interakce mezi vegetaci a hypodermickou zénou, nebo
zonou mélkych podzemnich vod tvori dtilezité vztahy mezi dynamikou
ekosystému. Prvni priznaky kolisani stavli priitokd vody v dlsledku sucha na
malém povodi byly vyborné popsany pro suchy rok 1976 (Burt, 1979).
Zpozd'ovani zakladniho odtoku za pfimym odtokem s rozliSenim rezimi dne
anoci bylo rovnéZz detailné popsano Bond et al. (2002). Dal$i hydrologové
(Loheide et al, 2005) uverejnili podobna data kolisani priitokd rezimu den/noc,
jini sledovali tvary vytokovych ¢ar na malych povodich (Fenicia et al, 2006;
Winsemius et al.,, 2006; Mul et al., 2007; Dvorakova et al.,, 2014).

V posledni dekadé, diky extremé presnému tlakovému méricimu zarizeni
vodni hladiny (na zakladé principu “high resolution®, tj. vysoka rozeznatelnost)
byla publikovana rada ¢lankd, popisujicich podle zvinéné vytokové cary povodi
pritoky, ménici se ve 24 hodinach podle priibéhu vlivu evapotranspirace na
pritoky béhem den a noci (Zhang et al, 2001; Brown et al, 2004; Loheide et al,
2005; Winsemius et al.,, 2006; Fenicia et al,, 2006). Zejména ]J. W. Kirchner (2006
et 2009) ve sve studii “Catchment as simple dynamic systems®, formuloval
rovnici, vyjadrujici zmény bilance objemu vody v povodi. Hydrologické procesy
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na malych povodich byly poprvé analyzovany a popsany modernimi metodami
systémového inZenyrstvi aZ na konci dekady Sedesatych let (1966) a jejich
vysledky publikovany nasledné (Kraijenhoff et al., 1966). Systémové inZenyrstvi
v hydrologii v dnesSni dobé ale nachazi stale nové uplatnéni. Nejsou to jen
analyzy srazkoodtokovych procesii jako v minulosti, ale vztahy mezi odtokem
ovliviiovanym vyparem (Kirchner, 2009), dnes velmi aktualni problematikou
v dobé nastavajici klimatické zmény. Rozvoji této problematicky vdécime, jak
bylo jiZ vySe FeCeno, mérici pristrojové technice typu ,high resolution”. Oba dva
sméry vyzkumu, tj. méreni citlivych dat pritoki, ovlivilovanych podminkami
evapotranspiracea metodami matematického modelovani hydrologickych
procest jsou ve vzajemném analytickém vztahu tak, aby byla nalezena a pouzita
adekvatni matematicka metoda simulace vypoctenych a mérenych dat ,do jaké

miry“ miZeme kvantifikovat simula¢ni shodu.

Touto metodou je nesporné aproximace Fourierova rozvoje, tj.
Fourierovych rad (Hardy et Roginski, 1971). Extremni sucha jsou ¢asto urCovana
podle trendu vytokové ¢ary povodi. Tato ¢ara svymi vykyvy v dennich a no¢nich
hodindch vykazuje c¢asovou harmonickou fadu zplsobenou aktualni
evapotranspiraci obvykle mensiho fadu nez u stredné velkych povodi (Kirchner,
2006 et 2009; Deutscher et Kupec, 2014; Langhammer et Vilimek, 2008). U malych
povodi, obvykle do 10 km?, jsou tyto viny dobfte reSitelné Fourierovou radou,

zaloZenou na systémové teorii a na teorii ortogonalnich goniometrickych rad.

Relativné nejdtlezitéjSim a nejvice vypovidajicim procesem v hydrologii
jsou priitoky vody, které poskytuji pohled na dynamiku odtoki z povodi a jsou
pomérné presné meéritelné (Kirchner, 2009). Proto rada prispévkll vyuziva
téchto zkusenosti (Beven 2001; Tallaksen, 1995 aj.) a jako autori studie 4 a 5 se
knim radi ptipojujeme. Jak jiZ bylo uvedeno vySe, Starosuchdolsky potok je
monitorovan od roku 2011. Data zde jsou ziskavana za pomoci Thomsonova
prelivu prostiednictvim hladinoméru Vega Vegawell 71, k digitalizaci vysledki
je pouzivan AD konvertor DRAK3. Mérena data jsou na prislusnych 3 katedrach
CZU k dispozici online. Dliraz je dale kladen na relativni vlhkost piidy, ktera je
vyuzivana k vypoctim kontinudlniho sledovani vztahu k polni vodni kapacité

(FC) a tak vyuzita ke stanoveni aktudlni evapotranspirace, coz je jednim z cilt

50



tohoto vyzkumu. Ke stanoveni FC byla vyuZita jeji definice, Ze objem vody
v ptidé odpovida priiméru 0,371 m3.m-3 se standardni odchylkou 0,063 m3.m-3

(Romano et Santini, 2002) a pristroje HYPROP (Schindler et al,, 2010).

Velkou vyhodou pouziti metody Fourierovych rad vSak zlistava metoda
substituce chybéjicich dat casové fady sharmonickymi vlastnostmi
(ortogonalita procesu). Tento vypocet je jednoduchy a dopliovani rady casto
potiebné. Dokonce se zda, Ze archivace dlouhych Casovych rad se da, sice na
ukor presnosti, ale susporou kapacity medii zaridit nahrazenim celé rady
o vysokém poctu poradnic n, hodnotou poctu harmonickych koeficientii RR, kdy
se pak daji zpétné vypocitat jednotlivé poradnice, zatiZené jen malou chybou
(EC > 0,80) (Nash-Sutcliffe, 1970). Trendem dalsiho studia pomérli sucha je
Feseni aktudlni evapotranspirace povodi Starosuchdolského potoka, vychazejici

nejen z méreni pritokd, ale i vyparu z vodni hladiny vyparoméru.

Zavérem je moZno konstatovat, Ze vyuZiti Fourierovych frad pro
aproximace funkce vlivu aktualni evapotranspirace na odtokovy proces je
jednodussi svyuZitim transformace quasi-linearni konvoluci, nez fyto-
fyziologicka reSeni kapilarniho proudéni stomaty rostlin, abychom postihli vliv
evapotranspirace na odtok. V procesu odtok-vypar, kde byla vyuZita stejna
metoda aproximace pritokové rady Fourierovym rozvojem, jsou disledky
quasi-linearity procesu vice viditelné. Tento fakt tedy zplisobuje sice o néco
horsi vysledky, ale ty jsou stale jeSté dobre pouZitelné, viz hodnoty shody
méfenych a vypoctenych pritokl, vyjadiené koeficientem determinace EC.
ZaleZi také, dle naSeho nazoru, na vyraznych odtokovych epizodach, tj. na malé
vlhkosti povodi v diisledku sucha, kdy vytokova ¢ara ma jiz velmi maly sklon,
jako tomu bylo v pripadé epizody 2 a 3.

Pro veskeré hydrologické vypocty je dilileZité vybrat ten spravny model,
kterym se da simulovat pro nas dilezity povrchovy odtok. Vybér vhodného
hydrologicky modelu pro srazko-odtokové extrémy v malych povodich popisuje
pravé studie 6.

Konvektivni srazky s vysokou intenzitou na relativné malém povodji,

velky sklon podélného profilu koryta poniceny pricny profil a jeho okoli
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ovlivnéno erozi ¢asto zptsobuje velké Skody (Kovdr et Krovdk, 2002). ZlepSeni
predikce priatokd a urcovani objemi povodiovych vin jsou ekonomického
stejné dileZitosti jako Zivotni prostiedi (Camrovd et Jilkovd, 2006). Na povodi
Smédé bylo vyuzito dvou modelti KINFILu a modelu neurovych siti. Druhym
modelem pouzity v tomto dokumentu je uméla neuronova sit, ktera se sklada
z jednotek zvanych neurony. Pfenos a zpracovani informaci je ve formé excitaci.
Vyuku neuronové sité si milzeme predstavit jako zmény parametri sité
takovym zpilsobem, Ze vystupni neurony jsou excitované jako kombinace
vstupnich signalli (Rumelhart et McClelland, 1986). Inspiraci a vzorem modelti
umeélych neuronovych siti je nervovy systém Zivych organismu. Jeho zakladni
stavebni jednotkou je neuron. Jde o samostatnou bunku specializovanou na
prenos, zpracovani a uchovani informaci. Neuronti je cela fada typt, ale jejich

zakladni stavba je spolec¢na.

Pro rizné vypocty lze aplikovat rizné typy neuronovych siti liSici se
napriklad topologii, pfenosovymi funkcemi a zpiisoby uceni. PouZzivanych typt
neuronovych siti je velka rada. Maier a Dandy (2000) provedli rozsahlou resersi
zamérenou na aplikaci umélych neuronovych siti na hydrologické problémy.
Vyvoj v hydrologii je velice rychly a sedmnact let od vydani tohoto c¢lanku je
velmi dlouha doba, ale stale nejpouZivanéjSim typem neuronovych siti na poli

v 7

hydrologie jsou vrstevnaté sité s doprednym Sirenim signalu.

Povodi Smédé v Jizerskych horach ma velmi nelinearni srazkoodtokovy
proces. Mélké raselin pidy jsou malo propustné a extrémni casto zpulsobuji
erozi pidy a dokonce i smyvy pldy. Model KINFIL ve verzi s parametrem
odvozeni nasycené hydraulické vodivosti K, a sorptivity S, jako jednoduchy
model se tifemi parametry (spolu s Manningovou drsnosti n), se neukazal jako
moc spolehlivy pro simulaci extrémnich udalosti. Oproti tomu model umélé
neuronové sité ANN zahrnuje vztah mezi sraZkami a odtokem diky zastoupeni
dostupnych historickych dat. V naSem pripadé je kalibra¢ni proces zaloZen na
trénovani sité na zakladé udaji z nékolika epizod.

Dle dosazenych vysledkl Ize konstatovat, Ze umélé neuronové sité jsou
velice vykonnym ndastrojem pro predpovéd priitokd. PrestoZe uceni spolu
s vybérem vstupnich proménnych je znacné ¢asové naro¢né, samotny vypocet
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naucenou neuronovou siti je velmi rychly - neuronové sité lze tedy doporucit
ipro operativni predpovédi, jestlize paralelné pokraCujeme v tréninku

neuronové sité s novymi srazko-odtokovymi epizodami.

Dnes se velmi Casto stridaji obdobi rychlych a intenzivnich zaplav
s obdobimi vyrazného sucha. Piida ma velkou schopnost zmirfiovat tyto
negativni jevy. Je to dano zejména diky jeji vysoké infiltracni a retencni
schopnosti. V diisledku intenzivni lidské ¢innosti ma ptida nékteré své prirozené
vlastnosti a funkce omezené a zhorsené. Zasakovani a odtok vody v krajiné je
tedy zavislé na infiltraci vody do plidy a na ptirozené retenci. Vyskyt povodni
z intenzivnich privalovych destli se da ocekavat u pid, které jsou malo
propustné nebo utuZené a maji omezenou schopnost infiltrace vody do pldy

a retence.

Jednim z dulezitych cild komplexu protipovodiiovych opatieni je
postupné zvySovani retencni schopnosti krajiny. Jdna se o komplexni feseni,
i kdyZ maji jednotliva reSeni v horni, stfedni ¢i dolni ¢asti povodi sva specifika.
Z hlediska volby opatieni i jejich dlisledkl v protipovodnové ochrang, je treba
vZdy uvazZovat o povodi jako celku a nepreferovat lokalni ani regionalni zajmy

(Langhammer et al., 2004).

DalSi uzemi, ktera se potykaji s problematikou optimalizace vodniho
rezimu predevsim v klimaticky suchych obdobich, jsou napriklad nase zajmové
vysypkové lokality ze studie 7. Pro tuto studii byla vybrana povodi Radovesické
a Loketské vysypky. Hydrologicka bilance je nejzakladnéjsim prostiedkem pro
hodnoceni vyskytu a distribuce vody v povodi. Spociva v kvantitativnim
rozdéleni vody z atmosférickych srazek na jednotlivé bilancni slozky (Vaculin et
Soukalovd, 2003). Pribéh tohoto procesu zasadné ovliviiuji klimatické
podminky povodi a naopak. Pro analyzu bilance povodi byl vybran bilan¢ni
model WBCM-6. Model je podrobné popsan v literature (Kovdr, 1994; Kulhavy et
Kovar, 2002; Kovdr et al, 2004; Kovdr et al, 2010a; Kovdr et al, 2010b) a také

v literarni Casti této dizertacni prace.

Model WBCM celym svym jménem Water Balance Conceptual Model je

popsan v literarni resersi. Cilem modelu je zejména simulace dynamiky ptdni
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vlhkosti v aktivni a nenasycené zoéné, uzemniho vyparu a dennich odtokd.
WBCM model (Kulhavy et Kovdr, 2002; Kovai et Stibinger, 2006; Kovar et al,
2015b) je deterministicky, patiici do kategorie modelli koncepc¢nich, celistvych
(lumped) a nelinearnich s pravdépodobnostné rozdélenymi parametry po plose
modelovaného povodi tak, aby mohla byt zachovana jejich ploSna variabilita.
Kazdy kapacitni element modelu reprezentuje prirozenou zasobu vody
v jednotlivych vertikalnich subsystémech hydrologického profilu. Cilem vypoctu
je simulace dynamiky pldni vlhkosti v aktivni a nenasycené zéné, izemniho
vyparu adennich odtokli. Zmény zdsob podzemnich vod jsou simulovany
koncepcné, zvlasté pak s ohledem na tvorbu zdkladniho odtoku nebo na kolisani
hladiny podzemni vody. Vysledky modelu poukazuji na vhodnost zlepSeni
hydrologické retence aakumulace vody v povodi (predevsim v povodi
Radovesické vysypky), a to pomoci napft. biotechnickych opatieni. Situace
v povodich obou vysypek lze teSit vybudovanim systému malych nadrz,
infiltracnich prikopi nebo pdast ¢i ostatnich typli opatreni. Studie prinasi
vhodné reSeni situace v povodi obou vysypek, a to pomoci vybudovani systému
malych nadrzi, infiltracnich ptikopli nebo vsakovacich pasti, TTP ¢i ostatnich
typi opatfeni. Ve studii byly predstaveny inovacni pristupy v oblasti
modelovani vodniho rezimu. Mérena data byla ziskana pomoci velmi modernich
metod méreni. Velkym prinosem studie je, Ze prinasi mnoho konkrétnich
vystupl, které jsou vyuzitelné v inzenyrskych projektech tesSicich zlepseni
vodniho reZimu v daném uzemi. Tento problém byl také popsan Banks et al.
(2011), ktery hodnotil prostorovou a casovou konektivitu mezi povrchovou
a podpovrchovou vodou v povodi v chranéné oblasti. Realizace piidni vlhkosti
asimilaci dat byl také popsan podobnym zplisobem Han et al. (2012), ktery
zkoumal, jak data o vlhkosti povrchové vrstvy pldy ovliviiuji vSechny

hydrologické procesy na povodi.

V ramci reSeni moznosti ke snizovani dopadd hydrologickych extrému
zalezi také i na vegetaCnim krytu, na porostnich pomérech, ktery se liSi dle
oblasti. Ve vice vlhkych oblastech vegetace obvykle brani odtoku vody. Zimni
boure maji za nasledek odnos mensiho mnozstvi splavenin nezZ letni boure.

Nicméné, velké mnozstvi srazek a odtoku vyskytujici se béhem zimy mftize
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zplisobit mnozstvi erozi, a to z diivodu, Ze pldni pokryv je vzimnim obdobi

minimalni (Aksoy et Kavvas, 2005).

CHARAKTERISTIKY PLW(?DI'
MANAGEMENT POVODI
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Obr. ¢. 2: Fyzicko-geografické charakteristiky a management povodi,

ovliviiujici tvorbu povrchového odtoku a transport splavenin (Kovdr, 2011)

Ze schématu na obrazku €. 2 je patrné, Ze biotechnicka opatreni, ktera
jsou realizovana na svazich povodi, sklon, délka a propustnost plidy, mohou
ovlivitiovat povrchovy odtok (jeho celkovy objem, pritoky, dobu trvani a pohyb
splavenin). Déle se jedna o vyuZiti pidy, v prostoru mezi terasami je to trvaly
travni porost, a poslednim opatfenim je management povodi pfi pozemkovych
upravach, v tomto pripadé pri vzniku agrarnich teras. Pokud jsou tato opatreni
ucinng, mize dojit ke zlepSeni odtokového rezimu v danych lokalitach, a to i pri
extrémnich srazkdch. Schéma nam miZe pomoci pfi kvantifikaci srazko-
odtokového procesu, a to z divodu zmirnéni povrchového odtoku vrstevnicové

uspoiadanych agrarnich teras (Kovdr, 2011b).

Problematika hydrologickych extréma je v soucasné dobé velice
aktualnim tématem nejen v Ceské republice, ale i v zahraniéi. Vramci
vyzkumného tymu na Fakulté Zivotniho prostredi na Katedre biotechnickych

uprav Kkrajiny pod vedenim prof. Pavla Kovare byly zpracovany dil¢i studie,
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které svym charakterem prispivaji k reSeni této problematiky. Védecké studie,
které jsou soucasti této dizertacni prace, vznikaly postupné ajsou na sebe

logicky navazany.
7. Prinos prace a zavérecné shrnuti

Hlavnim zamérem téchto studii bylo posouzeni extremity udalosti a jeji
prostorové variability v ramci zajmovych tzemi Ceské republiky. Vysledkem je
vyhodnoceni faktori ovlivitujicich situaci v krajiné a jeji vodni slozky, které byly
podrobeny optimalizaci se zameéfenim na mozZnosti zvySovani akumulace
aretence vody v Kkrajiné, jako omezujici vliv na vytvareni katastrofickych
povodnovych pritoki. Jednou ze zkoumanych etap byla kvantifikace faktort
ovliviiujicich extrémni srazko-odtokové udalosti (povodné asucha), analyza

v

ucinnosti biotechnickych opatreni v povodi (protierozni a protipovodiové
ucinky stavajicich opatieni jako biotechnickych opatfeni), moZnosti téchto
opatfeni v krajiné a jejich vliv na G¢innost zvySovani kapacity a akumulace vody
v krajiné. Vysledky studii této disertacni prace potvrzuji, Ze je velmi dllezité

soucasnou krajinu chranit pred c¢astéjsSimi hydrologickymi extrémy.

Navic je dtlezité se zamérit i na stavajici management krajiny, diky
némuz miZe také dochazet ke sniZeni povrchového odtoku, zvySovani
celkového objemu vody a priatokl. Velmi tedy zalezi na funkci managementu
povodi. Metodika (2015b) a zavérecna zprava (2015c) poukazuji na vypocty
sniZeni povrchového odtoku za predpokladu zmény vyuZiti uzemi (land use).
Doporuceni vyplyvajici z této prace je pristup k problematice hydrologickych
extrémi napii¢ riznymi obory, které piindseji podrobné informace na vsech
urovnich, jsou relevantni anezbytné pro pldnovani managementu Kkrajiny

a ochrany pfrirody.

Obecné lze tici, Ze do budoucna je treba vénovat vétsi pozornost ochrané
krajiny pied povodnémi a také pired erozi. Povodné a erozni ¢innost predstavuji
od nepaméti znaCné ohroZzeni v krajiné. Drive uplatiiovany pristup
k protipovodiiové ochrané znamenal vétSinou realizaci technickych opatreni
bez ohledu na prirodni specifika krajiny, vegetaci, hospodareni na pozemcich,

nevyuzivani jednoduchych retencnich a akumulac¢nich opatreni. Dalsi z pristupti
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spociva v moZnosti navrhu a realizace opatreni prirodé blizkych, jako jsou
predevSim hydrologicky prijatelné formy hospodareni na pozemcich, moZnosti
infiltrace srazkové vody do pldy cestnim systémem prikopd, hrazkami
a terasami, prilehy a dalsimi opatienimi na ploSe povodi i na vodnich tocich.
Tato opatreni prirozené snizuji vySku efektivnich privalovych desti, které se
ucastni rychlého povrchového odtoku a mohou pravdépodobné redukovat

erozni Ucinky zptsobené extrémnimi srazkami.

V dnes$ni dobé maji podobné studie, které mohou ochranit vodni zdroje
avodni rezim v Krajiné, nezanedbatelny vyznam, a to z dlivodu soucasnych

hrozeb castych vyskytl hydrologickych extrém.
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8. Summary

The structure of the landscape is one of the most important factors that
affect biodiversity and ecological value of the landscape or spatial diversity. The
landscape is constantly changing. It is necessary to perceive changes in the
landscape connected with a previous or current development of the society.
Most of the agricultural land on the world is now threatened by some form of
soil degradation. The main problems include water erosion. Regulate water
runoff in the watershed has been applied for centuries. For example, the need of
regulation of the extreme water inflows during farming, due to significant

differences in the distribution of total precipitation.

On one hand the hydrological response rainfall fluctuation is very
aqueous period accompanied by floods, and on the other hand is the dry season.
The water has a dominant influence on the overall character of the landscape,
ecosystems, creating retention areas, accumulating reserves and is an important
transport medium in the cycle of the environment. Gradual loss of hydro-
ecological capacity of the landscape due to mismanagement man in the
landscape and advancing climate change on the water regime of the landscape
exhibit more frequent extremes, such as flood, water, and soil erosion and

negotiable drought.

Among most severe weather events belong of extreme values of the
meteorological elements. The extremes of the hydrological regime in the
watercourses include periods of drought, on the other side of is the flood
situation which represents a problems not only in the Czech Republic, but all
around the Europe as well. Registered changes or trends and more frequent
occurrences of extreme hydrological situations require new methodological and
technical approaches for the analysis of the hydrological and climatologically
data. Following the occurrence of several major floods in the last fifteen years,
the focus of the water management and governing bodies focused on the issue
of protection against floods, while drought was more out of the interest. The
drought in 2003, the year just after the flood, reminded that it is as serious and
dangerous phenomenon with large potential consequences. The recent years

there is a noticeable increase of the droughts and floods.
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One of the aims of this study is to illustrate and compare the functions of
historical terraces during repeated extreme rainfall-runoff events. Simulation
was performed for rainfall-runoff events such as recurrent time of the rainy
season, for both versions with and without the terraces. It is further desirable to
confirm the effect of erosion control and flood terraces of existing measures,
such as biotechnical measures. Their function is to slow the flow of runoff and
reduce erosion effect of the water. Therefore the aim is the measurement design
rainfall hyetographs and hydrographs caused by them, including the effect of

tangential stress and other hydraulic phenomena (depth, water speed,...).

For analysis is used the KINFIL model that is based on a combination of
the theory the rain infiltration and the direct runoff transformation by
"kinematic wave". Tested in number of experimental basins for the flood cases
reconstruction. Further analysis is made by the precipitation a drainage model
HEC-HMS, which is a simulation program developed by the US hydrological
center HEC. Application of this model can be divided to the treatment
schematization pointer by the previous collisions, calibration of the model
parameters, conversion schematization. To calculate the volume of the runoff
method will be used the NRCS CN method uses to calculate runoff losses by the
CN curves. The reason for its use is the primarily simplicity, and the low
demands on the data entry. This method determines the effective collision as
a function of the rainfall, soil characteristics, cover vegetation and the previous

saturation.

Another model that will be used is the Fourier model. This model
simulates the effect of the perspective on the actual evapotranspiration flow
mode 24-hour cycle, especially in the summer months during the different
conditions. The day / night cycle is fundamentally changing the flow. Nowadays
system measuring the flow of the sensitive sensors (type "high resolution")
corresponds exactly to the shape of the Fourier curve. The measured data flows,
the evaporation data from free water level and the soil moisture data are
available to be applied in this model. This model was derived already in the
1970’s originally for the rainfall-runoff processes, but for today’s more topical

issues, the drought, begins to be used up to now. This still underrated
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hydrological extreme "drought" should be taken seriously. Greater attention
should be paid to its harmful effects. Retention and accumulation of the water in
the landscape is very problematic. It will require increase of the effort to save
water and the need of the water reservoirs construction, including water
supply, underground tanks seducing relatively clear water from the roofs of

buildings and ensuring the development of the irrigation.

The main tools for the effectiveness measures of the implemented
measures analyzing in order to adjust the landscape water regime and to reduce
the damage caused by hydrological extremes there are mathematical models
also created at the Department of Land Use and Improvement, Czech University
of Life Sciences Prague (CULS). The aim of my work is to analyze the input data
using the above mentioned KINFIL model, the HEC-HMS model, the Fourier
method and the CN curves method on the area in the Czech Republic. The
possibilities of reducing the impact of hydrological extremes are preferred aim

of those studies.

The dissertation is processed in the form of the annotated set of the
scientific studies, which results were presented in articles published in the
scientific journals (full text works are in Annex 1-7). There are many similar
projects which can protect water resources and water management in the
countryside. This is very important due to the continuously increasing threat of

more frequent occurrences of hydrological extremes.
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IMPACT OF OVERLAND FLOW ON SOIL CHARACTERISTICS IN

EXPERIMENTAL PLOTS TREBSIN
H. Bacinova, P. Kovar

Department of Land Use and Improvement, Faculty of Environmental Sciences, Czech

University of Life Sciences Prague, Czech Republic
ABSTRACT

This paper describes the continuation of a simulated outcomes from the article published in
SWR Vol. 7, No. 3, using the KINFIL model to assess the runoff from extreme rainfall. The
KINFIL model is a physically-based, parameter-distributed 3D model that has been applied to
the Tfebsin experimental station in the Czech Republic. This model was used for the first time
in 2012 to simulate the impact of overland flow caused by natural or sprinkler-made intensive
rains on four of the nine experimental plots. Due to a limited space for a complete paper in
SWR Vol. 7, No. 3 we did not compute all measured experiments. Now, four years later, we
applied an original measurement on the plots No. 4 and No. 5 with two different soils. This
measurement of a rain simulator producing a high intensity rainfall involves also hydraulic
conductivity, soil sorptivity, plot geometry and granulometric curves to be used for a present
analysis. However, since 2012, the KINFIL model has been amended to provide a more
effective comparison of the measured and computed results using new parameter values as the
storage suction factor and field capacity on the plot 4 and plot 5. The KINFIL model uses all
input data mentioned above, and it produces the output data as gross rainfall, effective
rainfall, runoff discharges hydraulic depths, hydraulic velocities and shear velocities as well
as shear stress values depending on the soil particle distribution. These processes are

innovative, physically based, and both the measured and the computed results fit reliably.

Keywords: hydrological model; water erosion; infiltration; kinematic wave
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INTRODUCTION

Soil and water resource protection are crucial for productive agriculture and sustainable
environments. Soil erosion and sediment redistribution are processes to be presently studied
using measurement tools, modelling tools, and management (OWENS & COLLINS 2006;
KIRKBY 2011). Earlier models were not developed for predicting event erosion, but for an
assessment of soil loss, using the Universal Soil Loss Equation (USLE, WISCHMAYER &
SMITH 1978). Current research on erosion modelling is concerned with soil-physics
parameters that reflect their properties in a non-homogeneous space. Recent erosion
simulation models like WEPP (FLANAGAN & NEARING 1995) and EUROSEM
(MORGAN et al. 1998) require a considerable amount of data and operate on rainfall-runoff
event basis. The KINFIL model is a physical 3D model, based on a combination of infiltration
and transformation of direct runoff. In 2011 (KOVAR & VASSOVA 2011), this model was
used for the first time to simulate the impact of overland flow caused by natural or sprinkler-
made intensive rains on various experimental plots. A pair of technical devices (the RISWC
Rain Simulator and the KINFIL model) produced the results presented in this paper. The
devices compile records of rainfall and the corresponding overland flow discharges, and also
hydraulic variables such as depths, velocities, shear stress and shear velocities, which are
presented for a comparison with measured overland flow discharges. The intensive effective
rainfall causes direct runoff, which is calculated by the Green and Ampt method (GREEN &
AMPT 1911) adapted by Morel-Seytoux (MOREL-SEYTOUX & VERDIN 1981). The rest
of the flow infiltrates down to be subtracted from the direct runoff, or alternatively according
to the SCS CN method, which was developed by the U.S. Soils Conservation Service (SCS
1972 & 1986) and by the U.S. HEC-HMS (ARMY CORPS OF ENGINEERS 2015). In this

study, we use the Green and Ampt method, which is suitable for small areas. Changes in land
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use and farm/land management can also be tested (KOVAR & HRADEK 1994; KOVAR et

al. 2011; KOVAR et al. 2012).
MATERIAL AND METHODS

The KINFIL model is currently used for simulating erosion processes and for predicting the
vulnerability of soil to water, inasmuch as surface runoff and water erosion are closely
related. In the calculation, we designed rainfall events on the experimental plots 4 and 5 in
Ttebsin, which are located close to the nearest rainfall recording gauge at BeneSov. These
rainfall-runoff events were reduced from 15 to 20-minute critical periods of high-intensity
rainfall on recurrence interval between 2 years and 100 years. However, this is only to assess
rainfall parameters (depth and intensity) close to 80-years measurement (SAMAJ et. al. 1983).
Using a rain simulator (RISWC), we measured the area of the rainfall-runoff simulations 4 =
30 m” (i.e. length L = 10.0 m, width 7= 3.0 m) on two plots, using mainly experimental plots

No. 4 and No. 5.

The KINFIL model takes into account the physical-geographical characteristics of the
experimental areas or small catchment-plots and the soil hydraulic properties, which can be
obtained by direct measurement. The model is primarily designed to derive peak flows during
simulations of variants with different input conditions, e.g. a change in land use
(deforestation, urbanization, etc.). The model is based on a combination of infiltration theory
(INFIL) and transformation of the runoff by a kinematic wave (KIN). The current version of
the KINFIL model can be combined with a GIS interface (KOVAR et al. 2011; KOVAR &
VASSOVA 2011; DOSTAL et al. 2014). The KINFIL model is based on the Green and Ampt
theory of infiltration, and also introduces the concept of production according to MEIN
& LARSON (1973) and Morel-Seytoux (MOREL-SEYTOUX & VERDIN 1981; MOREL-

SEYTOUX 1982):
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Zf+ Hf) de t. = —f
K |——)=06s— 60—~ Sp= (6,— 0)).Hf, P (1)
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where K is saturated hydraulic conductivity (m/s), zs is depth of infiltration (m), 6 is
saturated soil moisture (-), ; is initial soil moisture (-), Hr is suction pressure below the
infiltration depth (m), i is rain intensity (m/s), Sy is storage suction factor pressure (m), t,, is
ponding time (s), and t is time (s). The infiltration process is investigated on the basis of the
Green and Ampt theory in the organization as adapted by Morel-Seytoux, based on a
calculation of ponding time t,. In this point, we have simplified the computational
programme to introduce directly S (8g¢) for S¢. The soil sorptivity for field capacity water

(m/s") is then given by:

S (Bpc) = /ZKS .Sy (2)

from the Green and Ampt equation:

(6s — 6;) . Hfl 3)

= K,.|i +
'Uf Sll W

where W is the cumulative infiltration (m). The kinematic wave sub-model is a part of the
model with distributed parameters that can be used for a variety of geometric shapes, e.g. for a
cascade of flat planes, convergent or divergent segments, or for sections of concentrated

runoff in catchments.

Water flows on a flat plane or on convergent/divergent segments and can be expressed as a

kinematic wave equation:
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where q is the flow rate per unit width of the slope (m*/s), i, (t) is the intensity of the effective
rain (m/s), @, m are hydraulic parameters, t and x are time coordinates (s) and position

coordinates (m). By combining the equations, we get:

dy me1 0¥
R —l1_ = y 5
3¢ + may F i, (t) Q)

The kinematic wave model with an explicit numerical scheme provides a solution (LAX &

WENDROFF 1960) for the depth of the water flow:

, At i
y;+1 =y — m _(ay}:l_l - ay]-"_ll — 2Ax (le)]')

(At)? _ B .
+ T Az B (amyliTt + amy ™) (ayft — ayt — Ax.(ip)))

At)? (6)
- ﬁ '(amy]m_l + amy,-’fil) Aay™)j— (ay™)j-1

A .
—dx i)y + 5 G = (o))

In this equation, all variables that are not marked with superscript i + 1, are considered to be
running with a time step of i (i + At =t + At). Subscript j denotes the step surface x (j +
Ax = x + Ax). In order to solve other hydraulic variables, the hydraulic depths y}“ have to
be used as the most important starting variables (see eq. 6), which is applied further for the

hydraulic velocities v/*", the shear velocity (v *)%*' and the shear stress 7*'). All the

following free additional variables have been computed from the hydraulic depths y}“.
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vl = a;.(yH)™ Y, (v} = /g-Yj Y 1= p.9.Y; Y (7)

where a;, m; are hydraulic parameters, Y} is the slope of the land (-), g is the acceleration of

gravity (m/s®) and p is the density of water (kg/m?). The KINFIL model can be used as a
hydrologically-based instrument for determining the hydrological characteristics when

designing technical erosion control measures (KOVAR et al. 2012; KOVAR et al. 2016).

The experimental area is located about 40 km south-east of Prague, close to the village of
Tiebsin (49°51'15"N, 14°27'49"E). The experimental research location is operated by the
Research Institute for Soil and Water Conservation in Prague-Zbraslav. The average slope of
the plots is about 7° to 8°. There are soils with different hydraulic properties (see Table 2).
The scheme of the experimental runoff areas is illustrated in Figure 1. A field rain simulator
was used to simulate rainfall (see Fig. 2). It is made from duralumin, and stands 3 m above the
terrain. The tubes are provided with nozzles (FullJet spraying system), (FLANAGAN &
NEARING 1995) with a wide range of spray droplet sizes (104° at a pressure of 34.5 kPa),
approaching natural driving rain. The size of the water drops is close to the size of natural rain

drops.

The average values for saturated hydraulic conductivity Kg and for sorptivity S (6gc) were

obtained by the infiltrometer method (double cylinders) for a saturated state.
Figure 1; Figure 2
RESULTS AND DISCUSSION

The rainfall data was produced by a rainfall simulator RISWC and also by a tipping bucket
system. For dry land, data from 30/7/2008 and from 1/8/2009 was assessed and, for wet soil,
data from 13/7/2009 and from 12/8/2009 was also assessed. Basic information on the runoff

situation, together with the hydrological parameters, is presented in Table 1.
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The effective rainfall was calculated using the KINFIL model, into which the following
information was entered: saturated hydraulic conductivity, soil sorptivity, rainfall, time, and
the Curve Number (CN) value. Then after the INFIL part the effective rainfall model
automatically completes the KIN part. The overland flow was calculated using the kinematic
wave hydrological parameters (o, m), granulometric curves or Manning roughness (n in our
case), surface plots, and time. The effective rain and the overland flow are shown in Table 2.
Figures 3, 4, 6, 7 show the effective rainfalls during simulator sprinkling. The hyetograph
rises rapidly in the first minutes, then the levels stabilize. Finally, the levels decrease more
slowly than they had risen at the beginning of the process. There is a delay of about 2 min
before runoff begins. The model shows how the effective rainfall and the corresponding
runoff hydrographs reflect the state of the soil, especially its ability to infiltrate rainwater. The
values of the computed hydraulic parameters K and S¢ (or S (87 )) were recorded in 2008 and
2009. Figures 5 and 8 present the values of the hydraulic depths, the hydraulic velocities and
the shear velocities. The measured and computed hydrographs were compared using the Nash
and Sutcliffe efficiency coefficients (NASH & SUTCLIFFE 1970), see eq. (8) and Figure 3,

4,6,and 7:
N N
EC=1-() (0= 0C))/( (@i - D)) ®)

where: Q;...discharge measured (I/s), QC;...discharge computed (I/s), Q...average measured
discharges (l/s), N...number of discharge ordinates (-). Their goodness of fit is very

satisfactory and all coefficients of efficiency (EC) are well acceptable (0.77< EC <0.85).

Table 1 provides EC values. According to the runoff measured and computed values in the
last two columns of the Table 1 seems that their differences are negligible. However, if

compared in Figures 3, 4, 6 and 7 the measured discharges are more jagged than the computed
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hydrographs. The absolutely perfect EC goodness of fit is 1.0 (-), acceptable values are
greater than 0.75 (-). The data from plot 4 and plot 5 was applied in the KINFIL model for the

same rainfall duration td = 20 min.

Table 1; Table 2
Figure 3; Figure 4; Figure 5; Figure 6; Figure 7; Figure 8

CONCLUSIONS

A reliable rainfall RISWC simulator, including appropriate devices for overland flow
measurements that also set up the parameters of the model, provided useful physical
equipment for studying the runoff processes. enr Table 2 describes both experimental plots No.
4 and No. 5, each of which is 30 m” in area. The KINFIL model evidently has a broad range
of applicability (KOVAR et al. 2012). The complete set of devices that comprises the KINFIL
model enables the user to calibrate the parameters of the model, i.e. saturated conductivity K
and storage suction factor S; the Manning roughness coefficients n, geomorphology and
granulometry. This set corresponds to the devices and the model structures (AMORE et al.
2004; MORGAN & NEARING 2011). The characteristics of soil hydrology are different. The
most important parameter is the hydraulic conductivity K¢ and the storage suction factor Sg.
The result variables are overland flow discharges, hydraulic variables, e.g. depths, velocities,
shear stress and shear velocities, measured accurately enough to be compared with the
measured overland flow discharges, changes in land use and farmland management. In
conclusion, it may be stated that the joint application of the KINFIL model and the RISWC
rainfall simulator has the following advantages: firstly, it provides results from a physically-
based scheme and, secondly, it provides a way to calibrate model parameters for a simulation
of a natural rainfall-runoff event. For a subsequent computation of the soil loss we can start
with granulometry of the soils to distinguish between the effects inter-rill erosion and rill

erosion on the critical shear stress values and the revetment role of biotechnical measures.
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Table 1: Basic information on rainfall-runoff simulated events (15 minutes)

Plot Date Dry [D] Nash-Sutcliffe  Rainfall Runoff measured Runoff computed
No. Wet [W] coefficient (-) [mm] [mm] [mm]

4 30/07/2008 D 0.80 13.66 9.37 9.26

4 13/07/2009 w 0.77 13.83 8.37 8.22

5 01/08/2009 D 0.85 13.21 5.77 5.57

5 12/08/2009 W 0.78 13.21 6.17 5.99

Table 2: Plot geometry, crop and soil hydraulic parameters

Site  Slope Area Crop Saturated hydraulic Sorl();lvity 5 Storage suction
0 2 - . FC
No. [%0] [m] conductivity K, [mm/min] [mm/min®’] factor Sy [mm]
4 14.3 30 maize 4.36 4.64 2.47
5 13.5 30 maize 1.65 4.13 5.17

11



Figure 1: Plan of the experimental runoff plots in Tiebsin
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235  Figure 4: Simulated rainfall-runoff events - Plot 4, date: 13/7/2009, maize, condition of land: wet; DT
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239  Right: Plot 4, Hydraulic variables date: 13/7/2009, maize, condition of land: wet; DT = 1 min
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244  Figure 8: Left: Plot 5, Hydr. variables date: 12/8/2009, maize, condition of land: dry; DT = 1 min.

245  Right: Plot 5, Hydr. variables date: 12/8/2009, maize, condition of land: wet; DT = 1 min

0,08
0,08

depth e velocity

shear velocity depth velocity shear velocity

0,002
0,002

ity [m/s]

water depth [m]
0,03

0,02
water veloc

i

water depth [m]
0,03
water velocity [m/s]

0
ﬁ
-0,02

8 12
time [min] time [min]

246

14



STUDIE 2: KOVAR P., BACINOVA H., LOULA ].,, FEDOROVA D.,
2016: Use of terraces to mitigate the impacts of overland flow

and erosion on a catchment. Plant, Soil and Environment, Vol.

62, No.4:171-177,doi: 10.17221/786/2015-PSE.



Plant Soil Environ. Vol. 62, 2016, No. 4: 171-177

doi: 10.17221/786/2015-PSE

Use of terraces to mitigate the impacts of overland flow
and erosion on a catchment

P. Kovar, H. BacCinova, J. Loula, D. Fedorova

Department of Land Use and Improvement, Faculty of Environmental Sciences,
Czech University of Life Sciences Prague, Prague, Czech Republic

ABSTRACT

The paper presents the impact of a historical system of terraces constructed centuries ago to mitigate the effect of
a steep slope on overland flow. Systems of this type were constructed in past centuries by land owners, who then
ploughed the land and grew crops on it. They used stones collected from the local agricultural fields as their ter-
racing material. The influence of terraces on overland flow was simulated using the KINFIL. The overland flow is
therefore reduced by greater infiltration of extreme rainfall excess flows on the terraces, and the KINFIL model
shows to what extent the system of terraces can mitigate the resultant flood and soil erosion. The Kninice locality
in North-Western Bohemia, with seven terraces and six field belts between them, was selected as the experimental
catchment area. The results compare hydrographs with N-year recurrence of rainfall-runoff time, where N = 10, 20,
50, and 100 years, and the hydraulic variables, e.g. overland flow discharges of a design rainfall, hydraulic depths,
flowing water velocity, and shear stress. The comparison provides hydraulic results with terraces and without ter-
races. The contrast between the results with and without terraces shows the positive role of the system of terraces

in protecting the field belts.

Keywords: extreme precipitation; infiltration intensity; soil protection

In many mountainous parts of the landscape
in the Czech Republic, there are localities with
a dominant slope length parameter that can be
interrupted by steps, by terraces, or by hedgerows.
These technical and biotechnical measures were
made by landowners since the late Middle Ages,
when these highland areas were first colonized
(L6w and Michal 2003).

Extensive agriculture has had a long tradition in
North-Western parts of Bohemia. Steep slopes were
protected by terraces made from stones collected
from neighbouring fields. This practice kept many
people alive, from the beginning of colonization up
to the middle of the 20" century. The dimensions
of the terraces vary according to the geographical
diversity of the landscape, according to the height,
width and length values in relation to the slope
angles and slope lengths. All historical remnants

of mediaeval landscape have important landscape
formation and landscape stabilization attributes
(Mérot 1999, Marshall and Moonen 2002).

The best positioning of the prevailing axis of
the terraces corresponds with the direction of
the contour lines when the direction of the water
flow is perpendicular to them. This can mitigate
overland flow and protects the effective field belt.
These belts transform part of the flow, reduce its
velocity, and enable it to infiltrate due to greater
hydraulic conductivity.

MATERIAL AND METHODS

Description of the simulation is provided in
Figure 1 and Figure 2. Figure 1 shows a map of
a standard geographical situation with marginal

Supported by the Technological Agency of the Czech Republic TACR, Project No. TA02020402.
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®
EXPER. RUNOFF AREA

®
PRAGUE

views (on the left), where the terraces are covered
by trees and shrubs which, from above, look like
hedgerows. Figure 2 provides the scheme of the
placement of typical stone terraces that serve as
measures in support of infiltration and for mitigat-
ing overland flow discharges. A detailed view of
two neighbouring terraces is provided in Figure 3.
Their construction provides effective obstacles to
overland flow, offering high water permeability
through a stone body with various diameters, thus
reducing the hydraulic velocity. There is usually
also a high diversity of vegetation.

A number of these terraces are characteristic
for the area of the Ore Mountains (Kru$né hory),
Adolfov, Fojtovice, Libouchec and the northern
part of the Central Bohemian Uplands (Orlik and
Vernerice).

The Libouchec experimental runoff area in the
Kninice region in the Ore Mountains is well pro-
tected, and its terraces still provide good soil ero-
sion control. This area was therefore selected as a
case study area to test the differences in discharges
between a steep slope that was not protected in
the past and a slope protected by terraces. Using
the infiltrometer measurements, it was found that
the terraces at Kninice are more than 0.5-0.6 m
in depth, and their upper edges are usually higher
(by 0.10-0.30 m) than the neighbouring land.
Experimental area. The Kninice experimental

172

Figure 1. Situation of the Kninice village

runoff area (ERA) is one of the best-protected
areas in the Ore Mountains as regards soil erosion.
The reference system of terraces is effective and
reliable. It is 8.80 ha in area, with 7 terraces and
6 field belts between them. The only drawback
with this catchment is that it is ungauged. The
geodetic measurements were carried out by the
GMSS Trimble-type total station. The processing
was executed using the Geodimeter 640 by the
polar method, and the mapping was carried out
within the Kokes system, version 1250 (Gepro,
Prague, Czech Republic). The final mapping was
amended in the Atlas system (Atlas, Prague, Czech
Republic).

The average elevation of the catchmentis 517.0 m,
and the catchment ends not with a single outlet

Figure 2. Situation of the experimental runoff area —
1:3000
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Figure 3. Scheme of terraces protecting field belts against soil erosion. Infiltration parameters are measured on

both terraces and on field belts

profile, but with an open contour line profile which
is about 400 m in width, transferring the surface
runoff down to the rest of the catchment, where
the slope is gentler. Slope ] downstream within the
catchment on arable land (nowadays permanent
grassland) is Jpg=0.04t00.12, and on the terraces
the slope is Jpp = 0.34 to 0.61.

Figure 3 shows the principle of the longitudinal
profile of a typical pair of terraces with one field
belt between them. The complete longitudinal
profile of the whole system of protective terraces
is shown in Table 1. The width was rounded to
400.0 m, and the Manning roughness coefficient
n was assessed to be 0.100 on the fields and 0.150
on the terraces (Fread 1989).

The climate in the catchment area is mild-warm
and humid. The average annual temperature is
between 6.5°C and 7.0°C, and the long-term annual
precipitation varies between 650 to 750 mm. The
geological structure of the study area is mainly of
leistocene orthogenesis and quaternary stony and
stony-loam sediments. The dominant soil type
consists of mesotrophic to entropic Cambisols,
which can be characterized as water-permeable
silt loam and sandy loam.

Field measurements. The procedure of the
Richards equation (Kutilek and Nielsen 1994) and

the Philip’s solution for non-steady flow infiltra-
tion (Philip 1957) was used. The shortened Philip
equation for the infiltration intensity v, into the soil
with saturated hydraulic conductivity K  (mm/h)
and sorptivity (mm/h®?), has the form:
ve(t) =% S x t712 4+ K_ (1)
Subsequently, parameters K and S were both
computed, applying the method of the non-linear
regression (Kovaf et al. 2011, Stibinger 2011).
Table 1 provides the values of the measurements
of hydraulic conductivity K_ and also sorptivity S,
measured four times each in four terraces and four
fields. This table also shows the average values of
K and S, and also provides the storage suction
factor S; (mm):
SZ

Se= —
2k,

()

The final parameter values are given in Table 1.
The average storage suction factor for fields is S; =
28.0 mm, and for terraces is S; = 20.0.mm. The
K, value for the terraces is about 4.3 times higher
than for the field belts. The S value for the ter-
races is about 1.7 times higher than S value for
the field belts.

Extreme rainfall assessment. The Kninice
catchment uses the rainfall data from the Usti nad

Table 1. Experimental runoff areas and the fragmentation of the Kninice catchment

length (m) 6.00 20.60 17.90 13.70 48.50 21.50 19.40

Fields Y 147.60
slope (-) 0.04 0.07 0.06 0.04 0.12 0.05 0.04
length 11.30 10.70 13.90 10.40 12.40 10.70 3.70

Terraces ¥ 73.10
slope 0.36 0.43 0.37 0.45 0.35 0.34 0.61
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Table 2. Measurement of soil hydraulic values: hydraulic conductivity K. (mm/h); sorptivity S (mm/h%?), and

storage suction factor S; (mm) and average values on terraces and on fields

Number of measurement 1 2 3 4 Average
Hydraulic conductivity 29.0 32.0 26.0 33.0 30.0
Sorptivity on terraces 34.2 33.5 32.6 38.0 34.6
Storage suction factor 20.2 17.5 20.4 21.9 20.0
Hydraulic conductivity 5.0 9.0 6.0 8.0 7.0
Sorptivity on fields 17.0 22.4 19.4 20.3 19.8
Storage suction factor 28.9 27.9 31.4 25.8 28.0

Labem — Kockov station, which is located 9 km
away. This rain gauge provides daily rainfall data
with a return period N = 2, 5, 10, 50 and 100 years,
as shown in Table 3. Due to the small catchment
area, the periods of critical rainfall duration were
selected for time t,= 10,20, 30 and 60 min and a
return period of N = 10, 20, 50 and 100 years. The
DES_RAIN procedure (http://fzp.czu.cz/vyzkum)
was used to compute the reduction in the daily
rainfall depths P, ,, (Kovar et al. 2011). This pro-
cedure is based on regional parameters 4 and c,
which were derived using the methodology by
Hradek and Kovar (1994) with the results provided
by Table 3, where P,  is the maximum extreme
rainfall depth (mm), less than 1 day duration and
return period N years.

The value of one-day extreme rainfalls P, ,  was
used from the published rainfall data records of
the series from 1901 to 1980 (Samaj et al. 1983).
These short-duration extreme rainfalls were tested
using the KINFIL rainfall-runoff model.

KINFIL rainfall-runoff model. The 3D KINFIL
model accepts two parts of the hydrological pro-
cess. The first part is infiltration of rainfall to
create rainfall excess, and the second part is the

Table 3. Maximum extreme rainfall depths P,  of short
duration in the station Usti nad Labem (mm)

N Py t (min)

(years)  (min) 10° 207 30 60’
2 30.6 10.1 12.4 14.0 16.3
5 41.8 14.7 18.2 20.7 24.8
10 49.0 17.6 22.4 15.7 30.7
20 56.5 21.5 27.4 31.6 38.0
50 65.7 26.3 33.8 39.2 47.5
100 79.2 325 42.1 49.1 59.4
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overland flow production from rainfall excess and
its transformation into a final runoff hydrograph.
The model also has marginal results, e.g. hydraulic
depths and velocities. It is physically based, and
was been used since 2002 for simulating rainfall-
runoff processes on gauged and ungauged catch-
ments (Kovar et al. 2002). Since 2002, the model
has been supplemented to simulate the hydraulic
processes needed for shear stress values to com-
pute erosion (Kovar et al. 2011).

The rainfall excess r, (t) is computed by sub-
traction from the extreme rainfall intensities i (t)
of return period N in order to obtain the rainfall
excess hyetograph r, (t):

r, (t) =i(t) = v, (t) (3)

This infiltration part of the KINFIL model is
based on the infiltration theory of Green and
Ampt, applying the concept of ponding time and
the storage suction factor S, by Morel-Seytoux
and Verdin (1981) and by Morel-Seytoux (1982):

d Ze+ H
_ zf [_f f]
=0, — 8,)—= K_|— (4)
vf (s t)dt 5 z

The left-hand side of Eq. (4) expresses the Darcy
principle for the infiltration process v, (t), while
the right-hand side of the equation reflects the
Green-Ampt theory (Rawls and Brakensiek 1983).
The Darcy principle was used by many authors
(e.g. Morel-Seytoux and Verdin 1981). In Eq. (4),
(8, — 8,) the difference between the saturated
soil moisture content and actual content (-), z
is the depth of the infiltration front, and z is the
vertical ordinate (both in m). K_ is the hydraulic
conductivity (m/s), and H;is the capillary suction
on the infiltration front (m).

The second part of the KINFIL model is the
overland flow component, using the kinematic
equation (Kibler and Woolhiser 1970, Beven 2006):
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Figure 4. Hydrographs comparison on the Kninice catchment with a terrace infiltration function and without

it, for extreme rainfalls of various return periods N (years) and time periods t, (min)

dy dy
—+ a.m.y" ==t

Where: r, (t) — rainfall excess intensity (m/s); y, £, x — or-
dinates of the depth of water, time and position (m, s, m);
a, m — hydraulic parameters.

This equation describes non-steady flow, ap-
proximated by a kinematic wave on a plane or a
cascade of planes or segments. It is computed using
the finite differences scheme (Lax and Wendroff
1960). The upper boundary condition of the Lax-

Wendroff scheme is y (x, 0) = O for all values of x.
Figure 4 shows the view of the longitudinal profile,
and Table 2 provides the measured parameters.
This system puts emphasis on the geometry of the
planes, their slopes and the hydraulic roughness
conditions.

RESULTS AND DISCUSSION

The simulation by the KINFIL model was im-
plemented for all events in the return periods of
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Table 4. Major rainfall parameters and runoff hydrograph peaks on the Kninice catchment without terraces

and with terraces

N Duration Rainfall Effective excess (mm) Hydrograph peak (m?3/s)
(years) time depth without with without with
t, (min) (mm) terraces terraces terraces terraces

10 17.6 8.38 5.31 0.60 0.19
20 22.4 8.71 4.08 0.61

10 30 25.7 8.39 2.78 0.52 0.08
60 30.7 521 0.18 0.23 0.06
10 21.5 12.18 8.89 1.11 0.45
20 27.4 13.49 8.23 1.09 0.41

20 30 31.6 13.90 7.07 0.85 0.31
60 38.0 11.19 2.32 0.43 0.09
10 26.3 16.94 13.52 1.89 0.94
20 33.8 19.78 14.17 1.63 0.99

>0 30 39.2 21.30 13.77 1.24 0.82
60 47.5 20.00 8.28 0.69 0.33
10 32.5 23.12 19.65 3.00 1.75
20 42.1 28.03 22.27 2.28 1.79

100 30 49.1 31.12 23.26 1.75 1.37
60 59.4 31.62 18.41 0.99 0.66

their duration L, = 107, 207, 30’, and 60" for the
basic scenario without terraces and with terraces,
to see how much they reduce the overland flow
discharges. The sub-catchment areas were frag-
mented to reflect the fact that each field belt has
one biotechnical protective measure in the form
of a terrace. The geometric dimensions of the ter-
races correspond to the real situation. The final
results are shown in Table 4 and Figure 4.

The highest values of the hydraulic variables are
on N = 100 years rainfall with 10 min duration when
the depth of overland flow is about 0.2 m, hydraulic
velocity 0.34 m/s and the shear stress is about 42.0 Pa.

There are a few hydrological models that can
simulate infiltration and overland flow processes on
agricultural bench terraces (e.g. Amore et al. 2004,
Zhao et al. 2000, Aksoy and Kavvas 2005). A simpler
geomorphological system of erosion control usu-
ally provides better modelling (Maidment 1992).
The terrace system at Kninice is a good example.
An analysis of the effects of terrace configuration
on peak flow, and on the delay to peak flow on an
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undisturbed hillslope can also provide informa-
tion leading to improved land management (e.g.
Hallema and Moussa 2014, Vetter et al. 2014).

In conclusion, slope terraces have distinct hydro-
physical characteristics that are different from
the characteristics of field belts where there is
permanent grassland growing between them. The
area of the field belts in the Kninice study area is
about 2/3 of the 8.80 ha sub-catchment and the
rest of the area is taken up by terraces. One third
of the farmer’s arable land has to be taken out of
agricultural productions. As a result of their fa-
vourable infiltration characteristics, the terraces
act as biotechnical infiltration and erosion control
measures for decreasing the overland flow. They
may also have an important influence on the water
regime during dry seasons.

Simulations using the KINFIL model proved that
due to the favourable infiltration characteristics of
the soils in the Kninice catchment, the hydraulic
depth of the overland flow for gross rainfall with
return periods of N = 2 and 5 years is insignificant
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(Table 4). The discharges caused by rainfall with a
return period of N = 10, 20, 50, and 100 years could
be harmful if there were no terraces. In the most
critical runoff Q, ), (10°), the discharges are reduced
by the terrace system from a value of 3.00 m3/s
to a value of 1.75 m3/s (i.e. by 42%).

However, if the plots of permanent grassland were
to be transformed into arable land for growing field
crops, there would surely be inadequate protection,
due to the changes in the critical shear stress of soil
that is not covered by permanent grassland.
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ABSTRACT

Currently, there are ongoing discussions about the character and applicability of the model of
kinematic waves. Researchers and practitioners have reported both the successes and failures of
the model (Hromadka & DeVries 1988). In this publication, the greatest attention was paid to the
question whether the kinematic wave may eventually replace other proven methods of generating
runoff, such as a dimensionless Unit hydrograph for calculating the overland flow in
mountainous regions with historical system of terraces. Terraces serve as an effective barrier for
the surface runoff, which thanks to its stone design with different diameters have a high
permeability for water, thereby reducing the hydraulic speed. The typical terraces usually have a
high diversity of vegetation.

As the experimental catchment area was selected the Kninice locality in North-Western Bohemia
the Ore Mountains, consists of seven terraces and six field belts between them. The overland
flow was computed using two different methods: kinematic wave method and SCS
dimensionless Unit hydrograph (UH). For presenting kinematic wave method was used the
KINFIL software; for SCS dimensionless hydrograph was used the HEC-HMS software. The
results compare hydrographs with N-year recurrence of rainfall-runoff time, where N = 10, 20,
50, and 100 years. The comparison provides hydraulic results with terraces and without terraces
computed using both software.

The computation simulates two different methods, though geographical data measurements as
well as soil hydrology measurements use the same data and, as mentioned above, the comparison
results are presented and discussed.

Keywords: extreme rainfall, infiltration, Unit hydrograph, kinematic wave, soil protection
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Introduction

Experimental area

The size of the changing terraces and field belts site reaches 8.80 ha, and it is much larger than
the Experimental Runoff Area (ERA), which is 2.21 ha. A description of our experimental area
is provided in Figure 1. This Figure shows a map of a standard geographical situation with
marginal views (on the left), where the terraces are covered by trees and shrubs which, from
above, look like hedgerows. On the right side is implied Kninice village on a map of Czech
Republic geodetic survey of this areas. Figure 2 provides the scheme of the placement of typical
stone terraces that serve as measures in support of infiltration and for mitigating overland flow
discharges and it gives the detailed view of two neighbouring terraces. Terraces serves as an
effective barrier for the surface runoff, which thanks to its stone design with different diameters
have a high permeability for water, thereby reducing the hydraulic velocity. The typical terraces
have a high diversity of vegetation on two levels (shrubs and trees).

The Libouchec Experimental Runoff Area (ERAJ in the Kninice region in the Ore Mountains is
well protected, and its terraces still provide good soil erosion control in this area.

The area of whole site is 8.80 ha, where 7 terraces and 6 field belts between them are situated
(Fig. 1). For the measurement of the geodetic data we used the Trimble total station type of
GNSS. The processing was executed using Geodimeter 640 by the polar method. The mapping
was carried out within the KOKES system, version 1250. The final mapping was amended in the
ATLAS system.

The average elevation of the catchment is 517.0 m a.s.l (above sea level). The catchment ends
with an open contour line profile which is about 400 m a.s.l in width. Slope J downstream within
the catchment on arable land (there is permanent grassland on this part of land) varies within Jpg
=0.04 to 0.12, and on the terraces the slope varies Jpgg = 0.35 to 0.61. The complete longitudinal

profile of the whole system of changing field-belts and protective terraces provides Table 1.



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

The climate for this location is mild-warm and humid. The long-term annual precipitation varies
is between 650 to 750 mm. The average annual temperature is between 6.5°C and 7.0°C. The
geological structure of the ERA is mainly of leistocene orthogenesis and quaternary stony and
stony-loam sediments. The dominant soil type consists of mesotrophic to entropic Cambisols,
which can be characterized as water-permeable silt loam and sandy loam.

Field measurements

For the measurement is very important the procedure of the Richards equation (Kutilek & Nielsen
1994) and the Philip solution for non-steady flow infiltration (Philip 1957). The shortened Philip
equation for the infiltration intensity v¢ into the soil where is calculated with the saturated

12

hydraulic conductivity K (m/s) and sorptivity (m/s '), is shown in Equation (1):

1
vr (8) = 3 S.t7Y2 + K, (D

Both parameters K, and S were computed by using the method of the non-linear regression
(Kovaf et al. 2011a; Stibinger 2011). Table 2 provides the values of the measurements of hydraulic
conductivity K, and sorptivity S measured four times each in four terraces and four fields. This
Table also shows the average values of K, and S, and also provides the storage suction factor Sy
(mm) in Equation (2):

SZ

S, =
I~ 2K,

)

The final parameter values we calculated are shown in Table 2. The average storage suction
factor fields is Sy = 28.0 mm, and for terraces is Sy = 20.0.mm. The K; value for the terraces is
about 4.3 times higher than for the field belts. The S value for the terraces is about 1.7 times
higher than S value for the field belts.

Extreme rainfall assessment

The Kninice catchment uses the rainfall data from the Usti nad Labem — Ko¢kov station, which
is located 9 km far away. This rain gauge provides us daily rainfall data with a return period N =
2,5, 10, 50 and 100 years is shown in Table 3. Because this area is in a small catchment area, the

3
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periods of critical rainfall duration were selected just for time #; = 10, 20, 30 and 60 min and a
return period of N = 10, 20, 50 and 100 years. The DES RAIN Software was used for a
computation of the reduction in the daily rainfall depths P;y (Kovat & Vassova 2011b). This
procedure is based on regional parameters a and c. There are derived by using the methodology
by (Hradek & Kovai 1994). The results are simulated by Table 3. P,y is the maximum of the
extreme rainfall depth, which is less than 1 day duration and return period is in N years.
Materials and Methods

The HEC-HMS (Hydrologic Modeling System) software is a new generation of a product of the
Hydrologic Engineering Center within the U.S. Army Corps of Engineers. It is designed to
simulate the precipitation-runoff mechanisms of dendritic drainage basins and it is a replacement
for HEC-1, which has long been considered a standard for hydrologic simulation (Zhang et al.
2013). The new HEC-HMS provides almost similar simulation capabilities, but it is more
advanced in numerical analysis, which is a significant advantage of the modern faster
desktop computers. It also has a number of features that were not included in HEC-1, such as
continuous simulation and grid cell surface hydrology. It also presents a graphical user
interface, which makes it easier to use the software.

The runoff from any size basins is calculated using the four processes of flow from the
catchment area, taking into account the division or merger of the channel. The runoff
hydrographs are computed by data of rainfall, excess loss (infiltration), Unit hydrographs or
kinematic wave, and the data of the baseflow. Any mass or energy flow in the cycle can then be
described with a mathematical model. Several model choices are usable for describing each flow
in most cases. Each mathematical model included in the software is relevant for different
environments and under different conditions.

The loss can be computed using SCS Curve Number, Green and Ampt, Deficit and Constant,
Exponential, Initial and Constant, Smith Parlange, Soil Moisture Accounting methods. The Unit

hydrograph can be made based on Clark Unit Hydrograph, Kinematic Wave, ModClark, SCS
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Unit Hydrograph and user-specified S-Graph and Unit Hydrograph methods. The baseflow
decreases logarithmically with the set value of hydrograph recession curve or is calculated on the
basis of soil moisture. Averaged catchment rainfall can be calculated by precipitation at certain
points by using standard weighing method or by probability criterion of maximum rainfall, or on
the basis of gridded radar precipitation data. The methods of hydrograph calculation also include
Muskingum, Muskingum-Cunge, Kinematic Wave and Modified Puls methods. Modified Puls
method is used primarily for reservoirs. The model can be made both on confined parts of basin
or on the spatially distributed gridded basins. Internal calculations are performed in the metric
system, input and output data can be both in metric and U.S. Customary unit systems.

The HEC-HMS software Unit hydrograph method was successfully used for modelling of runoff
in Romania as was discussed in the study of Maria-Mihaela Gy6ri and Ionel Haidu (2011). The
HEC-HMS Rainfall-Runoff model was computed for flow simulation on the three basic models:
the climatic model, the catchment model and the control indices. The loss method calculates an
effective rainfall with the input hyetograph, the results transformed in function that converts the
excess precipitation into runoff at the subwatersheds outlets.

Soil Conservation Service Dimensionless Hydrograph.

The dimensionless unit hydrograph has been developed by the Soil Conservation Service from
the Unit hydrographs for a high number of basins of different sizes and for many different
environments. The SCS dimensionless hydrograph is a synthetic Unit hydrograph in which the
discharge is described as a ratio of discharge, g, to peak discharge, g, and the time by the ratio of
time, 7, to time to peak of the Unit hydrograph, #,. The Unit hydrograph can be determined from
the synthetic dimensionless hydrograph for the given basin given the peak discharge and the lag
time for the duration of the excess rainfall (Ramirez 2000).

The dimensionless Unit hydrograph can be expressed in terms of an equivalent triangular
hydrograph as the SCS suggests. Using this simplified triangular Unit hydrograph the values of

g, and ¢, can then be estimated. The height of simplified Unit hydrograph in this case is equal to
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g, and time base, 7, is equal to 2.67 t,. (Soil Conservation Service 1972) The time is usually
expressed in hours (SCS), and the discharge in m’/s/cm (or cfs/in). The SCS recommends a
recession duration of 1.67 #, after analysis of a high number of Unit hydrographs. It can be
shown that:

qp, =C. A/t 3)
because the volume of direct runoff must equal 1 cm, where C = 2.08 (483.4 in the British
system) and 4 is the drainage area in square kilometers (square miles).

The basin lag is

t; = 0.6t, (4)
from a study of many large and small rural watersheds, where ¢, is the time of concentration of
the watershed.

The time to peak, #,, is then equal to ¢,/ 2 + t;, (Soil Conservation Service 1972).

The data required by SCS hydrograph method include mostly hydrological data as channel
depth, length and rainfall data. In order to receive the SCS dimensionless Unit hydrograph it is
necessary to estimate the lag time for a given basin. The timing parameter has considerable
influence on the values of the Unit hydrograph, but is somewhat difficult to estimate and rather
subjective (Chow 1959).

The 3D KINFIL is physically based model, it obtains two parts of the hydrological process. The
first part describes the infiltration of rainfall to build rainfall excess, and the second part
expresses the overland flow presentation from rainfall excess and its conversion into a final
runoff hydrograph. The model also delivers marginal results, e.g. hydraulic depths and velocities.
Since 2002 it has been applied for simulating rainfall-runoff processes on gauged and ungauged
catchments (Kovar et al. 2002). Later the model has been improved to simulate the hydraulic
processes needed for shear stress values to compute erosion when a soil calibration is at disposal

(Kovar et al. 2012).
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The overland flow part of the KINFIL model uses the kinematic equation and can be

described by Eq.(5) (Kibler & Woolhiser 1970; Beven 2006):

m—1
9 m. __3— T
. +a.m.y = (1) Q)

where r, (t) is rainfall excess intensity (m/s), y, ¢, x are ordinates of the depth of water, time and
position (m, s, m), and a, m are hydraulic parameters.

The infiltration part of the KINFIL model is based on the Green and Ampt theory of infiltration,
using the principle of ponding time and the storage suction factor Sy by (Morel-Seytoux & Verdin

1981) and by (Morel-Seytoux 1982):

vr = (65 — et)% = K, [@] (6)
The right side of the equation expresses the Green-Ampt theory (Rawls & Brakensiek 1983). The
left side of eq. (6) describes the Darcy concept for the process of infiltration vy (t). K 1s the
hydraulic conductivity (m/s), and H; is the capillary suction on the infiltration front (m). In eq.
(4), (65 — 6,) the difference between the saturated soil moisture content and actual content (-), zy
is the depth of the infiltration front, and z is the vertical ordinate (both in m) (Kovaf et al. 2016).
Results and discussion

The question if the kinematic wave method can replace the Unit hydrograph methods still
remains open due to the huge fundamental differences of these two methods. The kinematic
wave method for overland flow is a deterministic and physically based, distributed-parameter,
hydraulic-data-intensive method (requiring geometric and frictional parameters), which is
primarily applicable to small catchments, for which the perfectionism of the mathematical
modelling can be applied in practice, when high detailisation can actually show what occurs in
experimental area. From a number of the kinematic wave models we have selected the KINFIL
model.

The dimensionless Unit hydrograph performs the typical shape of Unit hydrographs charted in

dimensionless terms. The discharge ordinates of the this hydrograph are divided by the
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maximum discharge, and the time ordinates are divided by the time from 10% of peak flow to
peak flow to obtain the dimensionless Unit hydrograph. The 10% time is subjective and was
used to reduce the long build-up time when the discharge is small (Bender & Roberson 1961).

The Unit hydrographs were originally made for large catchments (Sherman 1932), but later the
method has been found to primary applicable to midsize catchments. Nevertheless, with
catchment subdivision, the applicability of the Unit hydrograph can be extended also to large
catchments. Due to the overland flow kinematic wave method is primarily used for small
catchments, and the Unit hydrograph is primarily applicable to midsize catchments, it seems that
there should be a little overlap between these two methods (Ponce et al. 1978).

The simulations by the both models was computed for all events in the return periods of their
duration 7;= 10", 20", 30", and 60" for the basic scenario without terraces and with terraces. The
sub-catchment areas were fragmented to reflect the fact that each field belt has one biotechnical
protective measure in the form of a terrace. The geometric dimensions of the terraces correspond
to the real situation. The final results are shown in Fig.3.

Conclusion

To dispute which method is better, or more accurate has no simple answer. The both methods a
different data needs and have a different nature and they are not readily comparable. The HEC-
HMS software without any doubts is easier in usage for even unexperienced user, the interface is
simplified and can be used intuitively, this is a big advantage of the HEC software. The KINFIL
interface is not so user friendly, the kinematic wave method itself requires more data, but it has
more accurate results, which can be seen on Fig.3. As seen there, the hydrographs, calculated by
kinematic wave method have sharper shape, which is more natural under given conditions for
small catchments. The SCS Unit hydrograph also shows higher results for natural cases, e.g
without terraces, however, the difference in discharges is not very significant, especially for N =

10 and 20 years, it’s less than 0.1 m’/s.
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The significant advantage of the kinematic wave method is that it can describe roughness
coefficient and rainfall variations. The model also has marginal results, e.g. hydraulic depths and
velocities. Kinematic wave method increases in accuracy as the catchment size decreases; and
the Unit hydrograph methods increase in applicability as the catchment scale increases.

So, in cases where the scale can be logically negotiated, the kinematic wave model should
provide better specification in a future simulation of flood flows.
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Table 1. The areas of Kninice catchment fragments

Terraces ~ length(m) 1130 1070 1390 1040 1240 1070  3.70
slope () 036 043 037 045 035 034 0.6l

Fields length 600 2060 17.90 13.70 4850 21.50  19.40
slope 004 007 006 004 012 005  0.04

Table 2. Hydraulic values measurements on fields and terraces: average values, Sorptivity S

(mm/h*), Hydraulic conductivity K (mm/h) and Storage suction factor Sy (mm)

Number of measurements Average 1. 2. 3. 4.
Sorptivity 19.8 17.0 22.4 19.4 20.3
Hydraulic conductivity on fields 7.0 5.0 9.0 6.0 8.0
Storage suction factor 28.0 28.9 27.9 314 25.8
Sorptivity 34.6 34.2 335 32.6 38.0
Hydraulic conductivity on terraces 30.0 29.0 32.0 26.0 33.0
Storage suction factor 20.0 20.2 17.5 20.4 21.9

Table 3. The maximum of the extreme rainfall depths P,y of short duration in the station

Usti n. L. (in mm)

N Py t (min)

(years) (min) 10’ 207 30° 60"
2 30.6 10.1 12.4 14.0 16.3
5 41.8 14.7 18.2 20.7 24.8
10 49.0 17.6 22.4 15.7 30.7
20 56.5 21.5 27.4 31.6 38.0
50 65.7 26.3 33.8 39.2 47.5
100 79.2 32.5 42.1 49.1 59.4
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288  Figure 1. Situation of the Kninice village with situation of the Experimental runoff Area and

289  scheme of terraces protecting field-belts against soil erosion.
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291  Figure 2. Cutout of scheme of terraces protecting field-belts against soil erosion. Infiltration
292  parameters is measured on both terraces and on field-belts. Longitudinal profile of the terraces
293  and the field-belt system (1:1000/250). Infiltration parameters are measured on both terraces and

294  on field-belts.
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297  Figure 3: Hydrographs comparison on the Kninice catchment with a terrace infiltration function
298  and without it, for extreme rainfalls of various return periods N and duration periods tg.
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Determined by the Fourier Series Model in Dry Periods
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Abstract

Kovar P.,, Ba¢inova H. (2015): Impact of evapotranspiration on diurnal discharge fluctuation determined by the Fou-
rier series model in dry periods. Soil & Water Res., 10: 210-217.

Precise measurements of discharges at the outlet of a small catchment, using high resolution sensing equipment,
can currently be done without difficulty. In particular, measurements can take place even during dry periods,
when high temperatures increase actual evapotranspiration on the catchment and diurnal streamflow fluctuation
changes occur in a harmonic wave at any time of the day. Some 10-15 years ago, a current runoff measurement
record based on a high resolution equipment clearly recognizing a diurnal wave-shape fluctuation could hardly
be available. The measurement of discharge ordinates from the catchment, and from free water pan evapora-
tion, showed an undulating fluctuation tendency. However, the discharge minima appeared at day time and
their maxima at night. The measured discharge data are represented not only by a fluctuating form, but also by
a mild form, an even straight line, or by a flat depletion curve. For the purpose of analyzing the wave shape of
discharge we implemented the Fourier series model, simulating the measured data through the Fourier input,
output, and transformation coefficients. The purpose of this analysis was to use the Fourier equations in order to
substitute the missing data (when the discharge or evaporation measurements collapsed). Due to very sensitive
data, when the measured discharge series are jagged, the equation can be smoothed by the harmonic approxi-
mation or by the polynomial approximation. Our study was carried out on the small experimental catchment of
the Starosuchdolsky Brook, in the vicinity of the campus of the Czech University of Life Sciences Prague. The
harmonic analysis provided an interesting outcome, as well as innovative methodology.

Keywords: catchment depletion curve; Fourier series; harmonic coefficients; high resolution sensing; rainless periods

Long and dry depletion events on small catchment
provide valuable data for the assessment of the impact
of actual evapotranspiration on runoff reduction at
various scales. Solar radiation and temperature varia-
tions cause streamflow diurnal cycles, which also can
be used to assess the impact of climate change on
catchment behaviour (MUTZNER ef al. 2015). The
first indication of the streamflow fluctuation caused
by evapotranspiration was based on observations of
a small catchment in the dry year 1976 (BURrT 1979).
Diurnal streamflow cycles were characterized through
their amplitudes and timing of the minimum and maxi-
mum streamflow. The harmonic process of baseflow
delay was described, tracing lower discharge values

210

in the daytime hours and higher values in the night
hours, due to the same process of evapotranspiration.
The delay of the wave-shaped depletion curve was
caused by the evaporation conditions and partly also
by hydraulic roughness (DvoRAKOVA et al. 2014).

In the last two decades, thanks to extremely ac-
curate measurement of water discharges, many rel-
evant books have been published describing the
impact of evapotranspiration on catchment runoff
(ZHANG et al. 2001; BROWN et al. 2004; LOHEIDE
et al. 2005; FENICIA et al. 2006; WINSEMIUS et al.
2006). In his paper “Catchment as simple dynamic
systems”, KIRCHNER (2006, 2009) formulated the
mass-conservation equation:
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das

22 _-p-E-

dt Q (1)
where:

S — water storage

P — precipitation

E - evapotranspiration
Q - discharge

In this equation, only the discharge is an aggregated
measurement for the entire catchment. In the case
of a dry period we could neglect precipitation to get
the sum (E-Q) on the right side of this equation,
which would then express the storage time series
showing a drying process on the left side of Eq. (1).

Hydrologic processes in small catchments started
to be analyzed and described using a modern systems
approach in the late 1960s, soon after the systems
engineering linkages and their feedbacks were ex-
plained and published (KRAIJENHOFF & O’DONNELL
1966). Systems hydrology nowadays takes into ac-
count not only the rainfall-runoff correlation, but
also the correlation between runoff and evaporation
(KiRcHNER 2009). All this became possible thanks to
high-resolution measuring equipment. Both links of
measurement, rainfall-runoff or evapotranspiration—
runoff represent important hydrological processes
that can be described by Fourier series (HARDY &
ROGOSINSKI 1971; KOVAR et al. 2014a).

Extreme droughts are often estimated through
streamflow discharge measurements. They show
harmonic evapotranspiration rates that have orders
of magnitude, which are smaller than the levels as-
sessed on typical catchments (KIRCHNER 2006, 2009;
LANGHAMMER & VILIMEK 2008; DEUTSCHER & KUPEC
2014). The problem is thus clearly delimited. It can
be resolved through the Fourier series, based on the
systems theory.

MATERIAL AND METHODS

Fourier series model. The starting point of the
Fourier model introduction can be Eq. (1) and its
transfer into Eq. (2) to express the input—output
analysis:

ds

“o t) = x(t 2
7 Ty =) (2)
where:

x(t) — straight line/curve input of the depletion curve
y(t) — output in the form of undulated streamflow dis-
charges

For the computed discharges: the yc(¢) in Eq. (3)
from the measured variables x(¢) and y(£) during a
rainless period we need a transformation function
u(t — t) in the convolution integral to be the theoreti-
cal alternative of the discharges computation. The
rational computation of the dry events requires to
substitute the integral by the summation of x(¢) and
u(t — t) multiples within the certain limits correspond-
ing to the duration of the event in Eqs (3) and (4):

ye(t) = [§x() x u(t - 1)dt (3)

ye(t) = AtE (x(i) x uln - i) (4)

The term of addition in Eq. (4): (i) x u(n — i) for
the finite limits expresses the convolution procedure
when x(£) is not zero, then the computed runoff yc(z)
can be expressed by Eq. (5) which is the Fourier
expansion:

8t) =yc(t) = Ay + Z::(A, x coerTm + B, x sinr%) (5)

The Fourier series describe the harmonic periodic
process as an orthogonal function (HARDY & RoGo-
SINSKI 1971). The function g(¢) in the interval 1 < ¢
< n can be represented in any time ¢ of the interval.
The cosine and sine functions are orthogonal to one
another yielding a K value that equals to n/2.

The harmonic coefficients A, A and B, are the
output coefficients for the yc(t) runoff computation,
where 7 is the index for harmonic coefficients, # is
the length (i. e. the number of discharge ordinates)
of the time series. The output function y(¢) trans-
formed by the evapotranspiration process has the
following coefficients:

A,=g(ﬂ,><°‘r_brxﬁr)7bUtAo:”x“ox“o

(6)
B = ’%(arx B,-b. xa)

The other coefficients a,, a,, b, are the input coef-
ficients x(¢), and oy, O, and Br are the transformation
coefficients u(n — t) — see Eq. (4) (O’'DoONNELL 1960;
KRAIJENHOFF & O’'DONNELL 1966).

The Fourier Series Model (FSM) has been adapted
from the classic Fourier series expansion, which was
developed earlier for simulation of rainfall-runoff
events. However, instead of rainfall hyetograph as an
input function, the depletion curve function x(¢) is
used either in the form of straight line or in the form
of an exponential curve (Boussinesq) approximating
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u(t) = ay + X' (a, coer—L”“ +B, x sinrz—gt )

a depletion process. Thus for the input function x(¢),
the Fourier series can be written as follows:

Then we solved the coefficients as follows:

n-1 2nt o 2nt
x(t):a0+2r:1(ur><cosr7+brxsmrT) (7) 2> «xA +bxB, LA
O =i X Ty buteg = x
where the input coefficients 4, a,, and b : a;+b; 0
(10)
a,= % 2" (x(e) x cosr2—TV[lt ), but: a, = %an_—ll x(t) B - 2 4 B, +b xA,
- - ] 2, 12
a; +b;
2 «n-1 . 21t (8) o
b, =% X (x(t) x sinr ==) Now, after all coefficients are complete, we can

finish this procedure and go back to Eq. (5) and
The transformation process x(t) to y(¢) is based substitute all coefficients to it.

again on the Fourier series expansion for the trans- The prevailing physiographic characteristics on
formation function with the coefficients a, a , and ,.  the Starosuchdolsky Brook catchment are given in
The basic equation for this function u(t) is: Figure 1 and Table 1. The meteorological station is
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Figure 1. Selected characteristics of the Starosuchdolsky Brook catchment
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Table 1. Characteristics of the Starosuchdolsky Brook catchment

Physiographic factors of the Starosuchdolsky Brook

Catchment area (4, km?) 2.95 maximum catchment elevation (H_, , ma.s.L.) 335
Length of thalweg (L, km) 3.7 minimum catchment elevation (outlet) (H _, , ma.s.l.) 211
Length of brook (L, km) 0.58 river network density (R, —) 0.33
Length of water divide (P, km) 9.1 annual average precipitation (mm) 496
Average slope of brook (J,, %) 5.4 annual average runoff (mm) 158
Average catchment slope (/, %) 20 annual average temperature (°C) 8.8
Land use categories of the Starosuchdolsky Brook

Arable land (%) 50.2 urbanized area (%) 37.9
Forest (%) 3.5 permanent grassland/greenery (%) 8.4

The daily automatic measurement of precipitation and temperature: 2004—2015, our own measurement of runoff in the outlet

profile “Spaleny Mlyn”: 2011-2015

located close to the Czech University of Life Sciences
Prague campus, longitude 14°22', latitude 50°08’,
time zone CET (GMT + 1 hour). The precipitation
and temperature have been automatically measured
daily since 2004, our own monitoring of runoff in
the outlet profile “Spaleny Mlyn” takes place also on
daily basis, since 2011.

The land use is represented by arable land (50% of
the catchment area) and urbanized areas (including
gardens 38%). The middle part of the Brook which
flows through the urbanized area within a close circular
profile is only interrupted by inspection shafts and
a few junction wells. These possibilities can hardly
allow to pump water for irrigation. Forested area is
a mixture of semi-naturals. The downstream part of
the catchment is environmentally protected in its
riparian belts by a valuable canopy. These river belts,
situated on both sides of the Starosuchdolsky Brook,
contain typical local forest species represented by Al-
nus glutinosa, Fraxinus excelsior, Quercus robur, and
rarely Carpinus betulus. During a hot and dry summer
period, diurnal discharge fluctuation occurs in the
studied catchment. Soil moisture and groundwater
measurements in the catchment indicate the presence
of a soil layer stretching at a depth over 1.0 m, which
is always partially water-saturated due to deep valley
morphology along the downstream part of the catch-
ment . Therefore, a little groundwater contributes to
the streamflow even in dry seasons.

RESULTS

The Starosuchdolsky Brook catchment has been
monitored since 2011. The discharge data is obtained
from the water level data, taken from measurements

that are carried out every ten seconds at the outlet
of the catchments, using a V-notched Thomson weir
equipped with a cable sensor type Vegawell 71 (Vega,
Grieshaber KB, Germany) submersible water level
gauge. The gauge measures the water level using a
pressure transducer with a high resolution sensitivity.

Discharge Q represents an aggregated measurement
for the entire catchment (KIRCHNER 2006, 2009).
Runoff processes are evidently the most important
components of the hydrological cycle that can be
conveniently measured. That is why many papers
cite this experience (TALLAKSEN 1995; BEVEN 2006)
etc. Our team also shared this experience.

Among many dry episodes measured on the catch-
ment of the Starosuchdolsky Brook, we have selected
the Event 1: since 08/08 (2:00 h) to 16/08 (20:00 h),
2012 (n = 211 h), where n is the number of time steps
At, which was set to one hour.

The Event 1 discussed above is presented in this
paper. First, the linear regressions and also the ex-
ponential correlation are presented in Table 2 to

Table 2. Linear and exponential regressions of the depleti-
on curves of the Starosuchdolsky Brook catchment in the
rainless Event 1

Linear regressions

Approximated equations: y =a x x + b
a =-0.001822

R? = 0.022853

Exponential regression

b =0.959497

Approximated equations (Boussinesq): y =y, x e™**

¥, = 0.900967 « = —0.001064
y =0.900967 x £~0:001064x
R? = 0.044559

213



Original Paper

Soil & Water Res., 10, 2015 (4): 210-217

doi: 10.17221/122/2015-SWR

Table 3. Transformation coefficients a, and B, of Fourier Series Event 1 (n = 211, rr = 15)

7 8 9 10 11 12 13 14

0 1 2 3 4 5 6
o 0.005 0.004 0.004 0.005 0.003 0.004 0.002
B 0.001 -0.001 0.001 0.002 0.001 0.003

0.001 -0.003 0.039 0.009 0.011 0.008 0.010 0.010
0.004 0.011 -0.026 -0.008 —-0.003 0.000 -0.002 0.002

Aproximation of the curve, the Event 1 by the harmonic (Fourier) series

1.00 1

0.95
0.90 {
0.85 1
0.80 1

0.75 1
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0.65 1 linear depletion curve
””” exponential depletion curve
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Figure 2. Discharges in the dry period from 8/8 /2012 to 16/8/2012 measured on the Starosuchdolsky Brook catchment

illustrate the Fourier input series, and then their
coefficients a , b, are computed (see Eq. (8)). These
input series simulate a smooth depletion process
in the form of either a line (a linear function) or an
exponential curve by the Boussinesq equation. The
difference between these functions is very small.
The measured discharges in their wavy curve were
used to compute the output Fourier coefficients A , B ,
(Eq. (6)). Then it was easy to solve the transformation
harmonic coefficients o, §, (Eq. (10), Table 3), to com-
pute the transformation function (Eq. (9)), and to solve
the simulated Fourier series as the computed model
response of the Event 1 (Eq (5)). Figure 2 shows the ap-

1.00 -
0.95 |
0.90 A
0.85 4
0.80 4

0.75 4

Dischsrges (1/s)

0.70 4

0.65

0.60

proximation of Event 1. A comparison of the measured
discharges and their computed pairs is presented there.

The efficiency coefficient (NASH & SUTCLIFFE
1970) computed for their goodness of fit is derived as:

EC=1- (X}, (Q-QCMIZY, (Q - QP (11)
where:
Q, - measured discharge ordinates (I/s)

QC, — computed discharge ordinates (I/s)
Q - mean value of the measured discharges (I/s)

The Nash-Sutcliffe coefficient EC and its value for
good acceptance should be EC > 0.75 (WMO 1992).

=== measured discharges
mummee COMputed discharges transformed by the 5-terms polynomial

1 11 21 31 41 51 61 71 81 91

101111121 131 141 151 161 171 181 191 201 211
Time (h)

Figure 3. Smoothing of measured discharges by 5-term polynomial, Event 1
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The Event 1 has achieved EC = 0.860 when the num-
ber of harmonics RR equals to 15. If the measured
discharges were smoothed by 5-term polynomial,
the goodness of fit EC approaches the value 0.93. It
is presented in Figure 3.

DISCUSSION

Diurnal discharge fluctuation during a hot and dry
summer period is often observed in the measured
discharge records. The discharges show a declining
trend in their runoff depletion curve when the catch-
ment becomes dry. The soil zone of the catchment
is always partially saturated, due to the deep valley
morphology of the Starosuchdolsky Brook plain.

A dynamic catchment system offers useful in-
formation on how streamflow hydrographs may
be applied for reconstructing evapotranspiration
records. In such a dynamic system, precipitation and
evapotranspiration have comparable but opposite
effects on the catchment storage, and therefore on
the streamflow. As the fluctuations in the streamflow
reflect the precipitation to the catchment, it is natu-
ral to conclude that these fluctuations also reflect
the evapotranspiration losses. In the past decades,
hydrologists studied the ways of using discharge
measurements during streamflow recession to show
harmonic evapotranspiration rates or a hypothetic
approach (BEVEN 2010) and/or use of kinetic equation
coefficients (BANASIK et al. 2014; KRAJEVSKI et al.
2014). The smaller the catchment, the more significant
the fluctuations are (BRUTSAERT & NIEBER 1982;
BORONINA et al. 2005; SZILAGYI et al. 2007). Similar
results were found in the delay time and water-use

Exponential regression
y= 0.90098—0.0011:5

Linear regression
y =-0.0018x + 0.9595

related fluctuations by evapotranspiration for 1-3%
in mid-Wales, in the Severn and the Wye (KIRCHNER
2009). The differences were evidently caused by dif-
ferent climatic and geographical conditions.

Figure 2 presents interesting data illustrating what
happens when evapotranspiration influences the
flow. It is practical to implement FSM based on the
Fourier series where the input coefficients (a,, b )
and output coefficients (A, B,) are used for comput-
ing the transformation function coefficients (a, 8,).
However, the results might be loaded with some
noise from the subsurface processes, which delay
the surface discharge mainly due to hydraulic rough-
ness (Dvordkova & ZEMAN 2010; Dvordkova et
al. 2012, 2014; KOVAR et al. 2014b). There is some
uneven spatial and temporal distribution of hydraulic
and hydrologic factors and situation influencing the
impact of evapotranspiration on extra-irregularities
of discharges. First of all, there is a variability of
soil moisture content, groundwater storage, daily
weather data, etc. Still, these changing factors dis-
tributions do not affect the physical principles of the
coherence between the convolution and orthogonal
(Fourier) principles on the evapotranspiration—runoff
processes. One more remark for discussion: the ap-
proximation of the transformation function u(n—t)
(see Eqs (4) and (5)) for the computed discharges by
the Fourier series model (FSM) offers higher good-
ness of fit than other similar mathematical models,
i.e. Laguerre functions or matrix inversion model.
The FSM can be improved through the choice of the
period length # = t (KRAJENHOFF and O’DONNELL
1966). Herein, the number of the Fourier’s harmonics
rr can be increased up to the number of the discharge

measured discharges y(z)
computed discharges yc(t)

R = 0.446 R2 = 0.0229 transf.,coeff., BF u(t) - 0.20
linear depletion curve x(z) .
.04 e exponential depletion curve
0.15
0
—_ 0.10 =
= 3
g 5
?gb 0.05 5
z E
ja) 0.00 «
S
[_4
0.6 1 + -0.05
0.5 — . . —— T . ——————— 010
0 20 40 60 80 100 120 140 160 180 200
Time (h)

Figure 4. Approximation of the transformation function u(t), Event 1 by the Fourier Series Model
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ordinates #. Figure 4 shows an optimal choice of the
parameters rr and #. The method for computing
discharge ordinates undoubtedly has an excellent
mathematical background (O’DONNELL 1960; HARDY
& ROGOSINSKI 1971). BEVEN (2010) inferred the
stages in testing small basins hydrological models
as hypotheses with limits of acceptability approach
within the GLUE methodology.

Interpretation of the results should acknowledge
that catchment runoff formation is influenced also
by hydraulic resistance which slows down water
percolation. Compared to evapotranspiration, the
influence of hydraulic resistance is smaller. Our
computation indicates that contribution of hydraulic
resistance to reduction of catchment runoff is less
than 10%. The major effect of hydraulic resistance is
the delay evapotranspiration influence on catchment
discharge. The Fourier model coefficients can also
be used for computing missing discharge data due
to a measurement failure. In this case, we can use
the input coefficients and the transformation coef-
ficients from the time series just before the discharge
measurements collapse.

CONCLUSIONS

The impact of evapotranspiration on catchment
runoffis an interesting but little studied hydrological
phenomenon. Water use by riparian vegetation is
closely linked to diurnal streamflow variability. The
FSM model used in this study is based on the Fourier
series, and it takes full advantage of its mathematical
properties, such as harmonic functions, convolution
principles, and strong convergence. All of these can
be used in hydrology, not only for rainfall-runoff rela-
tions but also for evapotranspiration-runoff relations.
Water exhaustion by actual evapotranspiration in
dry periods is a long-term continuous process that
lasts for many weeks, depending of course on the
initial water supply.
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Abstract

This paper describes a new application of the Fourier series for a detailed simulation of runoff in a
small catchment in dry periods, when the stream flow is significantly impacted by evapotranspiration,
particularly during daytime hours. The catchment was considered as a dynamic system, in which
evapotranspiration has an impact on the day-night fluctuation of discharges. Measurements of these
discharges were accomplished by a high-resolution water-level sensor attached to a V-notch. In
parallel, we measured the free water evaporation and also the soil moisture content nearby. The paper
describes three runoff recession episodes in dry periods. Using short time-step measurements and
calculations, we were able to analyze the diurnal streamflow fluctuations as harmonic waves. An
application of the finite Fourier series model (FSM) to a quasi-periodic hydrologic data series clearly
shows how the actual evapotranspiration influences surface runoff from small catchments. The method
was verified by direct numerical evaluation of the convolution integral. The Fourier transformation
works better if the number of discharge points (n) is large. The method allows compute the missing

discharges in order to bridge accidental data gaps.

The automatic measurement of free water evaporation multiplied by the measured soil water content
compared semi-quantitatively with the Fourier transformation function derived backwards from the
discharge hydrograph. Hence this measurement can, to some extent, substitute the actual
evapotranspiration on the catchment scale. We also observed a time delay of the stream discharges
behind the water evaporation, cause by the unsaturated zone processes and the hydraulic resistance to

water flow, both in the saturated zone and in the streambed.
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coefficients, high resolution sensing, rainless period.

Introduction

Hydrological processes in small catchments started to be analyzed and described using the systems
theory approach in the late 1960s, soon after the systems engineering linkages and their feedbacks
were explained and published (Kraijenhoff et al. 1966). The systems hydrology takes into account not
only the links between rainfall and runoff, but also those between runoff and evaporation (Kirchner

2006). Both types of links can be described by harmonic Fourier series.

The relation between catchment vegetation and the hypodermic zone forms an important linkage in
ecosystem dynamics (Balek 2006). The first publication on fluctuations of discharges due to
evapotranspiration was based on the observations of a small catchment in the dry year 1976 (Burt
1979). This paper also showed the harmonic process of baseflow delay, tracing lower discharge values
in the daytime hours and higher values in the night hours. The delay of the wave-shaped runoff
recession was shown to be due to evaporation conditions and partly also due to hydraulic roughness of
the river bed (Dvorakova et al. 2014). The wave-shaped runoff recession curve was also described by
Bond et al. (2002). With the development of high-resolution equipment, able to make precise
measurements of water discharges in the outlet of a small catchment, many papers describing similar
discharge fluctuation records in day/night regimes began to appear early in the 21* century (Zhang et
al. 2001; Brown et al. 2004; Loheide et al. 2005; Deutscher and Kupec 2014). Other hydrologists have
described the shapes of jagged recession curves in small catchments (Fenicia et al. 2006; Winsemius et
al. 2006; Dvorakova and Zeman 2010; Dvorakova et al. 2012 and 2014; Kovar et al. 2014). The
Fourier Series Model (Kovar et al. 2014) has recently been modified and applied to low-flow episodes
(Dvorakova et al. 2014). The importance of the problem was also discussed by Beven (2010) and

Banasik and Hejduk (2012).

In such situations, the Fourier series can be used to investigate the following idea, based on systems

theory. The input to our hydrological system can be regarded as a simple recession curve, e.g. a
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straight line or a flat exponential curve, which shows the falling limb of the hydrograph in a rainless
period without diurnal fluctuations. The output of the system is an undulating curve caused by the
maximum-minimum diurnal impact of evapotranspiration on the streamflow. The falling trend of the
output curve confirms the depletion of the hypodermic zone. In contrast to the output curve, the input
curve is not influenced by evapotranspiration. Either of the two curves can be represented by a Fourier
series with different parameters. To transform the system input into the system output, it is necessary
to quantify the effect of evapotranspiration. This can be done e.g. by the mass—conservation equation

(Kirchner 2009):

dS/dt=P—E—-Q (1)

where S is the actual water storage in the catchment, P is precipitation, E is evapotranspiration, and Q
is discharge. In Eq. (1), only the discharge is an aggregated measurement for the entire catchment.
Kirchner (2009) showed what can be learned about the catchment processes from the streamflow
fluctuations without spatially representative measurements of precipitation or evapotranspiration.
Discharge measurements during extreme droughts often show quasi periodic fluctuations caused by
evapotranspiration, but for larger catchments their amplitudes are small (Kirchner 2009; Langhammer
and Vilimek, 2008; Kovar et al. 2014). The smaller the catchment, the more significant the
evapotranspiration-induced discharge fluctuations (Brutsaert 1982; Boronina et al. 2005; Szilagyi et al.

2007).

A further question is whether it is better to use the Boussinesq exponential type of the evaporation-
independent recession curve or just a linear trend line. The decision depends on the storage-discharge
relationship, and in particular on the position of the measured episode on the falling limb of the
hydrograph. In general, the Boussinesq exponential curve can be applied more broadly than the linear

regression line (Brutsaert and Nieber 1977; Rupp and Selker 2006).

The objective of this paper is to demonstrate a new application of the Fourier Series Method (FSM)

for the analysis of quasi-periodic low discharges in small catchments, affected by evapotranspiration.
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Its novelty lies in the combination of FSM with high-resolution and high frequency measurements of
stream discharges and other accompanying quantities, in particular the free water evaporation and the
soil moisture content. Another elements of novelty lie in the verification of the method by direct
numerical evaluation of the convolution integral and in the exploration of the optimum number of
terms in the Fourier transformation. The objective was also to provide a method for bridging the gaps
in low-flow quasi-periodic discharges series and to prepare a ground for future elaboration of a method
for estimation of the actual evapotranspiration on the catchment scale from the low-flow discharge
records. The major emphasis of the paper is put on the FSM methodology, which is envisaged to be

useful for these purposes.
Methods and Materials
Fourier Series Model

The Fourier series is a sum of orthogonal functions (Hardy and Rogosinski 1971). The function g(t)
can be exactly represented at any time t within the interval the interval 0 < t < n by the Fourier

series:
2mt
g(t)=ay+ Z(arXcosr—er X sinr T) 2)

The cosine and sine functions of this series are orthogonal to each other for any n. The coefficients in

Eq. (2) are given by:

n n n

2 2Tt 1 2 2xt
ar=afg(t)><cosert , but ao——fg(t)dt b——fg(t)Xsmr—dt Q)

0 0 0

If, for a black-box system, the input function x(t), the output function y(t),and the transformation

function u(t) are represented by finite harmonic expansions in the same time interval from 0 to n, we
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can establish the relations between the Fourier coefficients [a, b] for x(t), [A, B] for y(t), and [a, B] for
u(t). Then, by substitution to the convolution integral, which is the expression for the output, we obtain
the coefficients that are unknown. The Fourier Series Model (FSM) used in this paper was adapted
from the classical Fourier series expansion developed earlier for the simulations of rainfall-runoff
events (O’Donnell 1960). However, instead of a rainfall hyetograph as an input function, the
evapotranspiration-independent recession function x (t) is used, either in the form of a straight line or
in the form of an exponential curve, both approximated by Fourier expansions with the coefficients ay,
ag, by, where r is the order of the harmonic coefficients in Eq. (2). The output function y (t) is a
harmonic series expansion with the coefficients A,, Ay and B, a result of the original recession
function transformation by the influence of evapotranspiration. The latter coefficients are related to the
coefficient a,, ag, by, of the original recession function x (t) and to the coefficients o, g, ;. of the

transformation function u(t) as follows:

n n
Ar=5(ar><(xr—br><[3r), ,but  Ajy=nXaj X a, Br=§(ar><Br—br><ar) 4)

This transformation process is linear and is based on a Fourier series expansion of the transformation

function with the coefficients o, g, B,.We can express these coefficients from (4) as follows:

2 a, XA, + b.xXB 1
Q= % T r r r ’ W= - X
n

Ay B_2 a, X B, — b, XA,
" n aZ + b? T

ag’ n’ aZ + b?

)

In principle, if x (t) and the corresponding y (t) are given at n points of a time invariant linear system
(in which, among other things, the time step At is constant), then x (t) and y (t) can be represented by

a finite series in n discrete points within the interval 0 <t < n:

n-1
2mt 2mt
x(t) =ap+ (ap X cosr T+br><sinr T) (6a)

r=1
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= 2t . 2mt
y () =Ap+ Z(ArXcosr T+Br><smr T) (6b)
r=1

Eq. (4) can be used for finding the coefficients A., Agand B, or Eq. (5) can be used to find the
coefficients oy, 0, B, whatever is unknown. The input function x (t) has either the form of a straight
line or that of an exponential curve (Boussinesq), which approximate the depletion process unaffected

by evapotranspiration.

Thus, a set of n simultaneous equations is generated (for t = 0,1,2,...(n — 1)) with n unknown
coefficients ag,aq,...an—q1; by, by, ...by_1. The orthogonality property, this time with respect to

summation, permits us to find the n coefficients:

n-1 n-1 n—-1
2 2mt 1 2 2mt
a, = —ZX(t)XCosr— ,but  a, = —ZX(t), b, = —Zx(t)Xsinr— (M
nr=1 n nr=1 nr=1 n

and analogously for y(t) and the coefficients A, Ay and B;.. The series (6) can hardly be expected to
fit x(t) exactly between the discrete data points, where in fact x (t) is not known, but it does fit the n
data points exactly. As n is increased, the n harmonic coefficients of the finite series, fitting n points,
approach the Fourier coefficients of the infinite series fitting the function everywhere (O’Donnell
1960). By implication, we can use the harmonic coefficients (7) as approximations for the Fourier
coefficients [a,, by]and [A,, B,] in Eq. (5), but we can find only a finite number of such
coefficients. Therefore, we have to accept errors in the [a,, B ,] coefficients of the transformation
function u (t), which expresses the effect of evapotranspiration. These errors depend on the length of
the time step At. When we have computed the coefficients a, B, they can be used for estimating the

values of the transformation function for particular time steps:
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2nt .o 2mnt
+ B, X sinr

n-1
u() = oy + ZarXcosr ®)
r=1

Then, we can proceed to compute the simulated discharge y (t) at each time step. Let us the denote the

computed discharge ordinates yc (t), to distinguish them from the measured ordinates y (t):

n-1 2 mt | .
yc(t) = Ay + Z(ArXCosr T+ B, X sinr T) )
r=1

The harmonic transformation coefficients are sensitive to noise when n is low, which may cause a bias
when the slope of the evapotranspiration-unaffected runoff recession curve is small. In this case, we
recommend to append artificial data (e.g. zeros) to the measured time series, in order to make the latter

by about 25 % larger than the actual episode duration. This turned to be an efficient practical hint.

The Nash-Sutcliffe (1970) efficiency coefficient EC was used to characterize the goodness of fit of the

computed discharges with respect to the measured ones:

N N

EC=1-() (@i~ Q))/() Q-0 (10)
i=1 i=1

where: Q;...... measured discharge ordinates (1.s™1)

QC;.....computed discharge ordinates (l.s~1)

Q....... mean value of the measured discharges (1.s™1)

The discharges in rainless periods can also be computed using the linear convolution integral:
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yc (t) = Jx(‘t) Xu((t—T1)drt (11)

0

where x(t)is the input recession curve andu (t—t) is a transformation function. However, for
computation, the integral must be replaced by a summation of the x(t) . u(n — t) products over a finite

number of time steps, corresponding to the duration of the event:

yc(®)=At ) (x(t) Xxu(n—t)) (12)

If we express the functions x(t) and u (n — t) as Fourier expansions, using the harmonic coefficients
[ar, b, ] for input discharges x (t) and [, Br] for the transformation function u (t), we can compute

the discharges from eq. (12).

The transformation function u(t) also expresses the effect of actual evapotranspiration in a semi-
quantitative way. In the temperate Central European climate, when only a few weeks in the year pass
without precipitation, the estimation of the actual evapotranspiration may be close to the potential one
(see Eq. 11). A direct assessment of the actual evapotranspiration might be provided by the Penman-
Monteith potential evapotranspiration equation or by the water balance method proposed by Kirchner
(2009). In our case, we estimated the actual catchment-scale evapotranspiration from the free water

evaporation data and the soil moisture data:
AE(i) = FWE (i) x (SMC (i)/FC) (13)

where:
AE(i) ... computed actual evapotranspiration (mm.h™")

FWE(i) ... measured free water evaporation (mm.h™)

8
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SMC(J) ... measured volumetric soil water content (-)

FC ... field capacity of the soil (-).

Starosuchdolsky Brook Experimental Catchment

The use of the Fourier Series Model methodology is suitable for small catchments with good water-
retaining soil characteristics capable of protecting vegetation in dry conditions. The Starosuchdolsky
Brook, close to Prague, Czech Republic, used in this study, is suitable for this purpose. It has a
catchment area of 2.95 km’. The catchment is representative for the region north of Prague. The
research in the catchment is focused on hydrological dynamics. In such a small catchment, the diurnal
amplitudes of water discharges can be significant, usually enabling high-quality data to be gathered.
The catchment characteristics are given in Table 1 and Fig. 1. The prevailing land use in the
Starosuchdolsky Brook catchment is arable land (50% of the catchment area) and urbanized areas
(38%, including gardens). The forested area in the downstream part of the catchment is a mixture of
deciduous and coniferous trees and is environmentally protected. On both stream banks there are
typical local forest species, represented by Alnus glutinosa, Fraxinus excelsior, Quercus robur, and a
small number of Carpinus betulus. The middle part of the brook flows through an urbanized area in a
closed circular pipe, only interrupted by few inspection manholes and a few junction wells. This

arrangement does not allow take any water from the brook e.g. for irrigation purposes.

The morphology of the catchment is flat in its upper part (up to 0.05 of slope), then it goes down to the
central area, where the slope is much steeper (up to 0.30), while the deep lying outlet part has again
a moderate slope, being a part of a larger stream’s flood plain. Diurnal discharge fluctuation occurs in
the catchment during hot, dry summer periods, showing clear day/night differences in the hypodermic
zone depletion. A substantial part of the soil profile in the riparian zone of the Starosuchdolsky Brook
catchment is always saturated. The hypodermic runoff therefore contributes to the streamflow for a

long time during dry periods.
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The Starosuchdolsky Brook catchment has been monitored since 2011. The discharge data is derived
from the water level data measured every ten seconds at the outlet of the catchment, using a V-notch
(Thomson) weir equipped with a Vegawell 71 submersible water level gauge. The gauge primarily
measures water pressure with high resolution. The depth of water flowing over the Thomson weir,
which is built in a culvert aqueduct, varies from 0.000 m to 1.000 m. The catchment outlet of the
Starosuchdolsky Brook is situated at the “Spaleny Mlyn” site, see Fig. 2. The monitoring of runoff in
“Spaleny Mlyn” has been automatic since 2011. The automatic transfer of runoff discharges, air
temperatures and soil water contents measured by the Vegawell sensor, a resistance thermometer and a
dielectric soil moisture meter and digitized by the AD Convertor DRAK3 goes to a web link in a

wireless way. Fig. 3 provides an example of data.

The first meteorological station is located close to the CULS Prague campus, longitude 14°22°,
latitude 50°08’, time zone CET. The precipitation and temperature have been automatically measured
since 2004. The free water evaporation measurements were taken at another weather station located in
a grassland area about 2 km to the south of the catchment, using an EWM automatic sunken
evaporation pan, developed by AS & Consulting, Melnik, Czech Republic (Bares et al. 2006). The
geometry of EWM is derived from the standard Russian GGI-3000 evaporation pan (Gangopadhyaya
et al. 1966; cited after Brutsaert 1982). EWM has a cylindrical shape and is made of stainless steel. Its
evaporation area is 3000 cm”. The cylinder is 60 cm high, of which 10 cm extends above the ground.
The water level is detected by a float, placed in a lateral stilling chamber and attached to a digital
optical position sensor with 0.1 mm accuracy. The level is recorded every 10 minutes but the data used

in this paper are 60-minute moving averages.

The field capacity of the soil, i.e. the lower threshold of drainable soil water content, was estimated in
the standard way as the soil water content corresponding to 33 kPa of suction (Romano and Santini
2002). It was found to be on average 0.371 m’ m” with the standard deviation 0.063 m’ m”. The
measurements (three replications) were performed in the laboratory on 250 cm’ undisturbed core
samples, taken from the loamy skeleton-rich soil of the flood plain at a depth of 10-15 cm. The

instrument used was HYPROP by UMS GmbH, Munich, laboratory evaporation equipment for

10
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determining the retention curves and the unsaturated hydraulic conductivity of the soil (Schindler et al.
2010). The saturated water content of this soil (estimated as equal to the total porosity) was, on

average, 0.533 m’ m~, with the standard deviation 0.029 m’> m™.

Results

Among many low flow and rainless episodes measured, we selected the following three:

EPISODE 1:24/6 (20 h) — 29/6 (05h) 2011 (n = 106 h)

EPISODE 2: 22/5 (09h) — 29/5 (02h) 2012 (n = 162 h)

EPISODE 3: 08/8 (02h) — 16/8 (20h) 2012 (n =211 h)

where n is the number of hourly time steps At. For this study, At was set to one hour. The water

evaporation records for same three episodes as specified above were selected.

The linear and exponential trend regression of the measured discharge vs. time was calculated to
obtain estimates of the evapotranspiration-unaffected recession function. Its harmonic coefficients
ar,ag, b, were computed using Eq. 7. These input series simulate a smooth depletion process either in
the form of a straight line (a linear function) or an exponential curve suggested by the Boussinesq
equation. The difference between these two functions is very small. Table 2 presents the results
obtained by the regression analysis for all three episodes. The same regressions are depicted in Figs. 4

to 6.

The measured discharges were used to compute the output Fourier coefficients A, Ay, B (Eq. 4). Then
the transformation harmonic coefficients o, oy, B were found (Eq. 5), enabling us to compute the
transformation function (Eq. 8). The coefficients A, Ay, B, can be used to approximate the measured
discharges (Eq. 9). Figs. 4, 5, and 6 show these approximations of discharges during the Episodes 1, 2,
and 3. Comparison of the measured discharges with their computed counterparts is presented in Table
3a, using the Nash-Sutcliffe efficiency coefficients. These coefficients are suitable for characterizing

the goodness of fit between the measured and the computed discharges series. The discharges in the
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dry seasons are low and remain low after having been raised to the second power. The total number of
harmonics rr in the series was varied in order to find its optimum value, but it was not allowed to
exceed 25% of the actual length of the measured episode (i.e. 0.25 n). It is to be emphasized that our
ambition was not to fit the measured discharge curve perfectly, but to decipher the effect of

evapotranspiration.

The Nash-Sutcliffe coefficient value for good fit acceptance should be EC > 0.75 (WMO 1992). This
was not achieved with the discharges of the first two episodes, when the original measured data were
used. Hence, we smoothed the measured discharge data of these episodes, using 5-hour central moving
averages. Figs. 7 and 8 show the results of the smoothing. Table 3b provides the results of new
regression calculations for finding the improved input recession functions from the smoothed
discharges of Episodes 1 and 2. Then the Fourier series model was computed once more, which
slightly improved the acceptability level of the fit of the computed vs. measured discharges, but the
threshold EC > 0.75 was not always reached. Table 4 provides a list of the transformation coefficients
o, and B, of the Fourier series for all three episodes (the episodes 1 and 2 after smoothing). The

number of harmonic coefficients (rr) was adjusted according to the length of the series (n).

Figs. 9 and 10 present graphs of free water evaporation and the actual evapotranspiration estimation
according to Eg. (11) for the two episodes when all inputs (discharges, evaporation and soil water
content) were measured (soil water content data were not measured for the EPISODE 1 in 2011). We
admit that the estimates of the actual evapotranspiration according to Eq. (11) may be too large, as the
starting point for the calculation was the free water evaporation, which is typically larger than the

potential evapotranspiration.

Fig. 11 displays several hours of time delay of the discharges behind the transformation function. A
similar but not so regular delay can be observed when we compare the measured discharges with the
measured water evaporation (not shown). The catchment runoff formation is apparently influenced by
the unsaturated zone processes (such as the soil water capillary rise), but also by the hydraulic

resistance to water flow in the underground saturated zone and in the stream bed, especially due to the
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stony channel bottom of the Starosuchdolsky Brook. Compared to evapotranspiration, the influence of
hydraulic resistance is smaller. These effects remain to be quantified. The discharges were also
computed using the linear convolution integral (11),replaced by the summation (12). The two
discharge series obtained, respectively, from Eq. (9) and (12) were indeed virtually the same, as
expected. The efficiency coefficients also remained the same, which may serve as the proof-control of

our computation.

Discussion

Quasi-periodic diurnal fluctuations can be observed in the measured discharge records during hot and
dry summer periods. The discharges show, at the same time, an overall declining trend, corresponding
to a linear or quasi-linear recession curve. As long as a part of the soil zone of the catchment is
saturated, it contributes to the streamflow. There is still a question about the type of the overall
recession curve that should be used - whether to apply the Boussinesq exponential type or a straight
line only. Evapotranspiration during a rainless period can be roughly assessed from the discharge
measurements, using the Fourier Series Model (FSM). The expression “roughly” means that the
discharge data are delayed few hours behind the evapotranspiration due to the unsaturated zone

processes and the hydraulic resistances along the water flow paths.

Figs. 4 to 6 present interesting data to illustrate what happens when evapotranspiration impacts the
flow. It is practical to implement FSM based on the Fourier series, where the input coefficients (a,, ay,
b,) and the output coefficients (A;, Ay, B;) in Eq. (4) are used for computing the transformation
function coefficients (o, &g, Br) in Eq. (5). The method has an excellent mathematical background
(O’Donnell 1960; Hardy and Rogosinski 1971), but the results are affected by subsurface and
streambed processes, which delay the surface discharge, mainly due to the unsaturated zone soil water
movement, groundwater flow and streambed hydraulic roughness (Dvorakova et al. 2014; Kovar et al.
2014). One more remark for discussion: the approximation of the transformation function u (n —t)
(see Egs. (8), (9) and (12)) by FSM offers a higher goodness of fit than other similar mathematical

models, i.e. the Laguerre functions. The FSM can be improved through the choice of the period length
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(Kraijenhoff et al. 1966). The number of the Fourier’s harmonic coefficients rr can be increased up to

the number of the discharge ordinates n.

The transformation function u (t) is shown in Fig. 11 for EPISODE 3. Comparison of the
transformation function with the parallel water evaporation measurements and actual
evapotranspiration estimates (Fig. 10) indicates an overall semi-quantitative similarity between them,
but further research is needed to quantify this similarity. The Fourier model can also be used for
computing discharge data when the measured data is missing due to an equipment failure or for other
reasons. For this purpose, we can use both the input coefficients and the transformation coefficients
derived from the time series just before the discharge measurements collapsed (Kovar and Bacinova

2015).

Conclusions

The impact of evapotranspiration on catchment runoff is an interesting but little studied hydrological
phenomenon. Water use by riparian vegetation is closely linked to diurnal streamflow variability. The
FSM model used in this study is based on the Fourier series and takes full advantage of its
mathematical properties, such as harmonic functions, convolution principles, and strong convergence.
The methodology used in this study, based on the set of Egs. (2) to (9), is straightforward, but it has
only become applicable with the development of high-resolution measuring instruments. Accurate
streamflow measurements and the mathematical tool (FSM) have now been combined to produce this
methodology. All these advantages can be used to interpret not only the rainfall-runoff relations, but
also the runoff-evapotranspiration relations. Thus, streamflow hydrographs may become useful for
reconstructing evapotranspiration records. The model and the research results obtained in this paper
may become reference for others and for other catchments. Closing this paper, we can conclude the

following:

e The methohodology can clearly show how much an actual evapotranspiration influences

surface runoff from small catchments.
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e The Fourier transformation coefficients o (rr) and B (rr—1) and their role in computed small
river discharges fit better when increase their coordinates number (n).

e To compute the missing discharge data when those due to an accident have collapsed.

e A proof-control method confirms a correctness of computation on the convolution process.
Summation procedure (Eq. 13) can be used. Transformation function u (t) provides

reliable results.
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407 Fig. 1: Selected characteristics of the Starosuchdolsky Brook catchment
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Fig. 2: The measurement of discharges at the outlet on the Starosuchdolsky Brook

catchment

Fig. 3: Example results of the automatic measurement of discharges, air temperatures and

soil moisture contents
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Fig. 4: Discharges in the dry period from 24/6/2011 to 29/6/2011 (EPISODE 1), measured
in the Starosuchdolsky Brook catchment, approximated by the Fouries Series Model and

by fluctuation-free recession curves.
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Fig. 5: Discharges in the dry period from 22/5/2012 to 29/5/2012 (EPISODE 2), measured
in the Starosuchdolsky Brook catchment, approximated by the Fourier Series Model and

by fluctuation-free recession curves.
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Fig. 6: Discharges in the dry period from 8/8 /2012 to 16/8/2012 (EPISODE 3), measured

in the Starosuchdolsky Brook catchment, approximated by the Fourier Series Model and

by the fluctuation-free recession curves.
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Fig. 7: Smoothing of the measured discharges for EPISODE 1 with 3-term moving

averages
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Fig. 8: Smoothing of the measured discharges for EPISODE 2 with 3-term moving

averages
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Fig. 9: Estimation of the actual catchment-scale evapotranspiration from the free-water

evaporation - EPISODE 2
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Fig. 10: Estimation of the actual catchment-scale evapotranspiration from the free-water

evaporation - EPISODE 3
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Fig. 11: Approximation of the transformation function u (t) for EPISODE 3 by the Fourier

Series Model.
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Tab. 1: Characteristics of the Starosuchdolsky Brook catchment

Physiographical factors of the Starosuchdolsky brook

Catchment area (A, km®) 2.95 Maximum catchment elevation
335
(Hpax., m a.s.l.)
Length of thalweg (L, , km) 3.7 Minimum catchment elevation
211
(outlet) (Hpin, m a.s.1.)
Length of brook (L, km) 0.58  River network density (km/km?) 0.33
Length of water divide (P, km) 9.1 Annual precipitation (mm) 520
Average slope of brook (Jy, %) 5.4 Annual runoff (mm) 120 - 140
Average catchment slope (J5, %) 20 Annual average temperature (°C) 8.8
Land use categories of the Starosuchdolsky brook
Arable land (%) 50.2 Urbanized area (%) 37.9
Forest (%) 3.5 Permanent grassland/greenery (%) 8.4

Tab. 2: Linear and exponential regression estimates of the recession curves for the
Starosuchdolsky Brook catchment during the rainless EPISODES 1, 2, and 3

LINEAR REGRESSIONS
Approximated equations:y=a.x+b
EPISODE 1 R2==- (0):8(1)?(1)3 b =2.008608
EPISODE 2 ; - 8:82832(5) b=3.081071
EPISODE 3 ; - gzggézgg b =0.959497

EXPONENTIAL REGRESSION

Approximated equations (Boussinesq): y =yp . €

yo=2.012123 o=-0.001173
EPISODE 1 y=2.012123 . 70017 x

R”*=0.293019

yo =3.081396 o = -0.000075
EPISODE2  y=3.081396 . ¢ 000"~

R”=0.004286

yo = 0.900967 o=-0.001064
EPISODE3  y=0.900967 . ¢ 00100~

R”=0.044559

Tab. 3a: Looking for optimal number of harmonic coefficients (rr) with regard to the
Nash-Suttcliffe goodness of fit Efficiency Coefficients (EC) before the smoothing of
discharge data

EPISODE 1 (n =106) EPISODE 2 (n =162) EPISODE 3 (n =211)
rr EC rr EC rr EC
6 0.743 7 0.726 15 0.860
5 0.725 6 0.709 14 0.858
7 0.739 8 0.716 16 0.862
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Tab. 3b: Improvement of the Nash-Suttcliffe goodness of fit Efficiency Coefficients (EC)
due to the smoothing of discharge data (EPISODES 1 and 2 only)

EPISODE 1 (n =106) EPISODE 2 (n =162) NEW LINEAR REGRESSION

Ir EC rr EC (after smoothing)
6 0.771 7 0.742 EPI1:a=-0.002160
5 0.754 6 0.729 b =2.006650

EPI2:a=-0.000228

7 0.748 8 0.733 b =3.079739

Tab. 4: Transformation function coefficients a, and f3,- of the Fourier series

Index EPISODE 1 EPISODE 2 EPISODE 3
n=106,rr=6 n=162,rr=10 n=211,rr=15
o B (1] B o B
0 0.010 0.006 0.005
1 0.021 -0.001 -0.005 -0.008 0.004 0.001
2 0.007 -0.009 0.007 -0.005 0.004 -0.001
3 0.018 -0.020 0.003 -0.005 0.005 0.001
4 0.019 -0.041 0.007 -0.002 0.003 0.002
5 0.003 0.033 0.014 -0.002 0.004 0.001
6 0.005 -0.026 0.002 0.003
7 0.043 0.053 0.001 0.004
8 0.016 0.000 -0.003 0.011
9 0.014 0.006 0.039 -0.026
10 0.009 -0.008
11 0.011 -0.003
12 0.008 0.000
13 0.010 -0.002
14 0.010 0.002

ANNEX: Input data on measured values of discharge, pan evaporation, and soil
moisture contents for all three EPISODES
EPISODE 1:

Fourier Model: Discharges Starosuch. Brook, 1.EPI 24/6,20h - 29/6,5h, 2011
1 106 2950 1.0 0.37

1.992 2.026 2.044 2.059 2.066 2.066 2.088 2.085 2.094 2.092
2.088 2.082 2.054 1.998 1.953 1.902 1.858 1.840 1.811 1.802
1.790 1.793 1.810 1.859 1.883 1.911 1.919 1.931 1.937 1.943
1.953 1.971 2.051 2.017 2.021 2.020 2.016 2.014 2.027 2.007
1.964 1.948 1.882 1.858 1.845 1.812 1.805 1.816 1.845 1.890
1.908 1.926 1.923 1.945 1.957 1.963 1.995 2.009 2.019 2.022
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2.014 1941 1.860 1.811 1.760 1.719 1.693 1.674 1.673 1.677
1.692 1.730 1.776 1.811 1.841 1.864 1.880 1.893 1.905 1.913
1.919 1922 1.926 1.921 1905 1.854 1.774 1.715 1.675 1.661
1.648 1.621 1.603 1.612 1.634 1.728 1.776 1.820 1.855 1.876
1.902 1.924 1.945 1.960 1.971 1.980

Suchdol EPISODE 1: 24/6,20h - 29/6,5h, 2011

Evaporation rate (mm/h)

Total number of records: 106 DT (1h)

0.282 0.235 0.207 0.195 0.194 0.173 0.149 0.126 0.115 0.119
0.115 0.104 0.092 0.092 0.105 0.149 0.188 0.225 0.267 0.291
0.305 0.293 0.287 0.259 0.235 0.224 0.196 0.189 0.166 0.130
0.086 0.046 0.026 0.025 0.035 0.037 0.038 0.036 0.029 0.033
0.036 0.050 0.080 0.087 0.099 0.106 0.095 0.107 0.105 0.095
0.092 0.088 0.089 0.089 0.089 0.084 0.082 0.078 0.069 0.053
0.040 0.033 0.037 0.058 0.087 0.128 0.157 0.183 0.196 0.206
0.219 0.229 0.221 0.203 0.180 0.155 0.141 0.137 0.129 0.123
0.122 0.115 0.102 0.079 0.058 0.047 0.064 0.096 0.152 0.213
0.239 0.275 0.282 0.298 0.324 0.315 0.286 0.250 0.221 0.204
0.198 0.179 0.175 0.168 0.164 0.164

Soil Moisture Data (SMD) is missing. In 2011 was not yet measured.
EPISODE 2:

FOURIER MODEL: Discharges Starosuch. potok, 2.EPI, 22/5,9h - 29/5,2h, 2012
1.0 1.0 2.966

162 0

2966 2.966 3.040 3.090 3.146 3.203 3.225 3.245 3.262 3.272
3.273 3.283 3.286 3.304 3.295 3.295 3.298 3.228 3.126 3.038
2976 2918 2910 2.852 2.850 2.880 2.905 2.961 3.015 3.070
3.104 3.161 3.189 3.198 3.215 3.224 3.240 3.247 3.239 3.235
3.209 3.143 3.062 2972 2.893 2.864 2.850 2.829 2.824 2.807
2.872 2909 3.013 3.081 3.117 3.143 3.161 3.168 3.176 3.188
3.219 3.235 3.228 3.228 3.191 3.116 3.051 2.986 2.940 2.886
2.812 2.514 2.463 2.663 2.782 2.901 3.003 3.054 3.100 3.132

28



3.151 3.171 3.182 3.205 3.215 3.232 3.227 3.226 3.205 3.126
3.042 2976 2915 2.740 2.662 2.553 2.637 2.670 2.884 2.935
3.016 3.072 3.125 3.147 3.164 3.185 3.201 3.211 3.218 3.231
3.225 3.227 3.210 3.130 3.042 2.952 2911 2.893 2.845 2.822
2.853 2.890 2.943 2.963 2.962 3.020 3.087 3.114 3.121 3.122
3.122 3.126 3.136 3.153 3.150 3.156 3.139 3.086 2.983 2.892
2.844 2.825 2.847 2.832 2.886 3.128 3.086 3.098 3.123 3.153
3.169 3.188 3.197 3.201 3.204 3.197 3.199 3.206 3.198 3.195
3.197 3.184

Starosuchdolsky potok 2.EPI, 22/5,%h - 29/5,2h, 2012

Evaporation rate (mm/h)

Total number of records: DT = 162 hod

0.048 0.090 0.135 0.176 0.210 0.230 0.258 0.284 0.266 0.228
0.185 0.140 0.140 0.137 0.125 0.116 0.102 0.095 0.096 0.086
0.065 0.041 0.024 0.025 0.058 0.119 0.186 0.262 0.322 0.340
0.360 0.363 0.349 0.314 0.261 0.228 0.203 0.191 0.182 0.159
0.143 0.140 0.134 0.113 0.097 0.072 0.058 0.066 0.102 0.168
0.234 0.292 0.326 0.359 0.396 0.452 0.483 0.474 0.423 0.333
0.262 0.207 0.184 0.177 0.172 0.178 0.180 0.179 0.172 0.145
0.128 0.120 0.140 0.178 0.214 0.242 0.265 0.290 0.313 0.347
0.366 0.377 0.349 0.293 0.239 0.195 0.174 0.170 0.159 0.149
0.143 0.130 0.114 0.083 0.072 0.085 0.125 0.182 0.235 0.255
0.269 0.270 0.272 0.292 0.301 0.300 0.278 0.241 0.201 0.173
0.146 0.134 0.132 0.135 0.136 0.134 0.119 0.094 0.086 0.082
0.106 0.160 0.199 0.243 0.282 0.284 0.296 0.294 0.292 0.286
0.253 0.221 0.175 0.161 0.159 0.147 0.137 0.125 0.119 0.108
0.099 0.081 0.066 0.069 0.090 0.128 0.195 0.230 0.222 0.198
0.144 0.102 0.087 0.083 0.085 0.108 0.116 0.118 0.122 0.122
0.124 0.120

Soil Moisture Content (SMD) Starosuch. Brook, Episode 2 22/5 9h - 29/5 2h 2012
0.339 0.339 0.339 0.339 0.339 0.338 0.338 0.339 0.339 0.339
0.340 0.340 0.340 0.341 0.341 0.342 0.342 0.342 0.342 0.342
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0.342 0342 0.342 0.342 0.341 0.342 0.341 0.341 0.341 0.340
0.339 0.339 0.338 0.338 0.339 0.339 0.339 0.340 0.340 0.341
0.341 0.342 0.343 0.342 0.342 0.342 0.342 0.342 0.342 0.342
0.341 0.341 0.340 0.340 0.340 0.339 0.339 0.340 0.340 0.340
0.341 0.341 0.341 0.341 0.341 0341 0.341 0.341 0.341 0.341
0.340 0.340 0.340 0.340 0.339 0.339 0.339 0.338 0.338 0.337
0.337 0.337 0.337 0.337 0.337 0.337 0.337 0.338 0.338 0.338
0.338 0.338 0.338 0.337 0.337 0.336 0.336 0.336 0.336 0.336
0.335 0.336 0.335 0.335 0.335 0.335 0.335 0.335 0.335 0.335
0.335 0.336 0.336 0.336 0.336 0.336 0.335 0.335 0.335 0.335
0.334 0.334 0.334 0.333 0.333 0.334 0.333 0.333 0.333 0.333
0.333 0.333 0.333 0.333 0.334 0.334 0.334 0.334 0.334 0.334
0.334 0.334 0.334 0.334 0.334 0.333 0.333 0.333 0.333 0.332
0.332 0.331 0.331 0.332 0.332 0.332 0.332 0.333 0.333 0.333
0.333 0.333

EPISODE 3:

Fourier model: Discharges Starosuchdolsky Brook episode 3 - 8/8/2012 2 hod - 16/8/2012
20 h

1 211 2950 1.0 037

0.988 0.986 0.983 0.977 0.968 0.957 0.922 0.876 0.848 0.840
0.818 0.806 0.797 0.792 0.792 0.807 0.828 0.852 0.869 0.892
0.903 0.908 0912 0.914 0918 0.920 0.924 0.928 0.928 0.924
0.899 0.851 0.816 0.819 0.807 0.811 0.782 0.773 0.772 0.788
0.809 0.823 0.836 0.854 0.864 0.872 0.881 0.883 0.891 0.890
0.895 0.896 0.894 0.888 0.860 0.840 0.816 0.789 0.765 0.756
0.741 0.736 0.749 0.766 0.786 0.808 0.821 0.834 0.843 0.853
0.864 0.867 0.867 0.867 0.874 0.885 0.882 0.882 0.874 0.857
0.841 0.826 0.794 0.772 0.753 0.746 0.763 0.771 0.787 0.806
0.824 0.841 0.849 0.855 0.864 0.876 0.879 0.888 0.893 0.898
0.895 0.893 0.873 0.833 0.804 0.773 0.739 0.720 0.687 0.702
0.707 0.723 0.751 0.779 0.800 0.816 0.823 0.829 0.838 0.847
0.843 0.851 0.851 0.854 0.858 0.861 0.851 0.814 0.768 0.735
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0.719
0.808
0.825
0.710
0.817
0.638
0.776
0.707
0.763

0.695
0.814
0.784
0.734
0.820
0.637
0.784
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0.691
0.821
0.739
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0.824
0.646
0.789
0.666

0.682
0.825
0.707
0.772
0.824
0.663
0.791
0.649

0.687
0.829
0.682
0.789
0.804
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0.794
0.656

0.702
0.833
0.666
0.797
0.756
0.722
0.797
0.680

0.729
0.837
0.657
0.805
0.718
0.743
0.799
0.681

0.756
0.840
0.657
0.810
0.685
0.753
0.798
0.695

0.781
0.841
0.665
0.811
0.661
0.765
0.774
0.711

0.797
0.842
0.684
0.814
0.649
0.770
0.742
0.726

Starosuchdolsky Brook, episode 3 - 8/8/2012 2 hod - 16/8/2012 20 h

Evaporation rate (mm/h)

Total number of records: 211 hod
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0.100 0.133 0.147 0.142 0.136 0.124 0.132 0.153 0.132 0.106

0.071

Soil Moisture Content, - episode 3 - 8/8/2012 0 h - 16/8/2012 20 h

Starosuchdolsky Brook - 8/8/2012 0 h - 16/8/2012 20 h
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Abstract

Kovér P., Hrabalikova M., Neruda M., Neruda R., Srejber J., Jelinkova A., Ba¢inova H. (2015): Choosing an appropri-
ate hydrological model for rainfall-runoff extremes in small catchments. Soil & Water Res., 10: 137-146.

Real and scenario prognosis in engineering hydrology often involves using simulation techniques of mathemati-
cal modelling the rainfall-runoff processes in small catchments. These catchments are often up to 50 km?in area,
their character is torrential, and the type of water flow is super-critical. Many of them are ungauged. The damage
in the catchments is enormous, and the length of the torrents is about 23% of the total length of small rivers in the
Czech Republic. The Sméda experimental mountainous catchment (with the Bily potok downstream gauge) in the
Jizerské hory Mts. was chosen as a model area for simulating extreme rainfall-runoff processes using two different
models. For the purposes of evaluating and simulating significant rainfall-runoff episodes, we chose the KINFIL
physically-based 2D hydrological model, and ANN, an artificial neural network mathematical “learning” model. A
neural network is a model of the non-linear functional dependence between inputs and outputs with free parameters
(weights), which are created by iterative gradient learning algorithms utilizing calibration data. The two models are
entirely different. They are based on different principles, but both require the same time series (rainfall-runoff)
data. However, the parameters of the models are fully different, without any physical comparison. The strength of
KINFIL is that there are physically clear parameters corresponding to adequate hydrological process equations,
while the strength of ANN lies in the “learning procedure”. Their common property is the rule that the greater
the number of measured rainfall-runoff events (pairs), the better fitted the simulation results can be expected.

Keywords: flood prediction; infiltration; Jizerské hory Mts.; kinematic wave; neural network

Rapidly developing catastrophic situations caused
by extreme rainfall-runoff episodes can often be en-
countered in small mountainous catchments, where
changes in the runoff and sediment regime can be
enormous. This is the situation for the creeks in the
Jizerské Hory Mts., where the Sméda catchment was
chosen as the case study for this paper. Convective
high-intensity precipitation on a relatively small
catchment area, its high inclination and the slope
of the longitudinal profile of the river, channel de-

struction and its surroundings impacted by erosion
often cause a great damage (KovAR & KROVAK 2002).

An improvement in runoff prediction methods and
in determining the volumes of flooding waves are
of economic as well as environmental importance
(CAMROVA & JiLKOVA 2006). N-year flood discharges
are the basic hydrological sources for proposing
measures against floods and erosion. Over the past
few decades, growing importance has been given
to the use of mathematical models of the rainfall-
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runoff process, based physically on infiltration, and
to monitoring surface runoff and its movement on
slopes and on hydrographic networks. This case study
shows the ways of identifying the design runoff in
small basins using the KINFIL model (KovAR 1992).
This model combines the CN curves method and the
solution of infiltration equations (MOREL-SEYTOUX
& VERDIN 1981). The simulation of surface runoff is
resolved by the kinematic wave model (SINGH 1976,
1996), taking into account the detailed topography
of the basin. The topographic terrain values are cal-
cualted by ArcGIS software. The accuracy of these
mathematical modelling methods and their connection
to GIS systems is adequate for the accuracy of the
mathematical description of physical processes and
to the range and reliability of the data set used herein.

The second model used in this paper is an artifi-
cial neural network consisting of units called neurons
that transfer and process information in the form of
excitations. The training of the neural network can be
imagined as modifications to the network parameters
in such a way that the output neurons are excited by
certain combinations of input signals (RUMELHART &
McCLELLAND 1986). The number of neurons and their
connections are determined by the topology of the net-
work. According to the function, we distinguish input,
output, and intermediate neurons. The input neurons
correspond with receptors, the output neurons are
connected to effectors, and the intermediate neurons
constitute the mediators of the information transfer
between inputs and outputs (LIPPMANN 1987). These
ways of excitation transfer are referred to as paths.
The information is processed on paths by means of
changes in the states of neurons along the correspond-
ing paths. The states of all neurons and connections
(synaptic weights) represent the configuration of a
network. Training the neural network involves setting
the configuration on the basis of data representing
pairs of inputs with desired outputs. This approach is
called supervised learning, and it most often utilizes
gradient-based nonlinear algorithms, called error back
propagation (NERUDA et al. 2005).

The goal of our study is to compare the KINFIL
and ANN approaches, to identify their strengths
and weaknesses.

MATERIAL AND METHODS

Description of the Sméda catchment. The river
Sméda4 rises in the peat lands of the Jizerské hory
Mts. It is the border flow between the Czech Re-

138

doi: 10.17221/16/2015-SWR

public and Poland (Figure 1a). Since 1957, a water

level recorder has been installed in the Bily potok

station and a number of precipitation gauges have
been set up in Hejnice, Nové Mésto pod Smrkem,

Visnova, and Bily Potok. This catchment with its

measured rainfall-runoff episodes is often a source of

flood disasters, which will be analyzed in this study.

Table 1 shows the major physical-geometric catch-

ment characteristics of the Bily Potok downstream

water level recorder.

The Sméda brook is classified as having class I and
class II basic water quality — the water is classified
as unpolluted or slightly polluted. Table 2 shows the
basic hydrological data in the Smédd catchment,
e.g. the average yearly precipitation and the N-years
runoff values.

In the following description, the basic geological,
soil, geomorphological, and land use characteristics
of this part of the Jizerské hory Mts. are presented as
a consequence of the effects of major rainfall-runoff
episodes. For understanding the destruction in the
area caused by high surface outflow and erosion
processes, the following considerations should be
taken into account:

- The geological basement of the Jizerské hory mas-
sif is composed of biotic coarse granular or por-
phyritic granite, easily eroded and crumbled into
fine fractions.

— Most of the soils are shallow, light, coarse granular
loamy-sandy soils of peat mountain Podzol type,
peaty soils, and rocky rubble on steep slopes.

— The unsuitable structure and texture of the soils
and the softness of the soil profile with a lack of
humus means that the soils are easily eroded.

— The Jizerské hory Mts. have one of the highest
precipitation frequencies and amplitudes of all
Central Europe.

— Steep terrain slopes (30-50%) and quite long slope
lengths (400—1000 m) provide conditions for gully
erosion of whole areas.

Table 1. Physical-geometric characteristics of the Sméda
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 characteristics of the Sméda catchment

The vegetation in the Sméda basin consists mainly
of spruce (80-90%), beech and maple trees (up to
15%). Dwarf pines occur in the peatlands, and birches
and rowans are scattered in coppices. However, there
is an intensive new planting programme, and the
herbaceous small reed vegetation that has grown
up in the clearings after deforestation is gradually
being replaced. The species composition now being
planted is different from the old species composi-
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tion, and includes species that are more resilient to
natural disasters, and that help preventing forest
erosion and infiltration.

GIS mapping of the Sméda catchment. In the
present study, GIS tools were used to create a digital
model of the terrain (DMT), hydrological soil groups,
economic land use, and the distribution into the sub-
catchments. We used ArcGIS 10.2 software tools,
with the Spatial Analyst extension. The starting-point

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

Smeda Precipitation Runoff N-year runoffs (m?/s)
basin (mm) Q Q, Q, Quo Qy Q5o Qi
Bily potok 1426 1116 21 33 54 74 97 132 162
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materials were vector base datasets derived from the
Orthophoto map and the Basic Map of the Czech
Republic 1:10 000 (ZABAGED II), digital map BPE],
and datasets downloaded from the HEIS database.
The resulting products are the maps shown in Fig-
ure 1: Major characteristics of the Sméda catchment,
comprising: (a) orthophotos, (b) height ratios and
schematization of sub-catchments, (c) slope, and
(d) land use. The synthetic product is a geographi-
cal map containing the hydrological information
required for the KINFIL model. This data is compiled
in Table 3 and shown in Figure 2, which provides a
geometrical schematization of the sub-catchments,
including land use. Table 3 provides a numbering
system for the geometrized areas of the catchment

Table 3. Schematization of the Smédé catchment

doi: 10.17221/16/2015-SWR

(see Figure 2) away from the catchment boundary
to the downstream gauge profile, distinguishing the
upper segment (S) and the plates of the left (L) and
right (R) side of the flow direction of the Sméda river.

The KINFIL model. The KINFIL model is based
on a combination of infiltration theory, put forward
by Green and Ampt and modified by Morel-Seytoux
(MoOREL-SEYTOUX & VERDIN 1981), and direct run-
off transformation, resolved using a kinematic wave
(LAX & WENDROFF 1960; KIBLER & WOOLHISER
1970; BEVEN 1979; SINGH 1996).

The task of the infiltration part of the model is
to determine the parameters of saturated hydraulic
conductivity K and the retention coefficient of the
suction pressure Sf(for the state of field capacity FC).

Other  Built up
Cascade/ Area Lengt.h Area Avgrage Length  Slope Grassland  Forest area area
subcatchment (km?) of basin - Plate (km?) width (km) (=)
(km) (km) (%)

S11 112 126  0.178 - 99.30 - 0.70
S1 1.64 1.86 0.88

S12 0.53 0.60 0.114 - 94.60 - 5.40
R1 1.84 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 1.93

R 22 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 191 1.75 1.09

R 42 0.95 0.87 0.424 - 100.00 - -

R51 0.10 0.05 0.119 - 100.00 - -
R5 1.79 0.78 R 52 0.41 2.29 0.18 0.216 - 100.00 - -

R 53 1.27 0.56 0.269 1.10 81.10 1.70 16.10

R61 0.50 0.23 0.156 - 100.00 - -
R6 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 2.25 1.23 1.83

L22 0.91 0.50 0.154 - 99.93 - 0.07

L 31 0.36 0.23 0.157 - 100.00 - -
L3 2.33 1.48 L32 1.61 1.58 1.02 0.415 - 98.40 - 1.60

L33 0.36 0.23 0.273 - 94.60 - 5.40

L 41 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 - -

L 43 1.49 1.45 0.164 24.70 52.00 2.00 21.30
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Figure 2. The Smédd catchment (BP) — distribution into
sub-catchments

The solution makes use of previously derived relation-
ships between these parameters and the values of the
runoff curve numbers CN (US SCS 1986). The CN in-
dex values correspond with the conceptual values for
soil parameters K and Sf (FC):CN=f(K, Sf) (KoVvAR
1992; KoVvAR et al. 2014). The second component of
the KINFIL model is the direct runoff transformation.
The equation describes an unsteady flow, which is
approximated by a kinematic wave. The kinematic
equation has been converted into the finite differ-
ence form and resolved by the Lax-Wendroff explicit
numerical scheme (LAx & WENDROFF 1960). For
practical solutions, the basin has been geometrized
by being divided into two components: the cascade
of planes and the convergent segments, so that the
simulation of the runoff process corresponds with
the topographical catchment areas.

For the rain files of rainfall-runoff episodes, the
KINFIL model simulation is important for correct
determining the value for the runoff curve numbers
CN (US SCS 1992) for antecedent moisture condi-
tions (average: AMC II), and also the default values
for other parameters (actual: CN - volumetric: CNVOI),
and consequently the hydraulic conductivity K and
sorptivity S (at the field capacity FC). The CN values,
and therefore the value for the potential retention
of the active upper soil zone, are influenced by the
uses to which the mostly forested land is put. The

forest hydrological conditions affect especially the
interception, infiltration, and retention of water in
depressions with no runoff and a ground cover layer
of forest soil (humus leaf litter, HLL). The class of
forest hydrological conditions (CFHC) is determined
on the basis of the depth of the litter (HLL from 0 to
15 c¢cm) and its compactness (C) classification. For
these CFHC values, the average numbers of runoff
CN curves have been derived by hydrologic soil
groups (KovAR & Va§Sova 2012).

The average value representation of the first grain
category I*'is 25-30%. To this class reaches saturated
hydraulic conductivity K| values as high as 10 mm/h.
On the basis of the humus compactness grade CG = 1
(depth to 5 cm), the forested surface of the basin may
be classified into two hydraulic conditions (CFHC = 2)
and for soil group C, subsequent CN;; = 79 and for
soil group B CN|; = 69.

Table 4 provides a clear record of the numbers of
runoff curve values. To calibrate the parameters of
the model, it is necessary to choose characteristic
couples of rainfall-runoff episodes in such a way
that the rains were short and heavy, that the basin
has already been saturated by previous rain, and
that the peak flow was attained as soon as possible.
This means that the episode should preferably be
in category AMC III of the CN curve validity (i.e.
low values for hydraulic conductivity and sorptivity
at FC). Episodes with the characteristics reported in
Table 5 were selected for calibration.

Variable i in Table 5 is the highest rainfall inten-
sity, H_is rain depth, H . is the sum of previous rains
for five days before the start of the episode, and Q,ax
is peak flow. For the selected calibration episodes,
we were aware that the period of 35-45 years that
elapsed between the calibration and the validation

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

Area HSG

Representation Weighted CN
(%)

70 C 0.70 x 79 = 55.3
Forests 88

18 B 0.18 x 69 = 12.4
Pastures (clearings) 7 7C 0.07 x79=5.5
Arable land 3 3B 0.03x79 =24
Built-up (urbanized) 2 2 — 0.02x98=1.9

| CNj, = 77.0 (rounded)
Tot 100 100
o CN,, = 89.0

111

HSG - hydrological soil groups; weighted CN — weighted

average of curve number values
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Table 5. Selected runoff episodes (KINFIL) in the Smédé catchment (calibration)

Episode No. Date (start) of episode Qs (mm/h)* H, (mm) H_ (mm) Qpax (m?/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

m

episode; Q__ — peak flow

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

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

Measured Q Calculated QC i B i
Episode No. Date (start) of episode = = lefere?ce peak Nash S.utchffe
(m3/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

Q,ax — Peak flow; QC . — computed peak flow

max

period in the KINFIL model has changed the sta-
tus of land use in the Sméda basin to some extent.
The simulation rating for the parameters used for
calibrating the KINFIL model is shown in Table 6.

From the calibration criteria, only episode number
04 is fully acceptable (WMO 1984). When selecting
the validation episodes, we focused on recent epi-
sodes (after 2008) (Table 7), indicating the volume
of effective rainfall (i.e. runoff volumes) for each
rain gauge station. Table 7 also shows the previous
rainfall totals, the APl index, and the saturation
class (II-III) for each episode. Table 8 provides the
episodic volume values for CN and the volume of
the retention zone.

The volume values for the CN_ | curves and the
values for the retention zone volumes were calculated
from the rainfall and runoff volumes according to a
well-known methodology (PONCE & HAWKINS 1996).

The ANN model. The inputs for the ANN model
are short-history values of hourly precipitation and
runoffs; the output of the network, representing the
runoff value one hour ahead, is predicted on the ba-

sis of the history of hourly values of precipitation
and runoff. The experiments demonstrated that a
period of two or three hours was sufficient for good
predictions. A further objective of the experiments
was to minimize the free parameters, i.e. the size of
the network. A two-hour runoff and precipitation
history was therefore used during the experiments.
The number of layers in the network has also been
kept as limited as possible. It is known that, in theory,
one hidden layer should be sufficient to obtain an
arbitrarily relevant approximation of the functional
dependence represented in the data. However, in
our experiments there was a confirmation that the
use of two (and sometimes more than two) hidden
layers results in a smaller network. In all our experi-
ments we have therefore used networks with four
input neurons, one output neuron, and two layers
of eight and five neurons, respectively. This rather
small size has proved to be specific enough for the
quantity of available data; larger networks have a
tendency to over-fit the training data and achieve
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 — - 30 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 II

2 24/6 2009 195.4 226.1 200.6 186.6 111

3 2/6 2010 144.8 150.8 145.8 135.6 111

4 23/7 2010 88.9 97.3 90.3 84.0 II

5 6/8 2010 164.0 175.2 165.9 154.3 111

APIL,, — index of previous saturation
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Table 8. Runoft episode heights and CN,  volume
Rainfall Q A
Episode No. Start of episode CN,, (=)
(mm) Vo
1 29/10 2008 54.6 26.3 37.3 87.2
2 24/6 2009 21.1 15.7 5.4 97.9
3 2/6 2010 44.8 38.6 5.7 97.8
4 23/7 2010 79.1 29.1 76.3 76.9
5 6/8 2010 199.7 136.8 63.5 80.0

Q — runoff; A — retention zone volume; CNVOl — volume value of curve number

RESULTS

Results of the KINFIL model calibration and
validation. The results of parameter calibration for
the KINFIL model are shown in Figure 3. The peak
flows of the tested hydrographs were in accordance
with the criteria assessment that was used (WMO
1984) only in the case of episode 04. The data for
calibrating the KINFIL model parameters is pre-
sented in Table 6, and the results of the hydrograph
simulations used by the model are shown in Figure 4.

According to the criteria of the World Meteoro-
logical Organization (WMO 1984), simulations with
resulting coefficients in the range of 0.75-1.0 are
applicable, using the same coefficient for model
assessment (Table 9). The quality of the results is
described by means of the Nash-Sutcliffe coefficient
(NASH & SUTCLIFFE 1970) in Table 9.

Results of the ANN Model calibration and vali-
dation. During the experiments, we employed the
leave-one out methodology — the model was always
calibrated using four episodes out of five, and the
remaining fifth episode was used for validation.
Figure 5 shows the calibration and validation results.
In this case, a history of two hour worth runoff and

— Measured discharge (m?/s)

Rainfall (mm)
(a) 40

Discharge (m?/s)
IS

0.5 2.0 3.5 5.0 6.5 8.0 9.5 11.0 12.5 14.0 15.5 17.0 18.5 20.0
Time (h)

mm Effective rainfall (mm)

(b) 45 0
40 7 12
35 T I |

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

Episode Nash-Sutcliffe 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

precipitation values is used as an input of one train-
ing example with the output of runoff value one
hour ahead. The main problem when calibrating the
network was not the quality of approximation, but
rather the generalization of the model for previously
unseen data. The validation data error was therefore
used during calibration as a stop criterion to prevent
over-fitting. In particular, the relevant increase in
the validation error was used as an indicator to stop
the iterative training algorithm. The models were
calibrated by the error back propagation method
with a momentum term. The quality of the results is
described by means of the Nash-Sutcliffe coefficient
(NASH & SuTcLIFFE 1970) in Table 10.

— Simulated discharge (m®/s)

30 T ta §
5 £
2 —
L
20 k=
15 + +8 g
10
- 10
5
0 —— . +——t [ 7 12
0.5 6.5 12.5 18.5 245 305 36,5 425
Time (h)

Figure 3. KINFIL calibration: Sméda 04, 20-21/6 1977 (a) and Sméda 03, 1-2/7 1971 (b)

143



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

doi: 10.17221/16/2015-SWR

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

(a) 14 o (b) 10 0.0

12 9 1 +0.5

1 8 +1.0

% 10

o 7 115 =
g 2 g
E 6 20 E
& =
E 3 5 125 =
< . 4 130 2
2 3 135 &
A e~

5 2 140

1 145

; 6 0 ‘ ‘ ‘ 5.0

37 41 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

() (d) 160 0

140 5

— 120 10
> 7
= 100 15 g
% 80 20
£ 60 25 £
5 &

é) 40 30

20 35

0 ‘ ‘ P 10 0 - I ‘ —t 40

1 3 5 7 9 11 13 15 17 19 21 23 25 1 5 9 13 17 21 25 29 33 37
Time (h) Time (h)

Figure 4. KINFIL validation Smédé: 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 question
for hydrologists is which simplifications are right. Physi-
cally-based rainfall-runoft models attempt to link catch-
ment behaviour with measurable properties (BEVEN
2001). However, scaling is a problem of magnitude. It
is currently unclear whether this upscaling premise
is correct. Catchment behaviour at larger scales can
hardly be described by the same governing equations
with effective parameters that somehow subsume the
heterogeneity of the catchment (KIRCHNER 2009). Not
only the subsurface conditions for unsaturated flow,
but also the spatial distribution of the rainfall over a
catchment area serve as good examples of heterogene-
ity. However, we tested the KINFIL model with four
parameters only in order to avoid over-parametrization
while keeping an adequate model structure (PERRIN
et al. 2001; ANDREASSIAN 2004).

The Sméda catchment in the Jizerské hory Mts. has
a very non-linear rainfall-runoff process. The shallow
peat soils are poorly permeable, and precipitation
extremes often cause soil erosion and even landslides.
The KINFIL model in the version with parameter
derivation of saturated hydraulic conductivity K and
sorptivity S (at FC), as a simple three-parameter model
(along with Manning roughness #), has proved not
to be entirely reliable for simulating extreme runoff.
The derived parameters from two calibration cases
are applicable (Table 6), but only three out of four
validated episodes are fully acceptable (Table 9).

Unlike a physically-based model, the mechanism
of the artificial neural network ANN model involves
approximating the relationship between rainfall (an
input to the system) and runoff (an output from
the system) represented by the available historical
data. In our case, the calibration process is based on
training the network on data from several episodes,
irrespective of the physical system, the structure,
and the governing equations. The robustness of
the model is based on two important factors. The
first factor is the reliability of data representing the

rainfall-runoff relations, while the second factor
is the leave-one-out approach. It means that each
simulation is calibrated on several episodes, and is
validated on one episode that has not been used for
calibration. All possible combinations of calibration
and validation splits of the episodes were tested.

The most important issue that we had to address
when calibrating the ANN model was over-fitting of the
training data. The obvious non-linearity of the problem,
represented by the data, calls for a more complex net-
work design with a larger number of units. This conflicts
with the rather small sizes of the datasets describing
the episodes by means of one hour-based data. Thus,
the networks of dozens of units in two layers have a
tendency to capture too many details (maybe including
rainfall measurement errors). The network parameters
and the length of the training episode were therefore
verified by means of the validation set results. Since
our goal is not the best-possible performance of the
training set, but relevant performance of the valida-
tion data, the models typically show better validation
results than calibration.

CONCLUSION

The rainfall-runoff processes in the Smédd basin
are admittedly difficult to calibrate, especially in a
model with a small number of parameters. Generally,
the KINFIL model used here is a physically-based
four-parameter 2D model (2 infiltration parameters
and 2 transformations by a kinematic wave). When a
version of the runoff CN curves was tested, the result-
ing values were used for deriving two parameters, K_
and S. Thus the four-parameter version was reduced
to a three-parameter version. The selection of more
recent calibration episodes (not from the 1960s and
1970s) would probably also help the simulation. We
also assume that direct measurements of the soil
hydraulic parameters using geo-statistical methods,
instead applying CN methods to derive both infiltration
parameters, would bring more relevant results. How-
ever, a method of that kind would be very laborious.

In the case of ANN models, it has been demonstrated
that neural networks in general have the ability to
capture the non-linear nature of the rainfall-runoff
relationship, and the results are to a degree compa-
rable with those obtained using hydrological models.
The application of neural networks in this area raised
several issues that needed to be dealt with. Due to
the low statistical frequency of extreme episodes, the
ANN model has to be trained on selected data where
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these episodes are present, and most of the data is not
of interest and has to be abandoned. Unfortunately,
the amount of available data from extreme episodes is
relatively small, taking into account the complexity of
the inherent nonlinear relationship of the model. We
therefore have to address the issue of a suitable network
size. It has to be large enough for the problem to be
modelled faithfully, but at the same time it should be
small enough to generalize well. Our solution to this
problem was to use the validation data performance as
a stopping criterion during the calibration phase. This
allowed us to stop the calibration before the algorithm
started to over-fit the data. This problem should be
further investigated in future, and several other meth-
ods for improving generalization should be employed.
Ensembles of ANNs are a promising approach.
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A Comparison of Water Regimes using the Hydrological Balance of Two
Dump Catchments in Dry Years in the Krusne Mountains
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Faculty of Environmental Sciences. Czech University of Life Sciences Prague.
Czech Republic
Abstract

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

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

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

Introduction

The concept of recultivation after surface mining in the North-West Bohemian brown coal
basin requires studies of water regimes in support of future restoration processes. The
WBCM-6 hydrological model has been applied to exploited areas of the Loketsky and
Radovesicky dump catchments. The 1 000 ha area of the Radovesicky dump catchment, is at
an elevation of 200 m to 400 m (see Fig. 1). It is located in the district Teplice and is the
largest dump in the Most region. Its area is 1653 ha and the average thickness is 50 to 70
meters. Some parts have already been recultivated, part of the dump is left for spontaneous
succession. It belongs to the B2 climatological region (moderately warm, moderately dry,
mainly with moderate winter) and partly to the B3 region (moderately warm, moderately wet,
with moderate winter, hilly). The average long-term temperature is 8°C to 9°C, and the annual
precipitation does not exceed 500 mm. The Radovesicky dump catchment has the lowest
number of snow days of any catchment in Czechia (about 40 days). Due to the prevailing
winds, the water regime tends to be very dry.

The Loketsky dump catchment lies in the Eastern part of the Sokolov district, and is more
than 500 ha in area. Its characteristic shape is elliptical, with a longer axis in the east-west
direction. The land use is mostly forest that was recultivated in the past. It belongs to the B1
region (moderately warm, dry, with moderate winter), B2(moderately warm, moderately dry,
mainly with moderate winter). The average long-term temperature is 7 - 8 C, and the annual
average precipitation does not exceeds 700mm. A study project in 1985 investigated the
recultivation of the whole dump complex as a unit, with the aim of creating an ecologically
well-balanced locality, a landscape suitable for agriculture, and good living conditions for the
inhabitants.
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Methods and Materials
The WBCM-6 Model

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

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

This paper provides a comparison of the water balance in the growing season (April 1 to
October 31) with the decadal balance in dry year 2003 for both dump catchment similarly
with the exception of precipitation component. However, a higher difference in water balance
components was in normal growing season 2004 on the Radovesicky dump catchment, and
also with the decadal water balance in normal year 2006 on the Loketsky dump catchment. A
growing season is the most importatnt part of a hydrological year (November 1 to October
31). The same year does not always indicate a property of a growing season in a normal year.
Different hydrological conditions and the distance between both hydrometeorological stations
(Bilina and Karlovy Vary) are the circumstances that do not allowed to use a growing season
in one normal year. The water balance for a particular area in a given time span can be
described by the equation (in mm):

SP = STF + SAE + ASM + GWR — BF 1)

where SP is rainfall, STF = SOF + BF is total runoff, and SAE is actual evapotranspiration.
ASM 1is the change in soil moisture content, GWR is groundwater recharge, BF is baseflow,
and SOF is direct runoff.

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

where SNGWR 1is the net change in subsurface storage (after subtracting BF), and SGWR 1is
the change in subsurface storage. The variable DGWR is the change in subsurface storage (i.e.
soil water):

DGWR = ASM + SNGWR 3)

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

We have carried out the three-years project (i.e. 2009 — 2011, NAZV QG92091) which has
highlighted hydrology. The land use on both catchments and with large areas without a proper
cutltivation are spontaneously and irregularly changing. In 2003 to 2006 were the parts of
forested and ploughed land were almost the same but since ten years of a lesser tillage, the
percentage of agriculture slowly disappears. Only pastures remain. Therefore we have applied
the Curve Number (CN) methodology that is closer to hydrology (e.g. Radovesicky CN = 77,
Loketsky CN = 72). Some water pool areas in depressions on the Loketsky dump catchment
grow more spontaneously due to a seasonal rainfall component in water balance there. Such a
previous idea has been confirmed.

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

The individual parameters have the following physical meaning:

AREA Catchment area (km?)

FC Average field capacity of the unsaturated zone (-)
POR Average total porosity (-)

KS Hydraulic conductivity (mm.h™)

DROT Average depth of the root zone (mm)

WIC Upper limit of interception (mm)

ALPHA Non-linear filling function exponent (-)

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

CN Curve Number (US SCS NRSC, 1986, 1992) (-)

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

The US Natural Resources Conservation Service method, based on Curve Number (CN)
assessment (NRCS 1986), was used for quantifying direct runoff. The standard procedure for
the initial CN value was accepted, and the daily storages of the active zone, SS, were
computed by this procedure. The recharge of the root zone, and thus of all unsaturated zones,
depends greatly on the previous soil moisture content, and is controlled by the KS of the FC
parameters. The evaluation procedure is based on the assumption that the distribution of the
local FC values around their average is linear.
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The exhaustion function with negative input represents the prevailing evapotranspiration in
the daily step. This is applied for the root zone and also for the lower layer of unsaturated soil.
Parameters P2 and P7 are based on particular soil retention curves: P2 = 0.2, P7 = 0.7 (loamy
soils), 0.6 for clay soils and 0.8 for sandy soils. Parameter P1 = 0.1 describes very dry
conditions for stomata transpiration. Linear retention curves can be substituted by a non-linear
curve introducing parameter ALPHA.

The WBCM-6 model describes deep infiltration that recharges a groundwater zone and base
flow while the upward capillary flux evaporates when evaporative conditions are favourable.
Simultaneously, the exhaustion from this zone due to evapotranspiration is computed. To
simulate this procedure, use is made of the proportions between the actual evapotranspiration
and the potential evapotranspiration, according to the soil moisture content and according to
the particular physical properties of the soil. The saturated zone is filled with groundwater
recharge and is depleted through the base flow. Automatic optimization of parameters
SMAX, GWM and BK is applied where the efficiency of the model can be controlled by
minimizing the sum of least squared differences between the computed decades and the
observed decades (periods of 10 days) of the annual water balance or of the vegetation period
water balance (Rosenbrock, 1960).

Results

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

The differences in rainfall, SP, and in water deficits between potential and actual evapotrans-
piration (SPE - SAE) show clearly the character of each period (dry or normal). The second
indicator is the net change in subsurface storage (SNGWR), which is a figure that usually
expresses a deficit in growing periods. Tab. 1 presents an overview of the decade (10 days)
values in 2003 on the Radovesicky dump catchment, and Tab. 2 presents the values on the
Loketsky dump catchment. These tables are computed by subtracting the components of the
water balance equation.

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

DIF = SP — SAE — STF — DGWR 4)

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

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

N
SDIF=>_DIF, (5)

=1

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

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

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

Discussion

The analysis of the water balance equation leads to the mass conservation equation, which can
be derived from eq. (1):

(ASM + GWR ) = SP — STF — BF — SAE (6)

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

Conclusions

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

5
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e The climate data measurements and the data collection were done using state-of-the-
art technology. A CHMI meteorological stations at Bilina and Karlovy Vary with an
automatic measurement system was used. There was a charger connected to a solar
panel. For the WBCM-6 model, the climate data was measured with a time step of 1
hour.

e Measurement of daily input climate data (by CHMI Usti n. L.):

Precipitation, Air temperature, Air humidity, Solar Radiation, Daily duration of sun
shine, Wind speed

Soil hydrology (FZP CZU):

Soil moisture in a root zone, Curve Number CN, Water storage due to CN, Initial soil
moisture, Average total porosity, Average field capacity, Assessment of the major
parameters SMAX, GWM and BK (as the starting values).

e This paper has provided a specific hydrological study for use as background
information for reclamation in an engineering system project planned for improving
the water regimes in the area. Due to biotechnical measures a growing period, it has
been given preference to study drought.
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289  Table 1: Deductible decade water balance of the Radovesicky dump-catchment in dry year
290 2003 (1.4.—31.10.2003)

Deductible graph: Decade (10 days) hydrological balance
RAINFALL EVAPOR. RUNOFF SOIL WAT.

DECADE
SP (mm) SAE (mm) STF (mm) DGWR (mm)
1 3.30 -10.90 -11.70 -23.50
2 17.30 -1.50 -3.20 -4.61
3 1.80 -15.10 -16.20 -31.21
4 20.70 -5.10 -7.40 -13.71
5 20.10 3.60 1.00 -1.96
6 0.70 -25.50 -26.30 -51.69
7 7.20 -22.80 -23.20 -46.13
8 14.60 -11.60 -14.00 -27.20
9 12.80 -11.20 -13.40 -26.09
10 43.40 28.80 22.30 -2.03
11 7.40 -9.20 -10.30 -19.90
12 50.40 33.80 26.90 -1.80
13 0.00 -18.60 -19.50 -38.07
14 3.30 -18.30 -18.40 -36.63
15 1.40 -14.40 -14.40 -28.78
16 1.10 -8.90 -8.90 -17.70
17 9.50 1.70 1.40 -0.12
18 0.00 -6.60 -6.60 -13.22
19 15.90 9.60 9.10 0.63
20 7.50 2.90 2.30 -0.97
21 4.00 1.00 0.90 -0.08
201
292



293 Table 2: Deductible decade water balance graph of the Loketsky dump-catchment in dry year
294 2003 (1. 4.-31.10.2003)

Deductible graph: Decade (10 days) hydrological balance
RAINFALL EVAPOR. RUNOFF SOIL WAT.

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

295  Table 3: Seasonal hydrological balance of the Radovesicky dump catchment in 2003 (dry)
296  and in 2004 (normal) in mm

Radovesicky seasonal balance 1. 4. - 31. 10. in mm 2003 2004
RAINFALL SP 243.9 340.9
TOTAL RUNOFF STF 31.4 533
SURFACE RUNOFF SOF 16.6 27.6
BASIC FLOW BF 14.8 25.7
POTENTIAL EVAPOTRANSPIRATION SPE 516.5 422.7
ACTUAL EVAPOTRANSPIRATION SAE 341.6 336.5
INFILTRATION RECHARGE SRECH 180.5 245.6
DIFFERENCE IN SOIL MOISTURE ASM -171.4 -123.2
GROUNDWATER RECHARGE SGWR 56.3 100.2
NET GROUNDWATER RECHARGE SNGWR 414 74.4

297



298  Table 4: Seasonal hydrological balance of the Loketsky dump-catchment in 2003 (dry) and in
299 2006 (normal) in mm

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

RAINFALL SP 3153 419.3
TOTAL RUNOFF STF 54.4 78.7
SURFACE RUNOFF SOF 23.1 25.2
BASIC FLOW BF 31.3 53.5
POTENTIAL EVAPOTRANSPIRATION SPE 390.2 378.3
ACTUAL EVAPOTRANSPIRATION SAE 312.2 329.7
INFILTRATION RECHARGE SRECH 221.2 299.7
DIFFERENCE IN SOIL MOISTURE ASM -116.5 -98.4
GROUNDWATER RECHARGE SGWR 93.3 161.5
NET GROUNDWATER RECHARGE) SNGWR 62.0 108.0

300

301  Table 5: Major component water balance differences between the Radovesicky and Loketsky
302 dump catchments in dry period 2003

Water Balance Component Radovesicky catchment (mm) Loketsky catchment (mm)
Rainfall SP 243.9 3153
Total runoff STF 314 54.4
Actual Evapotranspiration SAE 341.6 312.2
Difference in soil moisture ASM -171.4 -116.5
Net groundwater recharge SNGWR 414 62.0

303
304 Figure 1: The locations of the Radovesicky and Loketsky dump catchments
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Scale:50 km
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306  Figure 2: The Radovesicky dump catchment area
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308  Figure 3: The Loketsky dump catchment area
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312

Figure 4: Deductible decade water balance graph of the Radovesicky dump catchment in the
growing season of 2003
Hydrological balance - Radovesicky dump-catchment 1. 4. -31.10.2003
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Figure 5: Deductible decade water balance graph of the Loketsky dump catchment in the
growing season of 2003

Hydrological balance: Loketsky dump-catchment 1. 4. -31.10.2003
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