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1 Uvod

Sila, rychlost nebo rozsah povodné nas vzdy piekvapi a zpravidla zastihne
nepiipravené. Financéni nasledky byvaji zdrcujici, neznamenaji vSak nic ve chvili,

kdy voda bere lidské zivoty.

Zabranit vzniku povodni ziejmé v lidskych silach nikdy nebude. V soucas-
ném stavu poznani se na né vSak muzeme do jisté miry ptipravit. Pro tento tcel
budujeme rizna technickd opatieni, povodinové plany nebo mapy povodinovych
rizik. Pro tvorbu téchto podkladi je nutné znat parametry dané povodiové viny,
jeji rozsahh a ucelené informace o jejim prichodu danym tzemim. Parametry
povodiové viny, zejména pak kulminacni pratok, byvaji nejcastéji poskytovany
vyzkumnymi nebo spravnimi institucemi. Rozsah a dynamika prichodu povod-

nové viny ovsem zpravidla znamy nejsou.

Pro popis rozsahu a prichodu povodiové viny danym tzemim lze Gspésné
vyuzit hydrodynamické modely. Modelem se rozumi zjednodusSené reprezentace
konkrétni ¢asti prirodniho nebo ¢lovékem formovaného svéta. Tato reprezentace
mize reprodukovat nékteré z charakteristik popisovaného systému (Doogel, [1986)).
Matematicky model méa za tkol kvantitativni prevedeni pozorovanych vstupt
na hledané vystupy pomoci soustavy matematickych rovnic (Clarke) 1973)). Do
roku 1950 bylo matematické modelovani v hydrologii a hydraulice, zejména kvli
snaze popsat hydrologické a hydraulické procesy analytickym zptsobem, vazano
na teoretickou rovinu. Po roce 1950 se zacina klasickd hydrologie a hydraulika
propojovat s dynamicky se rozvijejicimi informac¢nimi technologiemi. Od této
doby se zac¢iné rozvijet také hydroinformatika, ktera nabizi feSeni diferencidlnich
rovnic metodami numerické matematiky (Abbott et al., [1991). V soucasné dobé
jsou hydrologické a hydraulické matematické modely hojné vyuzivany. K jejich
prednostem patii synteticky popis hydrologického ¢i hydraulického jevu. To nam
umoziuje studovat a predpovidat jevy, které by byly v praxi jen obtizné

sledovatelné (Beven, 2011).

Schopnost nejmodernéjsich hydrodynamickych modeli predpovidat rozsah

povodné je na velmi vysoké drovni. Vstupem do modeli byva predevsim informace



o topografii terénu, piislusny navrhovy priutok (Qy) nebo prutok charakterizujici
popisovanou udalost a informace o odporech povrchu vidi proudéni vody (Warner

et al., 2010)).
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2 Cile

Cilem prace je nalézt vhodny a snadno dostupny zdroj batymetrickych dat

pro hydrodynamické modely. Tento cil je rozdélen do nékolika dil¢ich cili:

1. Zhodnotit pouzitelnost dat DM R 5G jako jednoho ze zdroju batymetric-

kych dat pro sestavovani hydrodynamickych modela.

2. Zhodnoceni kvality dostupnych datovych sad pouzivanych pro pripravu

digitalniho modelu terénu vhodného pro hydrodynamické modelovani.

3. Vytvoreni ri¢niho batymetrického modelu zaloZeného na syntetickych

pri¢nych profilech.

11



3 ReSerSe problematiky

3.1 Hydrodynamické modely

Hydrodynamické modely lze fadit do skupiny deterministickych fyzikalnich
modeli. Jsou vyuzivany k popisu pohybu vody v koryté feky, kanilu nebo potrubi.
Popis je realizovan na zakladé fyzikalnich zakonu, jedna se o zakony zachovani
hmoty, energie a hybnosti. Popis téchto zakont je proveden pomoci parcialnich
diferencidlnich rovnic (Brunner, 2009). Popis pomoci parcidlnich diferencialnich
rovnic pomahd potlacit stochasticitu az na minimalni troveii. PFimé (analytické)
feSeni parcidlnich diferencidlnich rovnic byva nemozné, proto se zpravidla pro
feSeni parcidlnich diferencialnich rovnic pouziva predev§im dvou numerickych me-

tod - metody kone¢nych diferenci a metody kone¢nych prvka (Valentoval 2001)).

Zakladni podminkou pro uspésné sestaveni hydrodynamického modelu je do-
stupnost dat popisujicich povrch terénu v popisovaném tzemi - topografickd data.
Velky diraz je kladen zejména na popis samotného koryta feky (Saksena and
Merwade, 2015; Bates and De Rool 2000). At uz piimo ¢ nepiimo, vyzaduji in-
formace o topografii popisované lokality vSechny skupiny vyuzivanych modeli.
Nékteré modely vyzaduji jako vstup celistvy model terénu (2D a 3D hydraulické
modely a nékteré hydrologické modely), jiné pouze informace z néj odvozené (1D

hydraulické modely a vétgina hydrologickych modelt).

1D model

1D modely se pouzivaji ke stanoveni vysky hladiny a stiedni svislicové rych-
losti v jednotlivych pti¢nych profilech. Koryto toku je zde schematizovano polohou
vhodné rozmisténych pricnych profili. Pfi¢nymi profily je tok rozdélen na uni-
formni useky. Jsou to pfipady ri¢nich koryt i s prilehlym inunda¢nim tzemim,
které maji pravidelny, ne piili§ clenity tvar. 1D modely lze pocitat ustalené i neu-
stalené proudéni. Popis je realizovan na zakladé Saint-Venantovych rovnic. Popis
odvozeni Saint-Venantovych pohybovych rovnic lez dohledat v préci Crossley

(1999). Vyhoda 1D modela spociva v relativné snadné dostupnosti dat. Vypo-
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¢etni naroky jsou pomérné malé a samotny vypocet je rychly. Proto s nimi lze

schematizovat celé ¥i¢ni sité (Brunner, [2009).

1D model ustaleného rezimu proudéni lze vyjadfit nasledujici soustavou rovnic:

Q
T 0
r7\2
O(hU)” + gh@ +ghJp = ghJy (1)
ox ox
Q=AU

kde h [m] je hloubka vody, A(h)[m?] priito¢na plocha ur¢ena hloubkou vody
h, glm.s?] je gravitaéni zrychleni, Jg je sklon ¢ary energie, Jy je sklon dna, Q
je pritok [m3.s7Y, Ulm.s™!] je st¥edni svislicovd rychlost a z[m] je vzdalenost

S Osou .

Pro stanoveni stfedni svislicové rychlosti je pouzito Chézyho vztahu:

0 =C\/RJg
o= LRt 2)
n

Jp = U?n2h~1

kde R[m] je hydraulicky polomér, n je Manningiv soucinitel drsnosti a h[m)]

je hloubka.

Specialni obdobou 1D modelt byvaji 1D+ (nazyvané téZ quasi-2D nebo 1,5D)
modely. Ty byvaji vyuzivany tam, kde 1D popis nedostatecné reprezentuje reilné
déni. Takovou situaci je modelovani zaplavového tzemi, ve kterém se nachézi
systém piikopti. Kromé proudéni v samotném vodnim toku byva model rozsi-
fen o postranni kanaly, které vzniknou zatopenim piikopt v zatopovém tzemi.
Tyto kanaly jsou dotovany vodou z koryta feky, a pohyb vody v nich je fizen

aktuélni vyskou hladiny v hlavnim toku. Sestaveni tohoto modelu je zpravidla
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velmi naro¢né a méni se tim i podstata popisu zaplavového tizemi (Lin et al.,

2006).

2D model

2D modely maji vyuziti v mistech, kde jiz nestaci popis 1D modelem. Jedné se
o situace, kdy dochézi ke zméné proudového pole nasledkem napiiklad vystavby

nového objektu (Valentova, [2006)).

2D modely se pouzivaji pro detailni popis toku s volnou hladinou. Jsou ale
vypocetné drazsi nez 1D modely a méné flexibilni pii feSeni siti kanali a vodnich

staveb. Se snadnéjsi dostupnosti dat jejich pouziti vzriista.

Hydraulické charakteristiky jsou zde poc¢itany v elementech rozprost¥ené hori-
zontalni vypocetni sité. Elementy byvaji zpravidla uzly, nebo oka vypocetni sité.
V kazdém elementu je pocitana vyslednice velikosti a sméru rychlosti a vyska
hladiny. Geometrie toku je zde zadavana kompletnim modelem terénu. Vyhodou
2D modelu je detailni popis sledované oblasti, ve které se nachazi velké mnozstvi
prekazek piimo ovliviiujicich proudové pole. Nevyhodou jsou obecné vétsi naroky
na vstupni data a narist vypocetniho ¢asu (Lin et al., 2006; Di Baldassarre et al.|

2010).

2D model ustaleného rezimu proudéni je vyjadfovan soustavou Reynoldsovych

rovnic. Jednéd se o 2 pohybové rovnice se slozkami rychlosti U a V [3| a rovnici

kontinuity @ :
g s 1, 0 0z, 1 ~ O(h1e)  O(h1ay),
Gx_(hU +29h)+8y(hUV)+gh8:E ‘l—p(Tbm o 9 ) =0
(3)
J 0 s 1 0z 1 O(htyy)  O(h7y,),
ax*mUv)Jray(W +29h)+ghay +p(¢by pe By )=0
o(hU)  9O(hV
), o) "

ox dy

kde U, V[m.s!] jsou slozky vektoru svislicové rychlosti,h[m] je hloubka vody,

glm.s7?] je gravitaéni zrychleni, p[kg.m™?%] je hustota kapaliny, T,., sy, Tyy, jSOu
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napéti zptisobend turbulenci, 7, 7, jsou smykova napéti na dné koryta ve sméru
os r ay a z je kvota dna. Prii feSeni 2D tloh byva zpravidla zanedbavan model

turbulence, ktery se vyskytuje jen u vifivého proudéni.

3D model

3D modely jsou vyuzivany pii popisu prostorového proudéni. Vypocet je pro-
veden v elementech trojrozmérné vypocetni sité. Vektor rychlosti v elementu je
doplnén o vertikalni slozku. Vypocet byva provadén na zakladé Navier-Stokesovych
rovnic, vyjadiujicich zakon zachovani hybnosti, a rovnice kontinuity, vyjadiujici

zakon zachovani hmoty.

Numerickou metodou vyuzivanou pfi 3D modelovani je metoda konecénych ob-
jemu. Smyslem této metody je rozdéleni vypocetni oblasti do mensich podoblasti
- tzv. kontrolnich objemu. Velikost kontrolnich objemi nemusi byt nutné stejna
jako velikost miizky vypocetni sité. Na kazdy kontrolni objem je pak aplikovan

systém vychozich rovnic zvlast (Chen et al., [2003]).

Takovéto modely se vyuzivaji pro stanoveni vymilacich rychlosti u pat most-
nich piliti nebo jinych konstrukci. Naroky na vstupni data jsou shodné s 2D
modely. Vypocetni naroky se opét zvySuji, coz jejich vyuziti limituje pouze na

popisy konkrétnich detailnich situaci.

3.2 Zdroje topografickych dat pro hydrodynamické mode-

lovani

v s

modelovani jsou topografickd data (Horritt et al., 2006a). At uz p¥imo ¢ ne-
piimo, vyzaduji informace o topografii popisované lokality vSechny skupiny hyd-
rodynamickych modeli. Nékteré modely vyzaduji jako vstup p¥imo model terénu
(2D a 3D hydrodynamické modely a nékteré hydrologické modely), jiné pouze
informace z néj odvozené (1D hydrodynamické modely a vétSina hydrologickych

modelt). Informace o topografii lze ziskat riznymi technikami zaméfeni (Schwen-
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del et al., [2012; Allouis et al., [2010).

Geodetické zaméreni

Geodetické zaméteni je nejcastéji provadéno za pomoci totalni stanice. Jedna
se momentalné o nejpiesnéjsi zdroj dat. Presnost takto ziskanych dat se pohybuje
v Ffadu centimetri. Nevyhodou je ovSem ¢asova a finan¢ni naro¢nost pofizeni dat.
Finan¢ni i ¢asova naro¢nost se zvysuje s rozsahem zamérovaného tizemi (Roub

et al., 2012b).

Letecka fotogrammetrie

Leteckou fotogrammetrii lze rozdélit na jednosnimkouvou a dvousnimkovou.
Pti jednosnimkové fotogrammetrii se pracuje pouze s jednim snimkem z&jmové
lokality, a proto lze ze snimku urcit pouze rovinné soutradnice. Pfi dvousnimkové
fotogrammetrii (stereofotogrammetrii) je snimek zajmové oblasti pofizen dvakrat,
vzdy 7 jiného thlu. Diky tomu je mozné ziskat soutadnice prostorové (Campbell

and Wynne, [2011)).

7 hlediska modelovini povodiovych udalosti nachéazi leteckid fotogrametrie
uplatnéni pfi vyskovém mapovéani pfilehlého inunda¢niho tzemi. Pfesnost foto-
grammetrického podkladu se pohybuje v fadech ¢m — dm (Baltsavias, 1999).
Pro urcovani batymetrie touto metodou je nutné v ¢ase pofizeni snimku provézt
terénni méreni hloubek. To slouzi po pozdéjsi kalibraci barevné $kaly hloubek
(Legleiter et al., [2002; Marcus et al., [2002; Gilvear et al., 2004). Problémy zpu-
sobujici chyby v urc¢ovani hloubek mohou byt stiny na hladiné, odraz slunecnich

paprskii od hladiny nebo vysoka turbidita vody (Marcus and Fonstad, [2008]).

Sonarové technologie

SoNAR (SOund Navigation And Ranging) je systém, ktery vyuziva akus-
tickych vin k detekci a lokalizaci ponofenych objektii a nebo k méfeni vzda-

lenosti dna. V soucasnosti jsou pouzivany sonary v nékolika modifikacich. Za-
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kladni variantou je jednopaprscity SONAR (echolot) vyuzivajici paprsku tvaru
kuzelu (Vermeyen, [2006). Odraz paprsku ode dna je zpétné zachycen a zpracovan
v méficim zafizeni. Z doby navratu paprsku je urcena vzdalenost dna a zafizeni.
Existuji i sonary s vice paprsky, jejichZ vyhodou je $irsi zabér a rychlejsi mapo-
vani dna(Rogala;, [1999). Specidlnimi pfipady jsou pak Accoustic Doppler Current
Profiler (ADC P) ptistroje, které mohou kromé hloubky méfit i rychlost proudéni
vody (SonTek/YSI 2010)).

LIDAR

Technologie LiDAR (Light Detection And Ranging) je metoda zaloZena na
skenovani povrchu terénu laserovym paprskem. Zafizeni vysilajici a prijimajici
paprsek byva nejcastéji umisténo na palubé malého letadla nebo vrtulniku. Ske-
novaci aparatura se zpravidla sklada z laserové jednotky, scanneru, kontrolni jed-
notky (velmi pfesné hodiny), naviga¢ni jednotky (IMU - Internal Measuerment
Unit) a jednotky GPS (DGPS). Emitorem laserového zafeni byvaji pevnolat-
kové rubinové nebo Nd:YAG lasery (Hilldale and Raff, 2008)). Pouzity mohou byt
i lasery diodové. Vyhodou diodovych lasert je moznost zmény vinové délky. Ne-
vyhodou je poté nizsi vykon oproti pevnolatkovym laserim. Volba typu laseru se

fidi vykonem laseru a jeho vinovou délkou (Dolansky, 2004; Baltsavias, 1999).

Nejcastéji pouzivana vinova délka byva 1064 nm, coz je délka blizka infracer-
venému zafeni. Je ovSem znamo, Ze infracervené zatreni je vodni hladinou témér
zcela pohlcovano. Z tohoto divodu se lasery hodi pro vymezeni vodni hladiny ¢i
inundac¢niho tzemi. Hladina se pii pouziti laseri s vilnovou délkou blizkou infracer-
venému zafeni bude jevit jako plocha s velmi malym mnozstvim boda (Uhlifova

and Zboftil, 2009)).

Pro tvorbu kompletniho modelu terénu se pouzivaji skenovaci jednotky, které
obsahuji 2 lasery o rtznych vlnovych délkach. Nejcastéji se jedna o kombinaci
infracerveného paprsku a modro-zeleného paprsku (zhruba 550 nm). Tato tech-
nologie byva nazyvana jako DIAL (Differential Absorption Laser) nebo DOUBLE

LiDAR (Irish and Lillycrop|, |1999). Mezi nejznamé&jsi systémy vyuzivajici této te-
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chologie patii SHOAL (Bailly et al., [2010), EEARL (McKean et al.l 2009) nebo
RIEGL (Nayegandhi et al. |2009), které byly s uspéchem pouZity pro zaméfeni
fek i vodnich nadrzi (Mandlburger et al., 2011). Obecnéd vyuzitelnost této me-
tody v praxi je ovSem diskutabilni. Hlavnim nedostatkem je nizka prostupnost
laserového paprsku do vétsich hloubek v piipadé vody s vysokou turbiditou (Kin-
zel et al., [2007). Udava se, ze maximélni dosah paprsku se v takovych p¥ipadech
rovné 1,5 - 2 nasobnu Secciho hloubky (Skinner, [2011). V CR se tato technologie

i z divodu vysoké potfizovaci ceny béZzné nepouziva.

3.3 Tvorba batymetrie

Batymetrické mapy znazornuji terén lezici pod vodni hladinou. Ritni batyme-
trie (topografie dna) hraje zasadni roli v numerickém modelovani hydrodynamiky,
sediment transportu, ekologie a geomorfologie (Merwade et al., 2008)). Piesnost
téchto modelu vyznamné ovlivituje vysledky samotnych aplikaci (Saksena and
Merwade|, 2015). Specidlné 2D a 3D numerické simulace vyzaduji pfesny baty-
metricky model (Bates and De Roo, 2000; [Horritt and Bates| [2001; Sanders,
2007). Techniky soucasné tvorby batymetrickych modeli je mozné rozdélit do
dvou hlavnich skupin, které vyuzivaji odliny typ zdrojového datasetu: (1) tvorba
batymetrie na zakladé diskrétnich hloubkovych bodi rozmisténych nepravidelné
v koryté feky (Merwade et al. |2008; Hilldale and Raff, [2008)) a (2) tvorba ba-
tymetrie na zakladé pri¢nych profila (Schaeppi et al., 2010; Caviedes-Voullieme
et al.,[2014). Oba tyto principy pozdéji vyuzivaji interpola¢nich metod pro tvorbu
vysledného modelu batymetrie(Merwadel, 2009). BéZné jsou vyuzivany interpo-
la¢ni metody jako: IDW (Inverse Distance Weighting), NN (Nearest Neighbor),
Krigging (ordinar, universal), Spline a DT (Delaunay Triangulation) (Panhalakr
and Jarag), 2016).

Ptistup tvorby modeli batymetrie na zakladé diskrétnich hloubkovych bodi
je citlivy na volbu interpola¢ni metody (Chiles and Delfiner, 2009) a hustotu
batymetrickych bodi v datovém souboru (Merwade et all 2006). Pozadavek
dostatecné hustoty datového souboru je zakladnim predpokladem tohoto pii-

stupu. Data jsou nejcastéji pofizovana sonary vybavenymi GPS, totalni stanici
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s GPS nebo metodou LLS. Pro tvorbu modelu terénu byvaji voleny klasické pro-
storové interpola¢ni metody (Glenn et al., 2016; Jha et al.; 2013; Schwendel et al.,
2012). Pii nizké hustoté datového souboru dochézi pti pouziti klasickych interpo-
la¢nich metod ke zkresleni vysledného modelu terénu. Toto zkresleni je zptisobeno
vysokou mirou anizotropie v koryté feky (Merwade et al.l 2006). Né&které prace
upravuji klasické interpola¢ni metody a vnéasi do nich prostorovou anizotropii

(Merwade et al., 2006; [Legleiter and Kyriakidis, 2008)).

P1i tvorbé batymetrického modelu vytvoreného na zakladé pricnych profili
se zpravidla nepouzivi piimé aplikace interpola¢nich metod. Duvodem je neho-
mogenni rozmisténi zdrojovych dat. Namisto toho dojde nejprve k interpolaci
mezi jednotlivymi profily po sméru toku. Dojde tak k vytvoreni batymetrické bo-
dové sité mezi profily (Merwade et al., |2008]). Iterpolac¢ni mechanismy pouZité pro
konstrukei novych bodi, které tvoii tuto sit, mohou (Caviedes-Voullieme et al.|
2014; (Castilla-Rho et al., [2014), nebo nemusi (Merwade et al., 2008; Schaeppi
et al 2010; |Vetter et al. 2011) respektovat osu toku. Po vytvofeni sité dojde
k doplnéni vyskové informace v nové vzniklych bodech sité. Pro toto doplnéni
je nejvhodné&jsi pouzit linearni interpolaci (Chen and Liul 2017). Po vytvoreni
sité nasledné dojde k vytvoreni batymetrického modelu za vyuziti béznych inter-
pola¢nich metod. Vyhodou batymetrického modelu vytvoreného z individualnich
profili je mensi ndro¢nost na objem pouzitych dat. Proto je mozné tuto metodu

vyuzivat pro tvorbu batymetrie dlouhych fi¢nich tsekii.

P1i tvorbé batymetrickych modeli se za ticelem zpfesnéni vysledného modelu
¢asto pouziva tvarovych charakteristik p¥iénych profili (Merwade, 2009). Pro
matematicky popis téchto tvarovych charakteristik mize byt vyuzito parabo-
lickych nebo polynomidlnich kiivek (James, 1996 (Deutsch and Wang, [1996]).
Pro nejlepsi znazornéni pricného profilu je nezbytné nalézt numerické parame-
try fitovanych kiivek (Legleiter and Kyriakidis, [2008). Tyto parametry je mozné
urc¢it pomoci optimaliza¢nich metod (Suganthan) 1999; Das and Suganthan) 2010;
Maca and Pech| 2015). Jinou moznost pro nalezeni téchto parametri zalozenych

na entropii predstavuje ve své praci Moramarco et al.| (2013)).
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4 Prehled dil¢ich studii

Tato prace je tvorena tfemi samostatnymi studiemi obsahujicimi komentéar.
Tématem prace je posouzeni vhodnosti riznych zdroji topografickych dat pro
schematizaci fi¢niho koryta a jejich vliv na vysledky hydrodynamického mode-
lovani. V této kapitole je stru¢né predstaven cil, metodika a zavér kazdé dilci

studie.
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4.1 Porovnani hydrodynamického modelu z dat DMR 5.
generace a modelu z dat upravenych pomoci nastroje

CroSolver

(Comparing a hydrodynamic model from fifth generation DTM data and mo-

del from data modified by means CroSolver tool)

Cile studie

Cilem této studie bylo zhodnoceni potencialu digitalniho modelu terénu (DMT)
vytvofeného z dat DM R 5G jako topografického vstupu pro hydrodynamické
modelovani. Studie byla zaméfena zejména na schopnost dat DM R 5G popsat
prostor Fi¢niho koryta. Vedlejsim cilem studie bylo také posouzeni citlivosti hyd-
rodynamického modelovani na rizné zpisoby schematizace fi¢niho koryta a sta-

noveni rozdilii mezi jednotlivymi datovymi sadami.

Metodika

Prvni sadu tvoii data DM R 5G porizena metodou leteckého laserového ske-
novani za pouziti infracerveného laserového paprsku s vlnovou délkou 1064 nm.
Vertikalni pfesnost této technologie je + 0.18 m v otevieném terénu a £+ 0.3 m
v zalesnéném terénu (Brazdil et al.| [2012)). Druha sada vznikla na zékladé dat
DMR 5G, ktera byla modifikovana v oblasti fi¢niho koryta za pomoci softwaru

CroSolver tool.

CroSolver tool (Roub et al., 2012a) je softwarovy prostiedek umozinujici trans-
formaci dat (napt. DM R 5G) v dané oblasti zdjmu (napf. fi¢ni koryto). Samotna
transformace dat je zalozena na vhodném rozmisténi pri¢nych profili v prostoru
ri¢niho koryta. Na koncich téchto profili je vyhledan bod z datové sady DM R 5G
hladiny v daném profilu. Poté je od této vysky "zahloubeno" nové ¥i¢ni koryto.

Mira zahloubenti je zavisla na zvolené schematizaci koryta (lichob&znik, obdélnik)
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a vstupnich parametrech pro zahloubeni (n, m, Q). Samotné hloubka je pak iden-
tifikovana na zakladé Chézyho rovnice. Vysledkem je nové ziskan& bodova sada
reprezentujici batymetrii koryta. Zakladni schéma softwaru CroSolver tool je na

obrazku [I

PR T
of ALS data cross section of ALS data
+ user

Software & n,m, Q
CroSolver

Hydrodynamical W

model v
computing of water surface gradient

and creation of new cross section

DMR ‘ i
with new channel w
2 e A
new cross section LE
RE——

Obrézek 1: Zakladni schéma softwaru CroSolvertool.

Z obou zdrojovych datovych sad byly néasledné v prostiedi ArcGIS vytvoreny
TIN (triangulated irregular network) modely terénu. Z dat DM R 5G byl vytvo-
fen zakladni model terénu (DM R 5G). Batymetrie ziskané softwarem CroSolver
tool byla sloucena s originalnimi daty DM R 5G a nasledné byl vytvoren model
terénu s upravenou batymetrii v koryté feky (Cro Solver). Z téchto dvou modelu
terénu byly za pomoci extenze HEC — GeoRAS |Ackerman| (2005) extrahovany
dvé geometrické sady pro hydrodynamicky model HEC — RAS. Geometrické
sady byly v podstaté identické (rozmisténi, pocet a rozsah pii¢nych profili), jedi-
nym rozdilem byla zména prubéhu kazdého profilu v misté koryta feky (v useku

"zahloubeni").

Pro moznost porovnani vlivu rozdilné batymetrie byly hydrodynamické mo-
dely sestaveny jako identické, s vyjimkou pouziti rozdilnych modeli terénu jako
zdroje topografickych dat. Ostatni parametry modelu (Manningova drsnost, okra-

jové podminky) byly totozné.
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Vysledky a zavér

Porovnavanymi parametry byly: poloha hladiny, plocha prato¢ného prifezu
a sitka hladiny. Porovnéani téchto parametri bylo provedeno pro ptislusné navr-
hové prutoky QQn pro N = 1, 5, 10, 50, 100. Obecné lze ¥ici, ze model DM R 5G

vysledky nadhodnocuje oproti modelu CroSolver.

Pfti porovnani poloh hladin bylo zjisténo, Ze nejvétsich rozdila bylo dosazeno

TV

u priitoki s vysokou periodicitou opakovani.
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Obrazek 2: Porovnani vysek hladin v podélném profilu a priumérna chyba poloh

hladiny pro jednotlivé navrhové prutoky.

Porovnani ploch pritto¢nych prifezi na obrazku [3lopét ukazuje, ze vétsi chyby
bylo dosazeno u mensich navrhovych pritoki a mensi chyby u vétsich navrhovych
pratokii. Nicméné tento trend zde neni tolik viditelny. Propad rozdilové kiivky
v obréazku |3[ pro hodnotu Q)59 byl zpiisoben mistnimi specifickymi topografickymi

podminkami.

Porovnani sitek v hladiné nevykazuje zadny trend, nicméné v nékterych pri-
padech dochézelo k vyznamnému nadhodnoceni v piipadé pouziti dat DM R 5G.
Z obrazku [ je patrné, ze ve staniceni 1900 pritok Q5 u dat z modelu DM R 5G

mé stejnou sitku rozlivu jako pritok (199 z modelu CroSolver.
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Obrazek 3: Porovnani pruto¢nych ploch v podélném profilu a primérna chyba

priuto¢nych ploch pro jednotlivé navrhové pritoky.
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Obrazek 4: Porovnani sifek hladin v podélném profilu a prumérnd chyba Sitek

hladiny pro jednotlivé navrhové pritoky.
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4.2 Srovnani batymetrickych zdrojt dat pouzivanych v hyd-

raulickém modelovani povodni

(Comparison of bathymetric data sources used in hydraulic modelling of flo-

ods)

Cile studie

Cilem této studie bylo srovnani nékolika dostupnych zdroju batymetrickych
dat pouzivanych pro hydrodynamické modelovani povodni. Studie sledovala né-
kolik dil¢ich cila. Hodnoceny byly: (a) schopnost jednotlivych datovych zdroju
reprezentovat realnou batymetrii ¥i¢niho koryta; (b) vliv rozdilné batymetrie na
vysledky hydrodynamického modelovani; (¢) pouZitelnost jednotlivych datovych
sad v zavislosti na jejich dostupnosti, jejich fyzickych omezenich a pozadavcich

na kvalitu vystupu.

Metodika

Zajmovym tuzemim byl usek feky Vltavy v okoli mésta Ceské Budéjovice.
Délka studovaného tiseku byla 2.75 km. Primérna hloubka tseku byla 3 m a sitka

se pohybovala mezi 26.2 - 77.4 m. Primérny ro¢ni pritok je 27.6 m?3/s.

Celkem bylo porovnavano 5 datovych sad, z nichz byly vytvoreny DMT popi-
sujici fi¢ni koryto a pfilehlou inundaci. Spole¢né rozliseni DM T bylo 0.5 m. Model
ALST byl vytvoten z dat DM R 5G Model ALS?2 byl vytvoien z dat pofize-
nych technologii DIAL. Pro sbér dat bylo pouzito zafizeni Riegl VQ-880G, jehoz
horizontalni presnost je £ 0.025 m. Toto zafizeni pouziva kombinaci dvou lasero-
vych paprski. Pro batymetrickd méfeni byl pouZzit modrozeleny paprsek (560 nm)
a pro terestrickd méfeni infracerveny paprsek (1064 nm) (RIEGL, [2017)). Model
C RO byl vytvoren na zakladé dat DM R 5G a jejich softwarové apravy v pro-
storu fi¢niho koryta pomoci softwaru CroSolver tool Model AD P kombinoval
data DM R 5G pro popis inundace s daty pofizenymi technologii ADC P, pro

popis ficniho koryta. Konkrétné bylo vyuzito mérici zafizeni River Surveyor M9.
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Poslednim porovnavanym modelem byl model PV L. Model PV L byl vytvoten
na zakladé dat mérenych sonarovym zafizenim Meridata ty MD 500. Vertikalni
presnost tohoto zafizeni je £ 0.01 m (Meneses et al., 2017). Tato data byla po-
skytnuta ve formé izobat. Pro popis inundace bylo opét vyuzito dat DM R 5G

Souhrnné informace o porovnavanych modelech terénu jsou uvedeny v tabulce

Tabulka 1: Pfehled DMT pouzitych jako topografickych vstupi.

Néazev modelu | Topografickd data | Batymetricka data | Rozliseni (m)
ALS1 LiDAR LiDAR 0.5
ALS2 DIAL DIAL 0.5
CRO LiDAR software 0.5
ADP LiDAR ADCP 0.5
PVL LiDAR izobaty 0.5

Kvalita DMT byla hodnocena na zakladé porovnani prumérnych hodnot ver-
tikalnich rozdili mezi jednotlivymi DMT a referenénim DMT. Model PV L byl
vzhledem k nejvyssi (a zaroven garantované) presnosti zdrojovych dat vybran jako
referencni. Pro hodnoceni kvality DMT bylo pouzito dvou pfistupti: (a) porov-
nani pricnych prifeziy; (b) porovnani v ose toku. Pro porovnani pii¢nych prifezi
bylo pouzito 30 ndhodnych fezli. VSechny porovnavané fezy byly extrahovany
z prislusnych modelu terénu. Pro hodnoceni vertikalnich rozdili bylo pouzito

stfedni kvadratické chyby (RMSFE) a pramérna absolutni chyby (M AE).

Pro vyhodnoceni vlivu ruznych zdroju topografickych dat na vysledky hyd-
rodynamického modelovani byl vyuzit 1D model HEC — RAS (Brunner, 2009).
Pro kazdy z péti modeli terénu byl sestaven vlastni hydrodynamicky model. Pro
sestaveni vypocetni geometrie bylo pouzito 41 pri¢nych profila. Hydrodynamické
modely se navzajem lisily pouze zdrojem topografickych dat. Ostatni parametry
byly zadany identicky. Kazdy hydrodynamicky model byl nastaven na 6 simulaci
odpovidajicich vybranym névrhovym pritokum @y pro N = 1, 5, 10, 50, 100
a jako doplikovy byl zvolen pritok @, (a = pramérny ro¢ni prutok). VSechny
vypocty byly provedeny za podminek ustidleného rezimu proudéni. 7Z vysledki
hydrodynamickych modeli byly nadale hodnoceny vysky hladin v jednotlivych
pri¢nych profilech a rozsahy zatopovych oblasti.
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Vysledky a zavér

Pti porovnéani kvality DMT bylo zjisténo, ze modely terénu zaloZzené na Li-
DARovych datech (ALS1, ALS2) mohou vykazovat vysokou miru nespolehlivosti
ve schematizaci fi¢ni batymetrie. Zejména u technologie DIAL to poukazuje na
omezeni v obecném pouzivani této technologie jako zdroje batymetrickych dat.
Dobrych vysledkii dosédhl softwarové upraveny model. Nejlepsi shody bylo dle

oc¢ekavani dosazeno pfi zaméreni sonarovymi technologiemi.
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Obrézek 5: Porovnani vertikalnich rozdila p¥i hodnoceni pri¢nych prufezu. ALS1

_ LiDAR, ALS2 - DIAL, CRO - CroSolver, ADP - ADCP.

Také pti hodnoceni vysledki hydrodynamického modelovani vykazovaly Li-
DARové modely (ALS1, ALS2) vysokou miru nespolehlivosti. Dobrych vysledku
bylo dosazeno u modelu se softwarové zahloubenym korytem, ktery produkoval
vyrazné lep$i vysledky (s vyjimkou nizkych pritoki) nez pii samotném hodnoceni

kvality DMT. Nejlepsich vysledku bylo opét dosazeno pii fyzickém zaméteni.
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Obrézek 6: Variabilita absolutni chyby pfi hodnoceni nadmotskych vysek hla-
din produkovanych hydrodynamickym modelem. ALS1 - LiDAR, ALS2 - DIAL,
CRO - CroSolver, ADP - ADCP.

Zévéry naznacuji, ze vyuziti LiDARovych technologii s sebou nese vyrazna
omezeni v podobé kvality batymetrické schematizace, ktera muze limitovat jejich
vyuziti. Bylo prokazano, ze softwarova tuprava dat ma kladny vliv na vysledky
hydrodynamického modelovani. To naznacuje mozné uplatnéni matematického
modelovani pii tvorbé levnych, ale piesto dostateé¢né piesnych, batymetrickych
modeli urc¢enych pravé pro modelovani povodni. Obecné lze tici, Ze fyzickd méreni
(v nasem piipadé SoONARové technologie) stale poskytuji nejpresnéjsi batymet-
rickd data. Presnost takto ziskanych dat ovSem casto byva vykoupena cenovou

a Casovou naroc¢nosti jejich potizeni.
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4.3 Model ri¢ni batymetrie zaloZeny na topografii inundace

(River Bathymetry Model Based on Floodplain Topography)

Cil studie

Cilem studie je predstaveni nové navrzeného batymetrického modelu, ktery je
zaloZen na topografii zatopového tizemi. Dilé¢imi cili jsou: (a) zhodnoceni schop-
nosti modelu schematizovat realnou ¥i¢ni batymetrii; (b) porovnani metod pro
odhad parametrt modelu; (¢) porovnani nové navrzeného modelu s jinym, jiz

existujicim modelem; (d) praktickd aplikace modelu na piipadové studii.

Metodika

Zajmovym uzemim byl 1.75 km dlouhy tsek feky Otavy v blizkosti mésta
Pisek. Prumérné hloubka zvoleného ricniho tseku kolisala okolo 1 m a Sitka se

pohybovala mezi 22.8 - 52.7 m. Primérny ro¢ni pritok je 23.4 m?/s.

Zakladem nové navrzeného bytymetrického modelu je matematicky odhad
tvaru pri¢nych prifezi v mistech definovanych uzivatelem. Pocet prifezu a jejich
rozmisténi definuje rozsah modelované obasti. Model pii¢nych profili je definovan
jako:

2(d) = mymad™ 1 (1 — d™ )™ (5)

kde, z(d) je normalizovana hloubka vody ve vzdalenosti d od biehové linie, m,

a my jsou parametry matematického modelu p¥i¢ného profilu.

Pro vytvoreni batymetrické sité bylo vyuzito metody podélné interpolace
mezi piicnymi profily [7] kterd byla zaloZena na polynomické funkei (Caviedes-
Voullieme et al.l 2014)). Z této sité byl vytvoren model 3D batymetrie modelova-

ného fiéniho tseku.

Pro odhad pfi¢nych profili bylo nezbytné identifikovat parametry batyme-
trického modelu (m; a ms). Proto bylo v zajmovém uzemi zaméfeno 375 pric-

nych profili, které byly analyzovany za tcelem odhadu nejvhodnéjsich parametri
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Obrézek 7: Schéma znazornujici proces interpolace mezi pfi¢nymi profily.

batymetrického modelu (Storn and Price, [1997). Tato sada profila slouzila k iden-
tifikaci zavislosti mezi hledanymi parametry a topografickymi charakteristikami
zatopového tzemi (Zevenbergen and Thorne, 1987)). Pro odhad této zavislosti bylo
testovano nékolik regresnich metod (Pinheiro and Bates, 2006; [Breiman, 2001)).
Hledané parametry m; a my byly posléze odhadovany nejlepsi z regresnich me-
tod. Zdrojem topografickych charakteristik zajmového tizemi byl rastrovy model

terénu vytvoreny z dat DM R 5G [4.1]

Po vytvoreni batymetrického modelu doslo k jeho spojeni s daty DM R 5G,
které byly vyuzity pro popis okoli fi¢niho koryta. Kvalita DMT byla porovnavana
se zaméfenymi daty (ADP), jinym modelem pro tvorbu fi¢ni batmetrie (C' RO)
(Roub et al.| [20124) a LiDARovymi daty (ALS) Model ADP byl vzhledem
k pfesnosti zdrojovych dat zvolen jako referen¢ni. Pro hodnoceni kvality DMT
byla porovnéana: (a) kvalita batymetrické schematizace v prostoru celého koryta
toku (porovnani rastrii); (b) porovnani v ose toku. Pro hodnoceni téchto rozdilu

byly pouzity statistiky RMSE a MAE.

Pro stanoveni vlivu batymetricktho modelu na vysledky hydrodynamického
modelovani byl vyuzit 2D model HEC — RAS (Brunner, 2016)). Pro kazdy ze
¢tyT modelu terénu byl sestaven vlastni hydrodynamicky model. Hydrodynamické
modely se navzajem liSily pouze zdrojem batymetrickych dat. Ostatni parametry

byly zadany identicky. Kazdy hydrodynamicky model byl nastaven na 6 simulaci
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odpovidajicich vybranym navrhovym pritokim @n pro N = 1, 10, 100 a jako
dopliikovy byl zvolen pritok @, (a = pramérny ro¢ni prittok). Vsechny vypocty
byly provedeny do ustalené hodnoty daného navrhového pritoku. 7 vysledki
hydrodynamickych modelu byl hodnocen: (a) rozdil ve vysce hladiny (v prostoru

celého koryta); (b) rozdil v rozsahu zatopové oblasti.

Vysledky a zavér

V této praci byl predstaven novy batymetricky model fi¢niho koryta. Pti hle-
dani nejlepsi regresni metody pro odhad parametri batymetrického modelu byly
nejlepsi vysledky poskytovany metodou RandomForrest. Nové navrzeny model
prekoval svého soupeife (CroSolver model) zejména ve schopnosti tvarové repre-

zentace realného fi¢niho koryta
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Obrézek 8: Schopnost porovnavanych metod popsat pri¢ny profil. C' RO - CroSol-
ver, BAT - navrzeny model, ALS - LiDAR, ADP - ADCP.

7 vysledki dosazenych pti hydrodynamickém modelovéani je patrné, 7e p¥i niz-
kych prutocich modely BAT a C RO poskytuji srovnatelné vysledky. Se vzrus-
tajicim prutokem model BAT vykazuje vétsi miru shody s vysledky dosazenymi

pii pouziti fyzického zaméreni batymetrie, nez model C'RO. [0
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Obrézek 9: Variabilita absolutnich chyb vySek hladin produkovani hodnocenymi
bytymetrickymi modely pi¥i hydrodynamickém modelovani. CRO - CroSolver,
BAT - navrzeny model, ALS - LiDAR, ADP - ADCP.

Pii celkovém porovnani vysledka dokazaly oba matematické modely (BAT,
C'RO) vyrazné snizit chybu produkovanou samotnymi LiDARovymi daty, ¢imz
prispivaji k vyraznému zpfesnéni vysledki hydrodynamického modelovani. Model
BAT vykazuje vétsi miru tvarové prizpusobivosti k redlnému korytu vodniho toku

nez model C'RO, ktery pouziva piedevsim lichobéznikové schematizace.
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5 Vysledky prace

Tato préace se zabyva hodnocenim riznych zdroju topografickych dat pouzi-
vanych pii hydrodynamickém modelovani povodni a jejich moznym softwarovym
vylepSenim. Celkem je tvofena tfemi samostatnymi studiemi. Prehled dil¢ich stu-

dii s informacemi o jejich publikovani je uveden v tabulce

Prvni studie je zaméfena na vyuziti dat DM R 5G jako zdroje batymetrickych
dat pro hydrodynamické modely. P¥inosem této studie je: (a) nalezeni limit pro
pouZivani téchto dat; (b) upozornéni na mozny kladny vliv softwarové apravy dat
za ucelem dosazeni lepsich vysledku pii jejich pouziti; (¢) upozornéni na zménu
vyznamu batymetrické schematizace koryta se zvySujicim se pritokem (zména

poméru pritto¢né plochy koryta viéi celkové priitto¢né plose).

Druhéa studie je zaméfena na porovnavani vybranych zdroju topografickych
dat. P¥inosem této studie je: (a) potvrzeni nenahraditelnosti fyzickych méfeni jako
zdroje dat s nejvétsi piesnosti; (b) upozornéni na zéavislost kvality dat pofizenych
technologii DIAL na pfirodnich podminkach (zejména na turbidité vody) v ¢ase
méfeni; (¢) prokazani kladného vlivu softwarové apravy LiDARovych dat na jejich

néslednou pouzitelnost.

TTteti studie je zaméfena na softwarovou tpravou dostupnych LiDARovych
dat. Pfinosem této studie je: (a) predstaveni nového batymetrického modelu;
(b) zhodnoceni schopnosti navrzeného modelu reprezentovat Fi¢ni batymetrii;

(c) porovnani navrzeného modelu s jinym, jiz existujicim modelem.

Hlavnim benefitem préce je porovnéani, zhodnoceni a navrh softwarové upravy
topografickych dat pouzivanych pfi hydrodynamickém modelovani. V této kapi-
tole jsou uvedeny abstrakty jednotlivych dil¢ich studii. Plné verze téchto studii

jsou uvedeny v pifloze této prace.
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Tabulka 2: Publikace v ramci disertacni prace.

Nézev vystupu Typ Nézev Stav vystupu
¢sopisu Casopisu
Comparing a hydrodynamic model from | J,. (SNIP AUC Publikovano
fifth generation DTM data and model 0.683, Geographica
from data modified by means CroSolver 2016)
tool
Roub R., Kurkova M., Hejduk T., Novak
P., Bures L.
Comparison of bathymetric data sources Jimp (IF Journal of Publikovano
used in hydraulic modelling of floods 3.240, Flood Risk
2018) Management
Bures L., Roub R., Sychova P., Gdulova
K., Doubalova J.
River Bathymetry Model Based on Flo- | J;, (IF Water Publikovano
odplain Topography 2.524,
2019)

Bures L., Sychova P., Maca P.,Roub R.,
Marval S.
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5.1 Porovnani hydrodynamického modelu z dat DMR 5.
generace a modelu z dat upravenych pomoci nastroje

CroSolver

(Comparing a hydrodynamic model from fifth generation DTM data and mo-

del from data modified by means CroSolver tool)

Abstrakt

Povoden je ptirodni jev, ktery se vyskytuje v rizné intenzité a nepravidelnych
¢asovych intervalech. Povodné ptedstavuji pro Ceskou republiku nejvétsi piimé
nebezpedi v oblasti pfirodnich katastrof a mohou byt i pfi¢inou zavaznych kri-
zovych situaci, pti nichz vznikaji nejenom rozsahlé materialni skody, ale rovnéz
ztraty na zivotech obyvatel postizenych tizemi a dochéazi k rozsidhlé devastaci kul-
turni krajiny vcetné ekologickych skod. Z hlediska eliminace potencidlniho ohro-
zeni a samotnych nasledki téchto udalosti jsou vyznamné informace predpovédni
povodinové sluzby o charakteru a o rozsahu zaplavovych tzemi pro jednotlivé
N-leté povodiové prutoky a konkrétni povodiové scénaie. Adekvatni predstavu
o hloubkéch a rychlostech pii povodnové udalosti, v podélném ¢i pricném profilu
vodniho toku, poskytuji hydrodynamické modely. Ziskané informace z hydrody-
namickych modela tak zaujimaji vysadni postaveni z pohledu ochrany zivoti

i zmirnéni §kod na majetku obcant.

Zékladnim vstupem do hydrodynamickych modeli jsou topografickd data.
Jednim ze zplisobu ziskani dat je jejich potizeni metodou leteckého laserového
skenovani (LLS) pro tvorbu digitdlntho modelu reliéfu (DM R). Tato metoda je
oznacovana za jednu z nejpfesnéjsich metod pro ziskani vyskopisnych dat. Jejim
uskalim je vSak neschopnost zaznamenat geometrii terénu pod vodni hladinou,
a to diky pohlceni laserového paprsku vodni masou. Absence geometrickych dat
o pritoc¢né plose vodniho toku mize citelné ovlivnit vysledky modelovani, zejména

pokud chybéjici ¢ast koryta reprezentuje svou kapacitou vyznamnou prutoc¢nou
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plochu. Jednim ze zpiisobu odstranéni této chyby je dodatec¢né zahloubeni koryta

pomoci softwarovych nastroju, jakym je napiiklad CroSolver.

Predkladany piispévek se zabyva sestavenim hydrodynamického modelu s
vyuzitim dat DM R 5. generace a porovnava jeho vystupy pii riznych prito-
cich s modelem zaloZenym na vyskopisnych datech upravenych pomoci nastroje
CroSolver. Jedna se o srovnani vystupi hydrodynamickych modeli v programu
HEC — RAS pii pouziti zahloubenych dat a pfi pouziti neupraveného DM R.
Srovnani je provedeno na tsecich dvou vodnich toki s odlisnou morfologii terénu
a velikosti vodniho toku. Doplhujicim vystupem je porovnani zaplavovych tizemi

vychéazejicich z obou variant modeli.

7 vysledkt vyplyva, 7ze rozdily ve vystupech jsou vyznamné piedevsim u niz-
Sich prutoku (@1, Qs), zatimco pro vysoké pritoky (Qso, Q100) je rozdil zanedba-
telny, pricemz velky vliv ma samotnd morfologie modelovaného tzemi a velikost

vodniho toku.
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5.2 Srovnani batymetrickych zdrojt dat pouzivanych v hyd-

raulickém modelovani povodni

(Comparison of bathymetric data sources used in hydraulic modelling of flo-

ods)

Abstrakt

Topograficka data hraji zasadni roli pii hydraulickém modelovani povodni.
Vyzadovan je vysoce pfesny digitalni vyskovy model (D EM) obsahujici informace
o Ti¢ni batymetrii (topografie koryta). DEM lze vytvofit z ruznych datovych
zdroju, které mohou byt ziskany technikami pozemniho méfeni nebo déalkového
prizkumu zemé. Tato studie je zaméiena na: (a) chybu DEM, ktera vyplyva
ze snizené schopnosti skenovat morfologii fi¢ntho koryta metodami dalkového
prizkumu zemé; (b) posouzeni vlivu snizené skenovaci schopnosti na vysledky
jednorozmérného (1D) hydraulického modelu. DEM produkované technikami
dalkového prizkumu zemé byly testovany také v kombinaci s pozemnim méie-
nim a jejich dodate¢nou softwarovou tpravou. Byla hodnocena rozdilna schop-
nost modelt reprezentovat fi¢niho koryto a polohu tdolnice. Pro hodnoceni vlivu
riuznych zdroji DEM na hydraulické veli¢iny (vyska vodni hladiny, inundaéni
oblast) byl vybran 1D hydraulicky model HEC — RAS. Studie byla provedena
na vybraném tseku feky Vltavy (Ceska republika). Nejlepsich vysledki dosaho-
valy DEM, které kombinovaly data dalkového priuzkumu zemé s daty pozemniho
méieni. Dobrych vysledki bylo také dosazeno pomoci softwarové upravenych dat.
Zanedbani pritoc¢né plochy koryta v datech potizenych metodami dalkového pri-

zkumu zemé mé vyznamny dopad na vysledky hydrodynamickych model.
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5.3 Model ri¢ni batymetrie zaloZeny na topografii inundace

(River Bathymetry Model Based on Floodplain Topography)

Abstrakt

Pro ucely hydrodynamického modelovani povodni je vyzadovan vhodny digi-
talni vyskovy model (DEM). Tento DEM popisuje ¥i¢ni batymetrii (topografii
fi¢ntho koryta) a jeji okoli. Rozsahla méteni pro tvorbu pfesné batymetrie jsou
¢asové narocnéd a nakladni. Matematické modelovani mtze poskytnout alterna-
tivni zpusob reprezentace Ti¢ni batymetrie. Tato studie zkoumé nové moznosti
matematické reprezentace ficni batymetrie. Je navrzen novy batymetricky mo-
del (Bathy-supp) a posuzena jeho schopnost reprezentovat skute¢nou batymetrii.
Byly hodnoceny tii statistické metody pro stanoveni parametri modelu. Nejlep-
Sich vysledki dosahovala metoda random forest (RF'). K vyhodnoceni vlivu mo-
delu Bathy-supp na vysledky hydrodynamického modelovani byl pouzit dvouroz-
mérny (2D) hydrodynamicky model. Prezentovéano je také srovnani navrhovaného
modelu s jinym batymetrickym modelem. Studie byla provedena na vybraném
useku feky Otavy v Ceské republice. Vysledky ukazuji, Ze schopnost navrhova-
ného modelu reprezentovat fi¢ni batymetrii prevysuje schopnosti jeho souc¢asného
konkurenta. Pouziti batymetrického modelu miize mit vyznamny vliv na zlepseni

vysledkii hydrodynamického modelu.

38



6 Komentare k vysledkiim

Kazda z dilcich studii obsahuje svou vlastni diskusi vztahujici se ke konkrétni
reSené problematice. Cilem této kapitoly tedy neni suplovat jiz existujici diskuze,
ale zasadit je do celkového kontextu Fesené problematiky hodnocené s odstupem
¢asu. Popsan tedy bude chronologicky vyvoj prace jako celku se vSemi dodatec-

nymi jak subjektivnimi, tak i objektivnimi postiehy a tivahami.

Vhodnost dat dalkového prizkumu zemé pro hydrodyna-

mické modelovani

Pro tvorbu modelu terénu je mozné vyuzit riznych zdroju dat. Zdroje dat
se lisi svou kvalitou, prostorovym rozlisenim, ¢asovou nebo finanéni narocnosti
jejich porizeni. Pravé nizka finan¢ni a ¢asova narocnost a snadna dostupnost vede
v posledni dobé k ¢im dal c¢astéjsimu vyzivani topografickych dat pofizenych

metodami dalkového pruzkumu zemé.

Vyuziti satelitnich dat jako zdroje topografickych dat je vénovana velkd po-
zornost (Ali et al., 2015; Domeneghetti, 2016; Schumann et al., [2008; |Suwandana
et al., 2012). Vysledné data jsou obvykle poskytovana ve formé rastrového DMT.
Velkou vyhodou téchto dat je jejich dostupnost pro velka izemi a nizka potizovaci
cena (Yan et al., 2015). Nejvétsim omezenim v jejich vyuzivani je v sou¢asné dobé
nizké prostorové rozliseni, které je v soucasné dobé ve vyssich jednotkach az desit-
kach m. Vyskova presnost se pak pohybuje zpravidla v jednotkdch m. Diky tomu
tato data stale nedosahuji pfesnosti pozadovanych potifebami pfesného hydrody-
namického modelovani (Horritt and Bates, 2001; Horritt et al., |2006b; [Hunter
et al., |2007; Sanders, 2007, Tarekegn et al., |2010; Yan et al., 2013). Nicméné
v budoucnu lze oc¢ekivat zvyseni prostorového rozliseni i vyskové presnosti téchto
dat a s tim spojenou vét$i miru jejich vyuzitelnosti. Nevyhodou satelitnich dat je
nedostate¢na schematizace fi¢niho kanalu (Patro et al., 2009; Neal et al., 2012;

Yan et al., [2015)).

Podstatné lepsich pfesnosti nez satelitni data dosahuji data LiDARova (Ali
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et al.l 2015; (Gaol 2009; Hong et al., 2017; |Marcus and Fonstad, [2008). Vyskova
presnost téchto dat se pohybuje v rozmezi nékolika malo dm a prostorova ptes-
nost byva oproti vyskové piesnosti zpravidla polovi¢ni (Uhlifova and Zbofil, 2009;
Casas et al., 2006). Primarné se pro LIDARova méfeni pouziva infracerveny lase-
rovy paprsek, ktery je urcen pro terestrickd mapovani. Vyhodou tohoto paprsku
je, ze dokaze proniknout vegetaci a snimat tak skute¢ny zemsky povrch (Braz-
dil et al.| 2012; Baltsavias| [1999). Dalsi vlastnosti infra¢erveného paprsku je to,
ze je pohlcovan vodnim prostiedim. Pro terestrickd mapovani je tato vlastnost
vyhodou, kterd napoméhé rozlisit hranice vodnich ploch od jejich okoli. Pro baty-
metrickd mapovani to vSak znamena nulovou informaci o tom, co se nachézi pod
vodni hladinou. Vzhledem k tomu je mozné tuto technologii pouzivat pouze za
specidlnich podminek. Témito podminkami mohou byt ptipady, kdy bylo koryto
toku nasniméno za minimalniho stavu vody, respektive pii kompletnim vypusténi
feky, nebo kdyz jsou méfeny drobné vodni toky, u nichz je pfirozena hloubka vody
srovnatelnd nebo mensi nez je vertikdlni chyba této technologie. Nékteré studie
naznacuji, ze je mozné tato data tspésné vyuzivat v kombinaci s jinymi datovymi

zdroji (Papaioannou et all 2016; Dey et al., 2019)).

Jako technologicky nastupce LiDARu byl vyvinut DIAL, ktery kombinuje dva
laserové paprsky o ruzné vinové délce. Infracerveny paprsek pro sniméni pevné
zemé a modrozeleny paprsek pro snimani batymetrie vodnich ploch. Vysledky
ruznych studii (Costa et al., 2009; Bailly et al., 2010} Hilldale and Raff, |2008;
Mandlburger et al. 2011, 2015) ukazuji, Ze tuto technologii lze ispésné vyuzi-
vat aZ do hloubek nékolika desitek m. Nicméné v jinych studiich (Kinzel, 2009;
Laks et al.l 2017; Skinner, 2011} Tripathi and Raol 2002)) se uvadi, Ze schopnost
zelenomodrého paprsku pronikat vodnim prostiedim je silné limitovana optickou
¢istotou (nizkou turbiditou) vodniho prostieni. Z praktickych zkuSenosti odbor-
nikl pracujicich s touto technologii vyplyva, ze hloubka priniku zelenomodrého
paprsku vodnim prostfedim se rovna 1 aZ 3 nasobku Secciho hloubky (Mandl-
burger et al.| [2011; Niemeyer and Sorgel, 2013)). Turbidita vody je tedy jednim

ze zakladnich limita pro pouziti této technologie.

Obecné jsou LiDARova a DIALova data levnym a pfesnym zdrojem topogra-
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fickych dat. Bodova hustota surovych dat dosahuje nékolika jednotek az desitek
bodt na 1 m? zaméfované plochy. Vysledn4a piesnost pak napi. u dat DM R 5G
+ 18 em v otevienych prostranstvich a + 30 ¢m v zalesnénych oblastech (Brazdil
et al., 2012)). Technické specifikace nékterych DIALovych technologii dokonce uva-
déji presnost dat + 25 mm (RIEGL;, 2017), nicméné praktické aplikace ukazuji, ze
realna piesnost za idedlnich podminek je az ¢tyinasobné nizsi (Steinbacher et al.,

2012).

Model i¢ni batymetrie z mérenych dat

Obecné plati, Ze nejvyssi kvalitu batymetrickych dat stale produkuji fyzicka
méfeni. Provadét ale pfiméa (napt. geodetickd) zaméfeni st¥ednich a velkych vod-
nich toki s primérnou hloubkou vétsi nez 1 m je ¢asové, financéné i technicky velmi
naro¢né (Casas et al., 2006). Z téchto divodia byvaji nejéastéji vysoce presna ba-
tymetrickd data ziskivana SONARovymi technologiemi (Allouis et al., [2010; Laks
et al., 2017; Merwade et al., [2008; Schwendel et al., [2012). Tyto technologie jsou
v soucasné dobé zastoupeny Sirokou Skalou meéficich zafizeni. Standartni verze
sonart meéfi hloubku vody ve vertikdlnim sméru pfimo pod méficim zafizenim
(SonTek /YSI, |2010; |Costa et al., 2009), pTes jejich sestavy do vyloznikovych sys-
tému az po specialni zatizeni, ktera mohou pfi jednom prejezdu snimat celé pasy
dna (multibeam SoNAR technology) (Meneses et al., [2017; |Costa et al., [2009)).
Data byvaji obvykle zaznamenana jako soubor diskrétnich bodiu se souradnicemi

XYZ.

Hybridni model fi¢ni batymetrie

V soucasné dobé jsou také znamy matematické algoritmy, které umi rozsitit
batymetrickou informaci ze zaméfenych pii¢nych profili do prostoru celého ¥ic-
niho koryta. Tyto algoritmy vyuzivaji riznych interpolac¢nich pfistupu pro tvaro-
vou a hloubkovou interpolaci mezi jednotlivymi pii¢nymi profily (Merwade et al.,
2008, Schaeppi et al., 2010; Vetter et al., 2011} Caviedes-Voullieme et al., 2014;
Castilla-Rho et al.,2014;|Dysarz, |2018)). Kvalita takto produkovanych batymetric-
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ky’ch modelu je kombinaci kvality zaméfeni pii¢nych profili a kvality batymetrické
interpolace. Vyhodou tohoto ptistupu je vysoké kvalita vstupnich dat a reduko-
vané Casové a finan¢ni naroky na jeho pofizeni. Nevyhody mohou byt spatieny
v nedokonalosti hloubkové interpolace mezi jednotlivymi profily, zejména v piipa-
dech, kdy se mezi profily nachazi hloubkové deprese, nebo brody. Dalsi nevyhodou
mohou byt tvarové odchylky mezi polohou modelovaného a skute¢ného fi¢niho
koryta (Merwade et al., 2008). Pro hloubkovou interpolaci je nej¢astéji pouzivana
linearni interpolace, kterd bud nerespektuje (Vetter et al., 2011)), nebo respektuje

priubéh tdolnice(Chen and Liuj, 2017, Caviedes-Voullieme et al., [2014)).

2

Typy tvarové interpolace v fi¢nim koryté

Pro podélnou interpolaci v koryté lze volit mezi vice algoritmy. Uspésnost
jednotlivych algoritmi je tizce spjata s mirou kiivosti toku a poctem profili
potiebnych pro tvorbu batymetrického modelu. Zakladnim algoritmem pro po-
délnou interpolaci je opét linearni interpolace (Vetter et al., 2011; |Chen and
Liu, [2017). Tento piistup je numericky velmi jednoduchy a vypocetné stabilni.
Oblouky jsou popisovany jako po ¢astech lomené, a je tudiz nutné v obloucich
umistovat vice profila. Jinak dochézi k vytvoreni nového koryta mimo jeho pi-
vodni trasu a nové koryto je zafiznuto do biehovych partii. Jiné piistupy oproti
(2014) vyuziva kubické Hermitovy interpolace, ktera umozituje pomérné piesny
popis koryta u tek s velkou sinusoiditou. Trasa koryta je tvofena automaticky
interpola¢nim algoritmem, ktery je fizen naklonem po sobé jdoucich pti¢nych
profili. Spole¢nou nevyhodou vyse popsanych pfistupt je neschopnost algoritmi
reagoval na lokélni rozsiteni ¢i zizeni koryta toku v prostoru mezi pfi¢nymi profily.
Posledni skupina algoritmu (Merwade et al.; 2008; Roub et al., 2012a; Dysarz,
2018) vyuziva pro interpolaci dodate¢né informace v podobé pieddefinovanych
bifehovych linii, které definuji proménlivou §itku koryta v modelovaném tseku
a preddefinovanou osu toku, ktera definuje kiivosti koryta. Volba nejvhodnéjsiho
algoritmu prozatim zustava nezodpovézenou otazkou, nebot vzajemné porovnani

vyse zminénych piistupt prozatim nebylo publikovano.
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Matematicky model ii¢ni batymetrie

Matematické modely ti¢ni batymetrie vyuzivaji ke schematizaci tvaru pri-
to¢ného profilu bud jednoduchych geometrickych obrazcu jako jsou lichobéznik

(Roub et al) [2012a)), parabola (Bhuyian et al., 2014), obdélnik (Trigg et al.,

(Merwade, 2009; Legleiter and Kyriakidis, [2008; |Bures et al., 2019). Schemati-
zace do tvaru geometrickych obrazci (lichobéznik, obdélnik) jsou vhodné zejména
pro mald ¥i¢ni koryta, kterda byla technicky upravena (Dey et al. 2019). Zpi-
sob tpravy byva casto pravé do jednoduchych geometrickych tvari. Oproti tomu
analytické ktivky byvaji vyuzivany pii popisu prito¢né plochy prirozeného koryta
(James| 1996; Deutsch and Wang, [1996]). Vyhodou analytickych kiivek je pak
schopnost vérnéji popsat vertikalni variabilitu dna daného profilu. Poloha maxi-
malni hloubky v profilu miize byt odhadnuta na zikladé k¥ivosti toku(Deutsch

and Wang], 1996), nebo na zakladé regresnich vztahii (Bures et al., [2019).

Ptesnost popisu pri¢ného profilu zavisi na odhadu numerickych parametri
dané analytické kiivky (Legleiter and Kyriakidis, 2008]). Tyto parametry mohou
byt nalezeny pomoci inverznich tloh, jejichz teseni lze nalézt prostfednictvim
itera¢niho procesu za pomoci vhodného optimaliza¢niho algoritmu (Moramarco
et al.; 2013; Bures et al. 2019)). Spravna volba schematizace prito¢ného pro-
filu koryta je jednim z rozhodujicich faktori pro kvalitu batymetrického modelu

(Bures et al., [2019; Dey et al., 2019).

Dalsimi kroky jsou odhad velikosti pritoc¢né plochy a Sitky nové tvoreného
koryta. Sirka koryta miize byt odhadnuta z map, nebo z okolnich topografic-
kych dat. Velikost priitocné plochy pak lze zjistit na zakladé maximalnich hlou-
bek v profilu (Moramarco et al| 2013} Legleiter and Kyriakidis, [2008]), nebo
jejich zpétnym dopoctem (Roub et al., [2012a; Bures et al., 2019). Zpétny do-
pocet je zaloZen na dopoc¢tu priutoc¢né plochy Chézyho rovnici. Pro tento zptsob
odhadu je zasadni spravné urceni dopliujicich vstupnich parametri. Pti $patné
volbé Manningova soucinitele drsnosti muze snadno dojit k nadhodnocovani nebo

podhodnocovani modelu. Dalsim dilezitym parametrem je podélny sklon c¢ary
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energie. V praci Roub et al.| (2012a) je ur¢ena jedna hodnota prito¢né plochy,
kterd je nasledné distribuovana pro vSechny pii¢né profily tvorici modelovany
tsek toku. Oproti tomu Bures et al. (2019) vyuziva stanoveni pruto¢né plochy
pro kazdy jednotlivy profil. Nevyhodou pfistupu pouziti jedné prutoc¢né plochy
je podhodnocovani nebo nadhodnocovani hloubky profilu v piipadé vyraznéjsiho
rozSiteni nebo zizeni ti¢niho koryta. Vyhodou je pak vyssi numericka stabilita
a mensi matematickd naroc¢nost pii vyskovém vyrovnani modelu. Oba vySe zmi-
néné piistupy pro odhad priatoc¢né plochy priénych profili a jejich vertikilniho
umisténi vychézeji z vySkovych informaci obsazenych v okolnich topografickych
datech. Vyskové nepfesnosti téchto dat se pak promitaji i do odhadu sklonu cary
energie a samotného vyskového umisténi (zahloubeni od detekované hladiny) nové
produkovaného koryta. Jini autofi nevyuzivaji pro tvorbu koryta odhad pritoc¢né
plochy, ale pouze odhad maximalni hloubky toku. Prito¢na plocha je pak tvoiena
plochou zvoleného obrazce s tuto maximalni hloubkou (Bhuyian et al., [2014; [Trigg
et al., [2009; Gichamo et al., 2012). Naptiklad Legleiter and Kyriakidis| (2008) od-
haduje maximalni hloubku na zakladé kiivosti toku a [Farina et al. (2015) na
zakladé entropie. VySe zminéné pristupy pro odhad maximalnich hloubek a veli-

kosti pruto¢nych ploch prozatim nebyly porovnany.

Poslednim krokem pro tvorbu batymetrického modelu je podélné interpolace
v koryté. Pro podélnou interpolaci pouziva [Roub et al.| (2012al) metodu predde-
finovanych smért interpolace. [Bures et al.| (2019) oproti tomu pouziva Caviedes-
Voullieme et al.| (2014) schéma. [Legleiter and Kyriakidis (2008) pak vyuziva kri-
ging (Cressie, 1990)). Nevyhodou krigingu je nutnost pouZiti malé vzdalenosti
mezi modelovanymi pfi¢nymi profily. Merwade et al. (2008) pak ukazuje, Ze je

vhodnéjsi pouzit pro interpolaci v koryté spline interpolaci namisto krigingu.

Bures et al.| (2019) ve své praci vyuziva dvouparametricky batymetricky model
(Kumaraswamy), [1980). Pro odhad parametri tohoto modelu vyuziva regresnich
metod. Vysvétlujici proménné urcuje na zékladé topografie okolniho terénu (Ze-
venbergen and Thorne, |1987). Z vysledku prace vyplyvéa, Ze nejvhodnéjsi metodou
pro odhad parametri modelu je random forest (Breiman, 2001)), ktera prekonala

rizné verze linearniho modelu (Pinheiro and Bates, 2006)). Lze tedy predpokla-
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dat, Zze vztah mezi zavislou proménnou a vysvétlujicimi proménnymi bude mit
nelinearni podobu. Predpoklada se ale, ze samotny vycet pouzitych proménnych
muze byt v budoucnu rozsiten a miuze dojit k nalezeni vhodnéjsich vysvétlujicich
proménnych. Novymi vysvétlujicimi proménnymi by mohly byt napiiklad kii-
vost toku (Deutsch and Wang| 1996)), pomér vzajemného néklonu, nebo biehové
vzdalenosti po sobe jdoucich profili. Z tohoto duvodu bude v budoucnu nutné
podrobnéji se zamérit na nalezeni novych regresnich zavislosti mezi zavislymi

proménnymi a nové nalezenymi vysvétlujicimi proménnymi.

Kvalita batymetrické schematizace riéniho koryta

Porovnéni kvality jednotlivych zdroji topografickych dat bylo provedeno ve
studii (Bures et al., [2018). Tato studie nezahrnovala zadny ze satelitnich zdroju
dat, protoze prace jinych autoru poukazuji na to, Ze jejich kvalita je niz$i nez
kvalita dat produkovanych LiDARovymi technologiemi (Gao, 2009; |Li and Wong,
2010). Pfi porovnani kvality batymetrické schematizace byla hodnocena schema-
tizace pri¢nych profili a podélného profilu studovaného fi¢niho tseku. Vysledky
ukazaly, ze technologie LiDAR dle piredpokladi neni schopna snimat realnou ba-
tymetrii dna. Dno profilu produkované touto technologii kon¢i v oblasti vodni
hladiny. Znamena to tedy, Ze je zanedbana celd prito¢na plocha daného profilu
(Bures et al., |2018; Reil et al., [2018)). U technologie DTAL byl potvrzen pied-
poklad zaméieni do Secciho hloubky (Mandlburger et al. 2011; |[Niemeyer and
Sorgel, 2013).

P1i porovnani SONARovych technologii nebyl detekovan vyraznéjsi rozdil mezi
jednopaprscitym (SonTek/YSI, 2010) a mnohopaprséitym sonarem (Meneses et al.,
2017). Obé technologie poskytovaly podobnou pifesnost batymetrické schemati-
zace jak v pri¢ném, tak i podlélném sméru. Nutno vSak podotknout, Zze mno-
hopaprscity sonar poskytuje mnohonésobné vyssi rychlost a bodovou hustotu

zaméteni. Tyto vyhody jsou vykoupeny potizovaci cenou této technologie.

Kvalita batymetrické schematizace poskytovana batymetrickymi modely se

lisila dle druhu pouzitého modelu. Lepsich vysledki bylo dosazeno modelem za-
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loZzenym na analytickych kiivkach (Bures et al., 2019), ktery dokazal popisovat
jak technicky upravené ¢asti toku, tak i ¢asti toku s prirozenym profilem. Model
zalozeny na lichobéznikové schematizaci (Roub et al., 2012a) pii popisu pfiro-
zeného koryta vytvaii chybu predevsim v oblasti paty svahu, kde ¢asto vznikaji
charakteristické chybové pasy. Modely jinych autori vykazuji proménlivou schop-
nost tvarové schematizace pri¢ného prutrezu (Bhuyian et al., 2014; Gichamo et al.|
2012)). Tyto modely ¢asto vyrazné systematicky podhodnocuji velikost pritocné
plochy pti¢ného profilu. Velikost tohoto podhodnoceni miuze byt v rozsahu 15 -
50 % (Dey et al., 2019)). Kvalita schematizace trasy koryta zavisi na volbé kon-
krétntho algoritmu, ktery je pro tento tcel pouzit. Problematika schematizace

trasy koryta byla diskutovana v kapitole [6]

Vliv batymetrické schematizace na vysledky hydrodynamic-

kého modelovani

Pii hodnoceni vlivu batymetrické schematizace na vysledky hydrodynamic-
kého modelovani byva oddélené hodnocen vliv na 1D (Roub et al.l 2012a; Bures
et al., [2018) a 2D (Marks and Bates, 2000; Laks et al., 2017; [Bures et al.l 2019)
modely. Nejcastéji sledovanymi vysledky jsou nadmoiskd vyska vodni hladiny
a zatopova plocha (Ali et al) 2015; Casas et al. 2006). V piipadé hodnoceni
rozdilti v nadmotské vySce hladiny dosahuji nejlepsich vysledkii opét geodeticka,
nebo SoONARova méteni (Casas et al., 2006; Bures et al., 2018). Oproti tomu nej-
horgich vysledki dosahuji data dalkového priuzkumu zemé (Li and Wong, 2010),
ktera obvykle vyrazné nadhodnocuji vysledky, zejména pii nizkych pratocich (Bu-
res et al., [2018). Se zvySujicim se pritokem vsak chyba v ur¢eni nadmoiské vysky
hladiny klesa (Roub et al., 2012a; [Reil et al., [2018). Tento efekt je pravdépodobné
zpusoben zménou poméru zanedbané pruto¢né plochy koryta a celkové pritocné

plochy daného profilu pfi daném pritoku (Dey et al.l 2019).

Velmi dobrych vysledkit pti urc¢eni nadmoiskych vysek hladin dosahuji také
matematické modely batymetrie. Nékteré modely (Roub et al., 2012a; Bures et al.|
2019) produkuji rozdily v ramci centimetri bez ohledu na to, jaké kvality baty-
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metrické schematizace dosahovaly. Toto je dano pravdépodobné tim, Ze oba vySse
zminéné modely pouzivaji podobnych postupt pro urceni jejich prito¢né plochy
nového koryta toku. Je tedy mozné, ze vétsi vliv na urceni vysky hladiny mé
odhad velikosti pruto¢né plochy nové tvoreného koryta, nez jeho tvarova sche-
matizace (Bures et al., 2019). Oproti tomu se ukazuje, Ze tvar koryta vyrazné
ovliviiuje napiiklad rychlosti proudéni v koryté nebo smykova napéti (Dey et al.,

2019).

Zatimco nadmoiska vyska vodni hladiny muze piimo souviset s velikosti pri-
to¢né plochy, rozsah zatopové oblasti je také funkci okolni topografie. Proto ne-
musi byt vzajemné porovnani vysledku dosazenych v riznych studiich mozné.
Z jednotlivych studii ale vyplyvaji podobné zavéry jako pii hodnoceni nadmot-
skych vysek hladiny. U modeli batymetrie, které zanedbavaji pritoc¢nou plochu
dochézi k nadhodnocovani rozsahu priutoc¢né plochy. Mira tohoto nadhodnocovani
opét kleséd se vzrustajicim modelovanym prutokem (Ali et al., |2015; Bures et al.,
2019). Pro feSeni problému porovnani vysledki mezi riaznymi studiemi navrhuje

ve své praci Dey et al. (2019) pouzivat F statistiku.
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7 Zavér

Lze predpokladat, 7e vyzkum v oblasti batymetrické schematizace fi¢niho ko-
ryta bude stéle aktuélni. Hnaci silou tohoto vyzkumu bude pfedevsim snaha o sni-
zeni nakladu na tvorbu DMT vhodnych pro hydrodynamické modelovani, jehoz
vyznam nelezi pouze v oblasti modelovani povodni, ale i sucha, ekologie nebo
ekonomiky. Kvalita batymetrické schematizace se bude nadéle zvySovat s techno-
logickym vyvojem jednotlivych méticich metod. Své misto v tomto vyvoji bude
mit také matematicky model batymetrie, ktery dokaze jiz v soucasné dobé vérné
reprezentovat Fi¢ni koryto a zérovein podstatné snizit finan¢ni narocnost tvoie-

nych DMT.

Na kazdy z cili této prace odpovida jedna ze tii dil¢ich studii, jejichz spo-
lecnym tématem je nalezeni vhodnych a zaroven dostupnych datovych sad pro
hydrodynamické modelovani. Hlavni piednosti a nedostatky kazdé studie 1ze najit

bud v nich samotnych nebo v diskuzi této prace.

Obecné lze tedy ¥ict, Ze LiDARova data (DM R 5G) jsou jako zdroj baty-
metrickych dat jen velmi malo vhodnda. Pouzit je lze jen ve velmi specifickych
pripadech, kdy je hloubka vody v zaméfovaném koryté mensi nebo rovna chy-
bové odchylce pouzitych dat. V ostatnich pfipadech je pouzitim LiDARovych dat
zanasSena do batymetrického modelu chyba, jejiz velikost je zavisl4 na poméru
zanedbané priito¢né plochy koryta toku a celkové pritoc¢né plochy daného piic-
ného profilu pii daném prutoku. Pri hydrodynamickém modelovani pak dochézi
k tomu, Ze ze zvysujicim se pritokem vliv zanedbéani pritoc¢né plochy koryta toku

klesa.

P#i hodnoceni kvality dostupnych topografickych dat pro tvorbu DMT vhod-
ného pro hydrodynamické modelovani bylo zjisténo, ze DMT produkované sa-
telitnimi technologiemi v soucasné dobé nespliuji pozadavky hydrodynamického
modelovani. Problémem je zejména vySkova presnost, nizké prostorové rozliseni
a kompletni zanedbani koryta toku. Problém se snizenou kvalitou batymetrické
schematizace maji také LiDARova data. Lze je ale tspésné pouzit jako zdroj

dat pro topograficky popis okoli toku. DIALova data formalné splhuji vSechny
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pozadavky hydrodynamického modelovani. Kvalita batymetrické schematizace je
vSak vysoce zavisla na turbidité vodniho prostfedi. Jako nejvhodnéjsi se tedy
jevi kombinovat LiDARova data pro popis okoli toku a jina data pro popis ¥¢ni
batymetrie. Jako nejpiesnéjsi metodu pro sbér batymetrickych dat lze oznacit So-
NARovou technologii. Levnéjsi alternativou pak modou byt matematické modely

ri¢ni batymetrie.

Matematické modely fi¢ni batymetrie jsou schopny piesné schematizovat fi¢ni
koryto. Celkova kvalita batymetrické schematizace je kombinaci kvality popisu
pri¢ného profilu, podélného profilu a tvarové variability fi¢niho koryta. Pro popis
tvaru pii¢ného profilu se jevi jako nejvhodnéjsi polynomialni kiivky. Pro urc¢eni
pritoc¢né plochy nové modelovaného piicného profilu je vhodné pouzit Chézyho
rovnice. Pro popis podélného profilu je vyuzivana zpravidla linearni interpolace
mezi priénymy profily. Tento piistup nedokaze automaticky odhadnout lokalni
brody nebo prohlubné nachézejici se mezi priénymi profily. Pro popis tvarové
charakteristiky je mozné vyuzit spline interpolace nebo pfistupy, které vyzaduji

preddefinovani osy toku a biehovych linii.
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8 Navazujici vyzkum

Jednotlivé dil¢i studie s sebou pfinasely nové otazky, na které by se mohl
zamérit budouci vyzkum. Nejveétsi vyzkumny potencidl mize lezet v tpravé Li-
DARovych dat. Ze své podstaty tato technologie nebude nikdy moci vérohodné
snimat jakoukoliv batymetrii. Nicméné vsak vynika vysokou kvalitou popisu okoli
vodniho toku nebo nadrze, rychlosti sbéru dat a cenou za potizeni dat. Proto miize
pravé analyza téchto dat a jejich nasledna softwarova tprava piinaset mnohé apli-
ka¢ni benefity. Vyzvou proto mohou byt predev§im otézky v oblasti dalsiho vyvoje
matematické schematizace fi¢nfho koryta, které bude pii tvorbé DMT kombino-
vano s LiDARovym méfenim okoli toku. V této oblasti by se budouci vyzkum

mohl zamérit na nékolik hlavnich oblasti:

1. Nalezeni novych typtu batymetrickych modeli, které budou schopny popsat

pripominajici pismeno W.

2. Porovnani stavajicich metod pro schematizaci pti¢ného profilu (Kumaraswamy,

1980; Deutsch and Wang| 1996; |James, |1996; Roub et al., |2012al).

3. Nalezeni novych topografickych, nebo geometrickych charakteristik extra-
hovatelnych z LiDARovych dat, které by mohly byt néasledné vyuzity jako

vysvétlujici proménné pro odhad parametri batymetrickych modeli.

4. Zhodnoceni a vzadjemné porovnéani algoritmii pouzivanych pro tvarovou
schematizaci ¥iéniho koryta (Merwade et al.l 2008; [Schaeppi et al.; [2010;
Vetter et al., 2011; |(Caviedes-Voullieme et al., [2014; |Castilla-Rho et al.
2014]).

5. Detekce zpétného vzduti v LiDARovych datech a jeho zakomponovani do

batymetrického modelu.

Podobny, vysSe zminény princip by mohl byt také pifenesen na problematiku vod-
nich nadrzi. Tim by doslo k celkovému doplnéni slepych mist v modelech terénu

produkovanych LiDARovou technologii.
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ABSTRACT

Flooding is a natural phenomenon that occurs with varying intensity and at irregular time intervals. Floods are the natural disasters that
pose the greatest direct threat to the Czech Republic. They may cause serious critical situations during which not only extensive material
damages are incurred, but so too is the loss of human life in affected areas as well as vast devastation of the cultural landscape including
environmental damages. The information issued by flood forecasting services about the character and size of flood areas for individual N-year
flood discharge events and specific flood scenarios is important for eliminating the potential threats and consequences of such events.
Hydrodynamic models provide an adequate image of depths and flow velocities at the longitudinal or cross profiles of the watercourse
during a flood event. This is why information obtained from hydrodynamic models occupies a privileged position from the viewpoint of
protecting human life and mitigating property damage.

Altimetry data are the basic input into hydrodynamic models. One way to obtain such data is through the method of aerial laser scanning
(ALS) from the digital terrain model (DTM). This method is considered one of the most accurate methods for obtaining altimetry data. Its
major drawback is however its inability to record terrain geometry under water surfaces due to the fact that the laser beam is absorbed by
the body of water. The absence of geometric data on watercourse cross sectional area may perceptibly affect results of modelling, especially
if the capacity of a missing part of the channel represents a significant cross sectional area. One of the methods for eliminating this deficiency
is sufficiently calculating channel depth by means of software tools such as CroSolver.

This paper deals with the construction of a hydrodynamic model using fifth generation DTM data and compares outputs from this model
at various discharges with a model based on the altimetry data modified using CroSolver. Outputs from the two hydrodynamic models are
compared using HEC-RAS software with the use of depth estimate data and with the use of the unmodified DTM. The comparison is done on
two watercourse reaches with different terrain morphology and watercourse size. A complementary output is the comparison of inundation
areas issuing from both model variants.

Our results indicate that differences in the outputs are significant, namely at lower discharges (Q,, Q;), whereas at Qs and Q, o the differ-
ence is negligible with a great role played by the morphology of the modelled area and by the watercourse size.

Keywords: aerial laser scanning (ALS), hydrodynamic model, HEC-RAS, CroSolver, cross profile - floods
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terrain model has to be constructed for the entire area
in question. An alternative to the above-described mod-

1. Introduction

Hydrodynamic models are used to simulate hydrau-
lic phenomena and are derived from the physical char-
acteristics of flow, namely the laws of mass, momentum,
and energy conservation. As to output details and input
data requirements, they are divided into one-dimensional
(1D), two-dimensional (2D), and/or combined (1D/2D)
models (Roub et al. 2015).

The main factor in the creation of hydrodynamic
models is input data for developing watercourse compu-
tational geometry (Ernst et al. 2010). Requirements for
input data differ with respect to the hydrodynamic model
used. One-dimensional (1D) hydrodynamic models fea-
ture lower requirements for input data as the computing
track is formed by channel cross profiles. By contrast, in
two-dimensional (2D) hydrodynamic models, a digital

els are quasi-2D modelling approaches, which combine
the computational 1D or 2D approaches (Lindenschmidt
2008). In the latter, the actual complicated spatial geom-
etry is artificially divided into parts of a branched or
ring network composed of several partial models, e.g.,
the channel and inundation area (Valentova et al. 2010;
Valenta 2005).

In the case of one-dimensional modelling, methods
used to obtain data on the computational geometry of the
watercourse and its adjacent inundation area include geo-
detic surveying, photogrammetry, ALS, or a combination
thereof (Novak et al. 2011).

Geodetic surveying of the channel and adjacent
inundation areas of watercourses is the most time- and
cost-consuming method to ascertain information about

http://dx.doi.org/10.14712/23361980.2016.3
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the geometry of watercourses with respect to the size of
the surveyed point field (Bharat and Mason 2001). In
order to obtain data for hydrodynamic models the topog-
raphy of watercourse axes is surveyed as is the topogra-
phy and altimetry of cross profiles and objects on the
watercourse. The distance between individual surveyed
cross profiles ranges from several tens to several hun-
dred of metres and depends especially on the variability
of river channel shape. The surveying should involve the
recording of watercourse spatial changeability, namely
changes in channel cross sections and changes in longitu-
dinal gradient. The usual distance between cross profiles
on streams in the Czech Republic ranges from 50-100 m
in built-up areas to 200-400 m outside of built-up areas
(Drbal et al. 2012).

Geodetic surveying is also a necessary part of aerial
photogrammetry, where it is used for surveying geodetic
coordinates and the elevation of ground control points.
Ground control points serve to determine orientation
and scale and for transformation into the geodetic sys-
tem. This procedure identifies the captured images with
the actual terrain (Pavelka 2009).

Photogrammetry is a scientific discipline falling under
geodesy and cartography, which deals with the acquisi-
tion of geometric data from image records, i.e., from pho-
tographs. Aerial photogrammetry uses two appropriately
captured images (stereo-photogrammetry) that show the
same area with a certain overlap. Data collection is fur-
ther limited due to the use of a passive sensor, which is
affected by atmospheric processes. Aerial photogramme-
try is used for mid- and large-scale collection of topo-
graphic and altimetry data with sufficient accuracy and in
considerably less time and at lower cost than with the use
of geodetic methods. The low time consumption makes it
possible to repeat the scanning and hence to keep data up
to date (Metodicky pokyn [Methodological instruction],
28181/2005-16000).

The third method of collecting spatial data for the
construction of watercourse computational geometry in
hydrodynamic models is aerial laser scanning. The ALS
method is one of the most advanced technologies for har-
vesting topographic and altimetry data. Aerial laser scan-
ning has been developed for the fast and operative map-
ping of large areas where standard methods (tachymetry,
GPS, photogrammetry) are not sufficient (Dolansky 2004).

The ALS method is based on the principle of laser
beam reflection; the precise position of the scanner and
at the same time the precise direction of the emitted
beam must be known. The principle consists in record-
ing the time between the emission of the laser beam
(which is as a rule within the infrared spectrum) and the
reception of its reflection. The position of a given point
is computed by processing this parameter (Wehr and
Lohr 1999; Dolansky 2004; Novak et al. 2011; Orsulak
and Pacina 2012). The advantage of this method consists

in fast data collection, relatively low costs, and the abil-
ity to survey difficult terrain and large areas (Charlton
et al. 2003).

Currently a new altimetry survey is being conducted
in the Czech Republic with the use of the ALS method.
It draws from current altimetry databases that contain
data that are already obsolete for certain territorial types,
their quality and accuracy adversely affecting the quality
of national map series as well as digital geographic data-
bases of the Czech Republic (Brazdil 2009). The goal is to
ensure in collaboration with the State Administration of
Land Surveying and Cadastre (CUZK), the Czech Min-
istry of Agriculture, and the Czech Ministry of Defence
a high-quality geographic data infrastructure that would
be uniform and standardized for the whole territory of
the Czech Republic.

2. Methodology
2.1The underlying data

The basic groundwork was altimetry data from the
fifth generation DTM of the Czech Republic. The data
were provided by the State Administration Land Survey-
ing and Cadastre (CUZK) and delivered in the S-JTSK
coordinate reference system and the Baltic Vertical
Datum after adjustment in ASCII coding and formatted
with X, Y, and H values.

Data on N-year discharges were taken from the Regis-
tration Sheet of Crier Profile no. 127 for the Otava River
and no. 182 for the Uhlava River (Tab. 1).

Tab. 1 Flow volumes corresponding to N-year discharges.

N =year discharges Q, [m3/s]
Site
Q, Q; Q, Q; Q00
OtavaR. 146 300 394 680 837
Uhlava R. 36.7 82.4 111 201 250

2.2 Description of the study areas

The hydrodynamic models were constructed for two
watercourse reaches with different terrain morphology
and stream size. The first site of interest was a reach on
the Otava River in Pisek and the second one was a reach
on the Uhlava River in Ptestice.

2.2.1The Otava River site

The Otava River site is represented by a reach of
2,224 m in the cadastral area of Pisek municipality. The
reach is delimited by river km 22.4-24.6 and was divid-
ed into a total of 20 cross profiles (Fig. 1). The selected
stream reach is situated in the central and north-eastern
parts of the town
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Fig. 1 Localization of cross profiles on the Otava River reach.

The Otava River is a third order stream and a left-
bank tributary of the Vltava (Moldau) River, originating
at the confluence of the Vydra River and Kfemelna Riv-
er in the Sumava Mountains near Cefikova Pila. In the
selected stream reach, the Otava River already indicates
typical lowland features with an average top width of
about 35 m. The average annual discharge in this section
is 23.4 m?/s and the average annual water level height is
90 cm (CHMU 2015a).

2.2.2 The Uhlava River site

The second concerned site is a 1,280 m reach of the
Uhlava River situated in the cadastral area of Prestice. The
reach is delimited by river km 30.5-31.7 and was divided
into a total of 13 cross profiles (Fig. 2). The Uhlava Riv-
er is a watercourse smaller than the Otava River, and its
average annual discharge is 5.51 m3/s (CHMU 2015b).
Terrain morphology is very specific with the entire right-
bank side lying very low, and therefore extensive spills
can be expected when the stream overflows its banks.

N i .\'\ | ///
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Fig. 2 Localization of cross profiles on the Uhlava River reach.
2.3 CroSolver Toolbox

As during ALS the laser beam does not penetrate the
water’s surface, the real shape of the channel is neglected,

which may considerably distort the results of hydrodynam-
ic modelling (Podhoranyi and Fedorcak 2014). The Cro-
Solver (Cross section Solver) tool was developed to resolve
this problem; it is available in two variants: CroSolver as
a library of functions in the R programming language
(Roub et al. 2012b) and as the CroSolver Toolbox consist-
ing of Python scripts for use in ArcGIS (Roub et al. 2015).

The basic computing diagram of the tool is shown in
Figure 3. During pre-processing, cross profiles are con-
structed first based on the specified distance between the
profiles and watercourse width; the distance between the
profiles affects the details of the results. The depth is then
determined based on other channel parameters at the time
of ALS, such as discharge, channel roughness coeflicient,
slope gradients, water surface smoothing distance, and the
selected method for determining depth (Roub et al. 2015).

of ALS data cross section of ALS data
ALS Tt ~—  —
user
Software & n, m, Q
CroSolver
model
v
computing of water surface gradient
and creation of new cross section
with new channel
S ) P
k "TJ"‘-.";H '_/‘ .

Fig. 3 The basic working scheme of CroSolver software (CroSolver
2014).

In the next step, the constructed cross profiles are
prepared for depth computation. The constructed cross
profiles are two-dimensional only. The extreme points of
the cross profiles should characterize the contact points
of the water surface and channel bank. Because we are
searching for a point that is as close to the water surface as
possible, it holds that such a point has the lowest height.
Thus, a search radius for this point must be entered into
the software. The tool will find the lowest point in the
search field and will return its height and position vertical
to the cross profile. A point defined in this way character-
izes a point on the bank slope at the water surface.

The computation of watercourse channel depth is
based on pre-processing data and on the characteristics
of the watercourse channel. The computation is carried
out for steady, uniform flow using the continuity equation
and the Chézy formula with the calculation of flow rate
coeflicient according to Manning:

Q=vS,
v=CV(R),
R=_S/0,
C = RY6/n,
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where Q is discharge (m? s71), S - cross-sectional area
(m?), v is flow velocity (m s71), C - flow velocity coeffi-
cient, (m®> s71), i is water level gradient (-), R is hydrau-
lic radius (m), n is Manning’s roughness coefficient (-)
(Roub et al., 2015).

2.4 Construction of the digital terrain model in ArcGIS

The fifth generation DTM data were delivered in ASCII
coding stored in *.xyz format. Therefore, it was necessary
to convert them into a shapefile first (namely a point lay-
er) in ArcGIS using the 3D Analyst extension’s “ASCII 3D
to feature class” function. Subsequently, a digital terrain
model was constructed from the point layer in TIN for-
mat. The resulting TIN model of the Pisek site is shown
in Figure 4.

Fig. 4 3D display of the Pisek site digital terrain model.

2.5 Creation of geometry with the HEC-GeoRAS extension

One of basic inputs into the HEC-RAS program is the
geometry data of a watercourse. It is formed primarily
by the watercourse axis, embankment lines, and cross
profiles with altimetry data. All input data were creat-
ed in ArcGIS using the HEC-GeoRAS extension, which
allows the direct export of data in the form applicable for
HEC-RAS.

In the case of the Otava River, cross profiles were
automatically distributed with minor manual modi-
fications so that the profiles do not cross one another
and characterize watercourse geometry as realistically
as possible. For the Uhlava River, asymmetric profiles
had to be constructed with respect to the large inun-
dation area on the right bank of the watercourse. The
profiles were plotted manually and wrapped to prevent
their crossing.

A 3D layer of cross profiles was constructed using the
“RAS Geometry — XS Cut Line Att. - All” function. Thus,
the attribute table of cross profiles was filled (namely the
stationing added), and a layer was created of cross pro-
files with the altimetry information taken from the digital
terrain model.

2.6 Determining channel depth by means of CroSolver Toolbox

The input layer into the CroSolver tool is the stream
axis vectorized against the flow direction. Another input
is the DTM stored in the *.txt text format. Data from the
State Administration of Land Surveying and Cadastre
(CUZK) were provided stored in *.xyz format, and there-
fore it was necessary that they be stored in the required
format first. The actual process of calculating depth con-
sists of three steps.

In the first step, a set of watercourse input axes had to
be chosen as did parameters for dividing the watercourse
into individual polygons, i.e., the distance between cross
profiles and average width of the watercourse. For the
Otava River the distance between profiles was set at 80 m
and watercourse width at 30 m. For the Uhlava River,
these figures were 60 m and 15 m, respectively.

In the second step, the output file from the previous
step was entered (either as a text file or as a shapefile) and
the DTM stored in the *.txt format. In both cases, the
radius for finding the lowest point was set at 10 m.

In the third step, the input to be entered was the out-
put from the previous step and optional parameters,
including the method of depth computation, discharge,
Manning’s roughness coefficient, slope gradient, and
minimum distance for water level calculation (Table 2).
The discharge value entered was the actual value meas-
ured at the time of data acquisition by ALS.

Tab. 2 Parameters chosen when determining depth.

Parameter OtavaR. UhlavaR.
Method of calculation by gradient | by gradient
Discharge [m3s~1] 15.2 3.612
Roughness coefficient [-] 0.033 0.026
Slope gradient 1 :m [-] 2 2

,[\::«I,? distance for water level calculation 100 100

2.7 Hydrodynamic model construction in HEC-RAS

The freely available HEC-RAS program was used,
which allows for one-dimensional calculations of steady
and non-steady, non-uniform flow and sediment trans-
port (movable bed), as well as the modelling of tempera-
ture changes in flowing water. In order to assess whether
it is possible to use hydrological surveying for the crea-
tion of flow geometry, a steady flow calculation was used.
The calculation of steady flow is based on a calculation of
non-uniform water flow in the stream channel in sections.
The program can divide the cross section into the actual
stream channel (i.e., the effective area of flow), and the left
and right inundation zones. Determining water surface
profiles with HEC-RAS is based on a one-dimensional
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method using Bernouilli’s principle. Energy losses are cal-
culated by friction loss using Manning’s equation, while
local losses are expressed with contraction and expan-
sion coeflicients. Areas that are more hydraulically com-
plex such as overfalls, confluences, bifurcations, bridges,
and culverts are dealt with using modified equations of
movement.

Two models were constructed for the two sites in
HEC-RAS 4.1.0, which differed only in their input
geometry data. The entered discharge, roughness,
and boundary condition values were identical. Values
entered for the Otava River were as follows: channel -
0.033, left bank at the first three profiles where a smooth
concrete wall occurs - 0.026, remaining banks with
mainly grasslands - 0.03. Roughness values chosen for
the Uhlava River were as follows: channel - 0.026, banks
with grasslands - 0.027.

The upper boundary conditions were given by N-year
discharges Q,, Qs, Q,(» Q5o and Q. Critical depth was
selected as the lower boundary condition, where the pro-
gram computes a critical depth for each profile and other
data need not be entered. The models were simulated in
the subcritical flow regime.

In the case of the Uhlava River, geometry data had to
be additionally modified. Considering the great similar-
ity between fifth generation DTM data and the width of
cross profiles, the number of points exceeded the maxi-
mum value (500 points) in some profiles. In such profiles,
the excessive points had to be filtered off with geometry
data editing (Fig. 5).

Other modifications were necessary on the Otava Riv-
er, where the “levees” option had to be selected (Fig. 6).
HEC-RAS models flooding in the cross section based on
altitude but does not consider obstacles that water has
to overcome first. The stationing and altitudes of needed
points were inserted into the cross sections.

This measure was not used on the Uhlava River due
to its terrain morphology. Based on the exploration of
the DTM and aerial photographs of the area, spilling was
considered over the entire surface since terrain roughness
was low and sparse.
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Fig. 5 Filtering off points in cross profiles.

3. Results

Results are presented in the form of graphic compar-
isons of three output characteristics from the HEC-RAS
models:

a) water surface elevation,
b) cross sectional areas,
¢) top width.

For comparison, the course of values along the entire
longitudinal profile is illustrated as are the average values
of differences in the characteristics of all cross profiles for
the respective N-year discharges. Average deviations were
calculated by subtracting the value of the models with
and without depth computation. In addition, inundation
areas derived from each model were compared. Summa-
ry charts include plotted results for the channel without
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Fig. 6 Comparison of models with/without the “levee” option. (a) Result without using “levees”. (b) Result using “levees”.
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depth calculation (fifth generation DTM) and with depth
calculation (CroSolver).

3.1 Evaluation of the Otava River site

Figure 7 shows an example of watercourse channel
depth determined by using the CroSolver software as
compared with an untreated profile from the fifth gener-
ation DTM data. The only difference in geometry appar-
ently occurs only in the channel while the inundation
area and surroundings do not change in the process.

Fig. 7 Example of profile with calculated depth as compared with
a profile without depth calculation.

3.1.1 Comparison of water surface elevations

It follows from Figures 8 and 9 that the difference
between water surface elevations for the watercourse
channels with and without depth calculation steadily
decreases. At some discharges we can even see a phenom-
enon when the fifth generation DTM result corresponds
to a different N-year CroSolver result (for example, a fifth
generation DTM-based model for Q; gives nearly identi-
cal results as a depth-calculated model for Q).
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Fig. 8 Comparison of water surface elevations along the
longitudinal profile at individual discharges.

3.1.2 Comparison of cross sectional areas

In cross sectional areas the trend is less clear (Fig. 11).
The difference in the cross sectional areas gradually
decreases at first, being generally insignificant, and the

cross sectional area from the depth-calculated model at
Qs is even larger than that from the non-depth-calcu-
lated model. A shift in Q,, can be explained based on
Figure 10, where a sudden increase of the area of two
cross sections is obvious in the results based on the
fifth generation DTM. These deviations were caused
by the watercourse overflowing at given places in the
non-depth-calculated model and by the subsequent spill,
which significantly changed the shape of the cross sec-
tional area. An example of the spill difference at the spe-
cific profile is shown in Figure 12.
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Fig. 9 Average deviation of elevations at individual discharges.
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Fig. 10 Comparison of cross sectional areas along longitudinal
profile at individual discharges.
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Fig. 11 Average deviation of cross sectional areas at individual
discharges.
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Fig. 12 Comparison of spills at profile no. 3 - Q;yand Q, .

3.1.3 Comparison of top widths

Top width significantly depends on terrain morpholo-
gy. Due to different spills, average differences are distorted
(Fig. 14). The situation is similar as in the case of cross
sectional areas. The result can be better seen in Figure 13.
Top width difference is apparently pronounced namely at
lower discharges (Q,, Q;, and Q,,,), whereas the course is
practically identical on a greater part of the reach at Q.
and Q, . Exceptions are several cross profiles where larger
spills occurred into the inundation area in the fifth gener-
ation DTM-based model, and hence an abrupt growth of
top width difference was recorded (Fig. 12).

3.1.4 Comparison of inundation areas

Inundation area Q, was chosen to illustrate differences
in spill. Figure 15 shows that differences in the inunda-
tion area were minimal even for the lowest discharge for
which all monitored characteristics exhibited the greatest
differences between the depth-calculated model and the
non-depth-calculated model.
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Fig. 13 Comparison of top width along longitudinal profile at
individual discharges.
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3.2 Evaluation of the Uhlava River site

Figure 16 depicts the longitudinal profile of the studied
reach of the Uhlava River. It provides a typical example
of terrain morphology in the given locality. An extensive
inundation area stretches along the right bank.

Width at surface difference [m]
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N-year discharges

Fig. 14 Average top width deviation at individual discharges.

Fig. 15 Comparison of inundation area at discharge Q, at the Otava
River site.
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3.2.1 Comparison of water surface elevations

Figures 16 and 17 indicate that a significant differ-
ence in water surface elevations was observed namely at
Q,. At this discharge, overflowing occurred only in the
non-depth-calculated model, and the channel modified
with CroSolver still had sufficient capacity for handling
this discharge. At Qg, and Q,,,, the difference in water
surface elevation was already negligible.
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Fig. 16 Comparison of water surface elevation along the
longitudinal profile at individual discharges.
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Fig. 17 Average elevation difference at individual discharges.
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Fig. 18 Comparison of cross sectional areas along the longitudinal
profile at individual discharges.

3.2.2 Comparison of cross sectional areas

Considering the rugged terrain and extensive spill,
the cross sectional area was considerably variable here.
Figures 18 and 19 show the ambiguous results for this
characteristic.
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Fig. 19 Average deviation in cross sectional areas at individual
discharges.

3.2.3 Comparison of top widths

The resulting top widths reflect once again the mode
of water spill into the inundation area. Figures 20 and 21
show that differences in the top widths gradually dwindle
up to Q,, and Q,,,, where the courses of top widths are
practically identical for the two model options.
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Fig. 20 Comparison of top widths along the longitudinal profile at
individual discharges.
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3.2.4 Comparison of inundation areas

A simulation of Q, was chosen for illustration. Fig-
ure 22 shows the difference in spills caused by the suffi-
cient retention capacity of the channel in the model with
calculated depth channel as compared with the insuffi-
cient channel capacity in the non-depth-calculated mod-
el. In the other variants, the difference was not so con-
spicuous due to the fact that bank overflow occurred also
in the non-depth-calculated model.

Fig. 22 Comparison of inundation areas at discharge Q, at the
Uhlava River site.

4, Discussion

This paper deals with the synthesis of data from
hydrological measurements and ALS, which provide an
alternative to the use of geodetic measurement data for
hydrodynamic modelling. One of outputs is the assess-
ment of the possibility for using ALS data in water man-
agement, while the development of specialized tools such
as CroSolver attempts to eliminate errors in ALS-based
input data for hydrodynamic modelling.

The main source of error when using the unmodified
DTM derived from ALS data is neglect of the submerged
part of the watercourse channel by which the size of the
cross sectional area and the wetted perimeter in particu-
lar are affected.

It should be pointed out however that even the use of
geodetic surveying itself may pose some problems, such
as, for example, cross profiles of insufficient capacity or
a too large distance between the cross profiles. When
using the cross profiles from the DTM, these deficiencies
can be easily eliminated; however, the use of geodetically
oriented data requires, for example, additional elongation
of the cross profile or cross file interpolation directly in
the modelling software (HEC, 2010). These procedures
may introduce errors into the computation.

Errors can also be introduced by using the CroSolver
tool. Based on a sensitivity analysis, Roub et al. (2015)
confirm that CroSolver is sufficiently robust in regards
to input parameters (slope gradients, roughness coeffi-
cient). One of the disadvantages of this software however

is the impossibility of choosing the schematic shape of the
watercourse channel cross section.

The tool currently uses trapezoidal schematization.
Nevertheless, this shape cannot characterize natural
channels. Podhoranyi and Fedorcak (2014) inform that
the influence of the shape used for schematization on the
results of modelling has not been clearly demonstrated so
far. Complications can be brought also by objects along
the watercourse, with which CroSolver currently can-
not work satisfactorily. On the other hand, Roub et al.
(2015) expect the tool’s accuracy to improve along with
the improving accuracy of DTM input data.

Other sources of error include inaccurately measured
discharge used in determining depth with the software.
Moreover, the ALS-based digital terrain model is very
heavy in terms of data volume, and this factor may prove
to be limiting in working with a large area. In this respect,
it would be possible to reduce appropriately the use of
TIN without impairing its accuracy (Roub et al. 2012a).

5. Conclusion

This paper aims at a comparison of outputs from
hydrodynamic models based on two computational
geometries: (1) cross profiles obtained from the DTM
based on fifth generation DTM data and (2) cross profiles
obtained from the DTM including watercourse channel
depth calculated using the CroSolver tool.

The above-mentioned results indicate that outputs
from the hydrodynamic model based on the fifth genera-
tion DTM are - as expected — overestimated compared
with the model with calculated depths. These differ-
ences are most apparent at lower discharges (Q, and Q;)
on both studied reaches. In contrast, differences at Qg
and Q,,, are negligible. These are corresponding results
considering the fact that a lower influence of discharge
reached during ALS (used for determining depth) was
assumed at higher modelled discharges.

The differences were obvious when comparing the
two monitored sites. While the differences of all charac-
teristics on the Otava River were relatively insignificant
with respect to the watercourse size, the differences on
the Uhlava River were greater. This was due to the effect
of terrain morphology as the deeply incised Otava River
channel does not practically allow spill into the inun-
dation area, whereas the Uhlava River floods nearly its
entire inundation area after bank overflow. Thus, the sig-
nificance of the CroSolver tool is best demonstrated in
the inundation results as well as where thanks to depth
calculation a sufficient channel capacity can be expected
for handling the required discharge.

The results of our work demonstrate that the CroSolv-
er tool has high potential for use. Further research could
be focused on comparing the models with calculated
depths directly with models based on geodetic measure-
ments, possibly with the readout of discharge measured at
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the time of scanning. At the same time, a more extensive
comparison of the influence of watercourse morphology
and size on resulting differences when using the CroSolv-
er tool would be useful.
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RESUME

Porovnani hydrodynamického modelu z dat DMR 5. generace
amodelu z dat upravenych pomoci nastroje CroSolver

Povoden je prirodni jev, ktery se vyskytuje v riizné intenzité
a nepravidelnych ¢asovych intervalech. Povodné predstavuji pro
Ceskou republiku nejvétsi ptimé nebezpedi v oblasti ptirodnich
katastrof a mohou byt i pfi¢inou zavaznych krizovych situaci, pti
nichz vznikaji nejenom rozsahlé materidlni $kody, ale rovnéz ztra-
ty na Zivotech obyvatel postizenych tzemi a dochazi k rozsahlé
devastaci kulturni krajiny v¢etné ekologickych $kod. Z hlediska
eliminace potencialniho ohrozeni a samotnych nasledka téchto
udalosti jsou vyznamné informace predpovédni povodnové sluzby
o charakteru a o rozsahu zéplavovych tzemi pro jednotlivé N-leté
povodnové prutoky a konkrétni povodnové scéndare. Adekvat-
ni pfedstavu o hloubkach a rychlostech pti povodiiové udalosti,
v podélném ¢i pricném profilu vodniho toku, poskytuji hydrodyna-
mické modely. Ziskané informace z hydrodynamickych modeli tak
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zaujimaji vysadni postaveni z pohledu ochrany Zivotd i zmirnéni
$kod na majetku ob¢antl.

Zakladnim vstupem do hydrodynamickych modeli jsou vysko-
pisna data. Jednim ze zpusobu ziskani dat je jejich porizeni meto-
dou leteckého laserového skenovani (LLS) pro tvorbu digitalniho
modelu reliéfu (DMR). Tato metoda je oznac¢ovana za jednu z nej-
presnéjsich metod pro ziskani vyskopisnych dat. Jejim uskalim je
v8ak neschopnost zaznamenat geometrii terénu pod vodni hladi-
nou, a to diky pohlceni laserového paprsku vodni masou. Absence
geometrickych dat o prito¢né plose vodniho toku muze citelné
ovlivnit vysledky modelovani, zejména pokud chybéjici ¢ast koryta
reprezentuje svou kapacitou vyznamnou priitocnou plochu. Jednim
ze zplsobu odstranéni této chyby je dodate¢né zahloubeni koryta
pomoci softwarovych nastroju, jakym je naptiklad CroSolver.

Predkladany ptispévek se zabyva sestavenim hydrodynamické-
ho modelu s vyuzitim dat DMR 5. generace a porovnava jeho vystu-
py pti raznych pritocich s modelem zalozenym na vyskopisnych
datech upravenych pomoci nastroje CroSolver. Jedna se o srovnani
vystuptl hydrodynamickych modelt v programu HEC-RAS pfi
pouziti zahloubenych dat a pfi pouZiti neupraveného DMR. Srov-
nani je provedeno na usecich dvou vodnich toki s odlisnou mor-
fologii terénu a velikosti vodniho toku. Doplnujicim vystupem je
porovnani zaplavovych tzemi vychazejicich z obou variant modelt.

Z vysledkt vyplyva, ze rozdily ve vystupech jsou vyznamné pre-
deviim u nizsich pritoki (Q;, Q,), zatimco pro Qg a Q, je rozdil
zanedbatelny, pfi¢emz velky vliv ma samotnd morfologie modelo-
vaného tizemi a velikost vodniho toku.
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Topographic data plays an essential role in hydraulic modelling of floods. A high-
precision digital elevation model (DEM) including river bathymetry (bed topogra-
phy) is required. DEMs can be derived from such various data sources as ground
surveying or remote sensing techniques. This study is focused on (a) the DEM
error that results from the inability to scan the morphology of the channel using
remote sensing methods, and (b) assessment of its impact on the results of a one-
dimensional (1D) hydraulic model. DEMs produced by remote sensing techniques
were tested in combination with ground surveying and by software-updated remote
sensing data. Differences in riverbed representation and thalweg position were
evaluated. The 1D hydraulic model HEC—RAS was chosen to determine the
impact of various DEM sources on the hydraulic quantities (water surface eleva-
tion, inundation area). The study was carried out on a reach of the River Vltava
(Czech Republic). The best results were achieved by DEMs that combined remote
sensing data with ground mapping. Good results also were obtained using
software-updated remote sensing data. Neglecting of cross-sectional area in remote

KEYWORDS

1 | INTRODUCTION

A flood wave's movement through a riverbed is interesting
to scientists from many points of view, including for its rela-
tionship to flooding, geomorphology, ecology, sociology, as
well as the economy. Hydraulic models are used success-
fully for examining these phenomena.

Topographic data are essential for hydraulic modelling.
Many models require topographic data in the form of a digi-
tal elevation model (DEM). Ground surveying is the long-
traditional method used in topographic mapping. Although
ground surveys have the advantage of high accuracy, their
disadvantages are slow data collection, and high cost of data
acquisition (Roub, Hejduk, & Novak, 2012).In recent
decades, new methods for topographic mapping have been
developed. The most commonly used are remote sensing

sensing data has an important impact on the results of hydrodynamic models.

DEM, digital elevation model, floods, hydraulic modelling, river bathymetry

techniques utilising radar waves and laser altimetry
(Baltsavias, 1999; Gao, 2009; Lyzenga, Malinas, & Tanis,
2006; Marcus & Fonstad, 2008).

The quality and usability of hydrodynamic model results
depend on the accuracy and availability of topographic data.
A DEM's vertical accuracy and spatial resolution are particu-
larly important (Bates & De Roo, 2000; Horritt & Bates,
2001; Horritt, Bates, & Mattinson, 2006; Merwade, Cook, &
Coonrod, 2008; Sanders, 2007). DEMs with global coverage
are usually obtained from satellites. Although these DEMs
usually have spatial resolution commonly inadequate for
flood simulation, they are often used because of their low
acquisition costs. The most commonly used DEMs are
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER),having 30 m resolution, and Shuttle
Radar Topography Mission (SRTM), with 90 m resolution

© 2018 The Chartered Institution of Water and Environmental Management (CIWEM) and John Wiley & Sons Ltd

J Flood Risk Management. 2018;e12495.
https://doi.org/10.1111/jfr3.12495

wileyonlinelibrary.com/journal/jfr3 1 of 10



20f 10 Chartered Institution of Journal of
Water and Environmental W I L EY
Management

(Ali, Solomatine, & Di Baldassarre, 2015; Domeneghetti,
2016; Schumann et al., 2008; Yan, Di Baldassarre, & Solo-
matine, 2013). SRTM data with 30 m resolution is also
available. More detailed information about other data
sources from satellites can be found in the work of Yan, Di
Baldassarre, Solomatine, and Schumann (2015).

Aerial laser scanning (ALS) is the method most used for
creating DEMs with high spatial resolution (Baltsavias,
1999).This method uses Light Detection and Ranging
(LiDAR) technology attached to aircraft to scan the Earth's
surface. The advantages of ALS are rapid data acquisition,
high accuracy, and high resolution of the resulting DEM.
The disadvantage is the financial cost of data acquisition. A
fundamental problem of ALS is its inability to measure
beneath the water's surface. This is because the infrared laser
beam is absorbed by the water's surface (Casas, Benito,
Thorndycraft, & Rico, 2006).For this reason, an improved
form of ALS—termed dual LiDAR (DiAL)—has been
developed that uses two laser beams to scan the Earth's sur-
face. An infrared laser beam is used for scanning dry areas
and a green (blue—green) laser beam is used for underwater
scanning (Hilldale & Raff, 2008; Irish and Lillycrop, 1999;
Mandlburger, Hauer, Wieser, & Pfeifer, 2015). Although
DiAL is able to produce a high-accuracy DEM, some limita-
tions remain. The depth to which the green laser beam can
penetrate an aquatic environment depends on turbidity of the
water (Bailly, Le Coarer, Languille, Stigermark, & Allouis,
2010; Skinner, 2009).

Another option for creating a highly accurate, bathymet-
rically correct DEM is to merge ALS data with other bathy-
metric measurements. Sources of additional bathymetry data
can include SOund Navigation And Ranging (SONAR),
electronic theodolites, differential Global Positioning System
(GPS) stations, and acoustic Doppler current profilers
(ADCP) (Allouis, Bailly, Pastol, & Le Roux, 2010; Laks,
Sojka, Walczak, & Wrozynski, 2017; Merwade et al., 2008;
Schwendel, Fuller, & Death, 2012).
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FIGURE1 Map of the studied area and River Vltava reach
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This article expands upon earlier work evaluating vari-
ous DEM sources. Like other articles (Casas et al., 2006;
Schumann et al, 2008; Schumann, Di Baldassarre,
Alsdorf, & Bates, 2010; Werner, 2001; Yan et al., 2013), it
uses a one-dimensional (1D) hydraulic model to evaluate the
impact of various data sources on the results of hydrody-
namic modelling. The article shows the precision of DEMs
produced by ALS methods in a riverbed area and their influ-
ence on accuracy in hydraulic modelling. Also presented are
options for modifying ALS data to obtain greater accuracy
in the final DEM.

2 | MATERIALS AND METHODS

2.1 | Study area and data

The study area is a reach of the River Vltava near the city of
Ceské Bud&jovice in the Czech Republic (Figure 1). The
Vltava is the Czech Republic's second largest river. Its
length is 430 km and its basin encompasses an area of
28,090 km?. The studied area is 2.75 km long and is situated
between the river stations 226.35 and 229.10 km. The river-
bed is composed of a combination of coarse sand, gravel,
and stones. The average depth of the selected reach is
approximately 3 m. The average bankfull width of the river
along the study reach was between 26.2 and 77.4 m. The
average annual discharge is 27.6 m*/s. This part of the River
Vltava was chosen for study due to the good availability of
hydrological and topographical data. N-year flow rate values
for the reach are shown in Table 1.

Geomorphologically, the study area is located in a steep
valley with floodplains. The upper part of the river is located
in an urbanised area. The river in this part is lined with tech-
nical floodplains covered with short grass. These floodplains
protect the urbanised area from the Q¢ flow. On the right
side of the river is a floodplain, covered by a combination of

Legend
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TABLE 1 N-year flow rates for the studied River Vltava reach

N-year flow rates Qaa. Q Qs Q1o Qso Q100
Flow rate (m3/s) 27.6 172 350 452 751 908

Note. Q,, denotes average annual discharge (CHMU, 2018).

scattered greenery and agricultural land (which dominates).
The lower part is bordered by steep hills from the right side.
The left side forms a floodplain with grass surrounded by
steep hills. Hills throughout the area are covered with mixed
forests. Geologically, the studied area is formed by alluvial
sediments in the floodplains and migmatites in the hills. The
climatic region as defined by Koppen is humid continental
(Dfb). The average annual precipitation is 629 mm and the
average annual temperature is 8.2°C.

2.2 | Ground and bathymetry data

This section describes the DEMs used in this study, as well
as their source data. All DEMs were built as raster models
with spatial resolution of 0.5 m. All components for building
the DEMs were processed in the ArcGIS environment.
Table 2 provides a brief overview of each DEM and its data
sources.

2.2.1 | ALSI1 digital elevation model

The ALS1 DEM is derived using data from the Digital Ter-
rain Model of the Czech Republic, 5th Generation (DTM
5G). DTM 5G data were provided by the Czech Office for
Surveying, Mapping and Cadastre. These data were pro-
vided in the form of a list of points and are available for the
entire Czech Republic. Aerial laser scanning (ALS) with one
infrared laser beam was used for creating these data. The
sampling density is dependent upon the slope of terrain. In
flat terrain, the point density is around one point per square
metre. In steep terrain, the point density is greater. The ele-
vation accuracy of these points is +0.18 m in exposed ter-
rain and +0.3 m in forests (Brazdil et al., 2012).

2.2.2 | ALS2 digital elevation model

The ALS2 DEM is derived from data obtained using DiAL
with the Riegl VQ-880G system. The declared elevation
accuracy is 25 mm (RIEGL, 2017). This device uses two
laser beams. For the hydrography (bathymetry) scanning, a
green (532 nm) laser beam is used. The terrestrial scanning

TABLE 2 Summary of the five elevation models used as topographical

input
Topographic Bathymetry Resolution
Model name Data Data (m)
PVL LiDAR Contour maps 0.5
ALS1 LiDAR LiDAR 0.5
ALS2 DiAL DiAL 0.5
CRO LiDAR Software 0.5
ADP LiDAR ADCP 0.5
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is by an infrared (1,064 nm) beam. Point density of the raw
data is approximately 200 points per square metre (Meneses,
Baier, Geist, & Schneider, 2017).

223 |

The PVL DEM is derived from two data sources. A Merida-
taty MD500 echo sounder was used to schematize the main
channel. These data were provided by Povodi Vltavy, State

PVL digital elevation model

Enterprise. Guaranteed accuracy of these data is
£0.02 m +0.2% of depth. Data resolution is 0.01 m. Depth
range is 1-200 m (Meneses et al., 2017). These data were
provided in the form of a contour map with a contour dis-
tance of 0.1 m. The second data source for schematization of
the terrestrial areas (floodplains) was DMT 5G (see above).

2.24 | ADP digital elevation model

The ADP DEM is derived from two data sources. Data used
for schematizing the main channel were from an acoustic
Doppler current profiler (ADCP) measurement device.
Accuracy of these data is 1% of depth. Depth range is
0.2-80 m (SonTek/YSI, 2010). The data were sampled
within the river reach. A total of 48,500 depth points (X, Y,
Z format) were measured. The point density of the ADCP
dataset was 0.3 point per square metre. The second data
source for schematization of the terrestrial areas (flood-
plains) was DMT 5G (see above).

2.2.5 | CRO digital elevation model

The CRO DEM is derived from the DMT 5G data as trans-
formed using CroSolver (Cross-section Solver ToolBox).
CroSolver is a software for recessing of the original terrain
in the space of the main channel. All remaining DMT 5G
points (located outside the main channel) are used to deter-
mine the topography of the floodplains. The recess is deter-
mined by the chosen shape of the new cross-section
(trapezoid or rectangular) and the area of the cross-section is
determined by Chezy's equation (Roub et al., 2012). The
specific settings used for the CroSolver are shown in
Table 3.

2.3 | Evaluation of DEM data

DEM quality was evaluated by comparing mean values of
vertical differences between measurements by individual
DEMs and a reference DEM. PVL was chosen as the

TABLE 3 Parameters used in CroSolver

Parameter Value

Calculation method (—) Longitudinal gradient

Radius of the lowest point (m) 10.0
Manning's coefficient (s/m'?) 0.03
Bank slope 1:m (—) 0.5
Flow rate (m3/s) 16.1

Water level calculation (m) 100
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reference DEM because the accuracy of its source data is
guaranteed. Two types of DEM evaluation were used: first a
cross-section comparison, then a thalweg comparison. Com-
pared were a set of cross-sections and the thalweg derived
from each DEM. Thirty comparative cross-sections were
randomly selected in the studied river reach, their locations
being identical for all tested DEMs (Figure 2). Root mean
square error (RMSE) and mean absolute error (MAE) were
used in assessing DEM quality. The equations for these eval-
uation criteria are as follow:

1 N
RMSE = N ?:1 (Elevpgym — Elevger)®, (1)
1 N
MAE = N i; |Elevpem — Elevger|, (2)

where Elevpgy is the elevation value (m) derived from
each DEM (ALS1, ALS2, CRO, and ADP, respectively) and
Elevggr is the corresponding reference value derived from
PVL. N is the number of points defining the given cross-
section or thalweg.

2.4 | Hydraulic modelling

Although two-dimensional (2D) models can better describe
flow hydraulics, it may not provide the best results in real-
world applications, because many sources of uncertainty
affect the results of the model (Bates, Marks, & Horritt,
2003; Di Baldassarre, Schumann, Bates, Freer, & Beven,
2010; Pappenberger, Beven, Horritt, & Blazkova, 2005).
The main source of uncertainty is spatial roughness and the
equifinality in its determination. Another uncertainty can
occur in the determination of the water surface elevation,

FIGURE 2  Comparative cross-sections distributed along the river reach
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which can be in 2D model variable across the cross-section
at one river stationing (Costabile, Macchione, Natale, &
Petaccia, 2015; Horritt & Bates, 2002). 2D models also may
provide less reliable results when evaluated for flood events
of varying magnitudes (Di Baldassarre et al., 2010; Romano-
wicz & Beven, 2003; Werner, 2004). To eliminate these
uncertainties, we decided to adopt the 1D HEC-RAS model.

HEC—-RAS is a member of the software family main-
tained by the Hydrologic Engineering Center of the United
States Army Corps of Engineers (Brunner, 1995). HEC
—RAS enables simulating steady and unsteady flow condi-
tions in river systems. For this purpose, HEC—RAS numeri-
cally solves 1D Saint—Venant equations. HEC—RAS has
been employed in many studies focusing upon the impacts
of topographic input data on the results of flood inundation
models (Casas et al., 2006; Schumann et al., 2008, 2010;
Werner, 2001; Yan et al., 2013).

The five simulations carried out in this study differ only
by their topographic data source. Forty-one cross-sections
were used to build the models' geometry. Manning's coeffi-
cient for the channel was set at 0.035 s/m'”. For left and
right inundation, the value 0.030 s/m'”was set. Selected
values correspond to the field survey. N-year flow rates were
used as upstream inflow conditions (see Table 1). The criti-
cal depth was used as the downstream boundary condition.
The value of this condition is determined by the model auto-
matically. In this study, steady flow conditions were set for
all simulations. Steady state condition is a standard for flood
inundation mapping, and is widely used (Cook & Merwade,
2009; Di Baldassarre et al., 2010; Reil, Skoulikaris, Alexan-
dridis, & Roub, 2016; Roub, Kurkova, Hejduk, Novak, &
Bures, 2016).

The flood inundation areas were post-processed from HEC
—RAS model results. First, the water surface polygon was
interpolated from water levels. Next, the intersection between

Legend

Comparative

cross-sections
DEM -TIN
Elevation (m)

430 - 440

420 - 430
I 410-420
I 400 -410

390 - 400

I 380-390

370 - 380
364 - 370

90 125 250 500 M
I e B B |



BURES ET AL.

water surface polygon and appropriate digital elevation model
was made. The line of the intersection was identified like a
flood inundation area bounding line. For this procedure, a
HEC—GeoRAS software was adopted (Ackerman, 2005). The
uncertainty in inundation areas determined by this technique
was evaluated in the work of Horritt and Bates (2002). In their
work, a comparison between HEC-RAS and TELEMAC-2D
was made. Results showed that the 1D model provides equally
good predictions of inundation areas as the 2D model in single
channel cases. That was also confirmed in the work of Cook
and Merwade (2009) when HEC—GeoRAS was employed.

2.5 | Evaluation of hydraulic results

To evaluate the influence of various topographic data
sources, the inundation areas (IA) and water surface eleva-
tions (WSE) were investigated. IA and WSE were evaluated
for all N-year flow rates presented in Table 1. A similar eval-
uating system was used as that described above in the sub-
section “Evaluation of DEM data”. Using the PVL model as
the source of reference data, IA and WSE were evaluated
using Equations (1) and (2).

The following compliance criterion was used further to
assess the extent of the inundation area:

_ [TApem — IARgF|

TAgi = -100, 3
af TAREF ®)

where 1Ay;r is the difference in the extent of the inunda-
tion areas in percentage terms, IApgy is the inundation area
(km?) produced by other models, and IAggg is the reference
(PVL) inundation area (km?).

3 | RESULTS AND DISCUSSION

3.1 | Comparison of cross-sections

A visual comparison of the cross-sections derived from the
compared DEMs is presented in Figure 3. The ADP model
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best matches the reference model (PVL). The CRO model
differs significantly in the bottom of the riverbed. This is
caused by trapezoidal schematization of the channel defined
in CroSolver software (Roub et al., 2012). The models
ALS1 and ALS2 significantly deviate in the space of
riverbed.

Figure 4 describes the variance in the RMSE and MAE
values achieved for all comparison cross-sections. It can be
seen from the results that the smallest range of the RMSE
and MAE error as well as smallest median value of the
RMSE and MAE were provided by cross-sections derived
from the ADP model. The CRO model produced the widest
range of RMSE and MAE values, but its median value is
smaller than those of the ALS1 and ALS2 models. As can
be seen in Table 4, the overall RMSE value of the ALSI1
model was 1.64 m. For ALS2, CRO, and ADP, respectively,
these were 1.56, 1.15, and 0.31 m. The overall MAE value
of the ALS1 model was 1.28 m, while those for ALS2,
CRO, and ADP, respectively were 1.24, 0.83, and 0.15 m.

3.2 | Comparison of thalwegs

A visual comparison of thalwegs is shown in Figure 5. An
assessment of thalwegs conformity can be seen in Table 5.
The RMSE value for the ALS1 model was 2.48 m. Those
for ALS2, CRO, and ADP, respectively, were 2.33, 1.12,
and 0.10 m. The MAE value for the ALS1 model was
2.45 m. Those for ALS2, CRO, and ADP, respectively, were
2.30, 0.98, and 0.07 m.

The ADP thalweg very accurately copied the reference
thalweg. Thalwegs produced by the ALS1 and ALS2 models
fluctuate around the same level, which was close to the
water's surface. This means these models neglect almost the
entire flow area below the water's surface (Kinzel, 2009;
Laks et al., 2017; Skinner, 2009). The CRO thalweg copied
neither the reference thalweg nor even the water level. The
CRO thalweg is driven by flow area and by the chosen shape
of the cross-section. When flow area is equal to the entire
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FIGURE 3  Visual comparison of the digital elevation models (comparison at cross-section 15)
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TABLE 4 Root mean square error (RMSE) and mean absolute error
(MAE) values for the compared digital elevation models (DEMs;
cross-sectional comparison)

ALS1 ALS2 CRO ADP
RMSE (m) 1.64 1.56 1.15 0.31
MAE (m) 1.28 1.24 0.83 0.15

river reach, then the depth is inversely proportional to the
cross-section width (Roub et al., 2012).

3.3 | Comparison of water surface elevations

Figure 6 describes the variance in the WSE differences
between the compared DEMs and the reference DEM. The
results show that the poorest results were achieved with the
ALSI1 and ALS2 models and that the models have high vari-
ability in the WSE differences. The median of the differ-
ences, however, follows a decreasing trend with increasing
flow rate. By contrast, with increasing flow rate the CRO
model displayed a decreasing trend in both median value
and variability. The CRO model had a significant error only
at flow rate Q,, When the flow rate was increased to Qq,
the accuracy of the model also dramatically increased. The
best median value and lowest variability in WSE were
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TABLE 5 Variance of root mean square error (RMSE) and mean absolute
error (MAE) values for the compared DEMs (thalweg comparison)

ALS1 ALS2 CRO ADP
RMSE (m) 2.48 2.33 1.12 0.10
MAE (m) 2.45 2.30 0.98 0.07

provided by the ADP model, which was closest to the refer-
ence model regardless of the modelled flow rate. A confor-
mity assessment is presented in Table 6.

3.4 | Comparisons of inundation areas

Results from the IA comparison are presented in Table 7. In
all cases, ALS1 and ALS2 significantly overestimated the
extent of the TA. At Q, ,., this overestimation exceeded 90%
for both models. With rising flow rate, however, these differ-
ence diminished, reaching 19.5% in the case of ALS1 and
17.0% in that of ASL2 at flow rate Q;o9. The CRO model
showed large differences at Q,,. and Q; flow rates, but at
higher flow rates its error in determining IA was less than
1.1%. Similar observations are reported in the works of
Roub et al. (2016) and Reil et al. (2016).The smallest differ-
ences were achieved by the ADP model, except at the Qg
flow rate. This difference is due to the specific topographic
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various DEMs

TABLE 6 Water surface elevation (WSE) errors when using selected
digital elevation models (DEMs) compared to the reference DEM for the

N-year flow rates

RMSE (m)  ALSI
ALS2
CRO
ADP

MAE (m) ALS1
ALS2
CRO
ADP

Qaa.
2.36
2.13
1.18
0.18
2.33
2.10
1.06
0.07

Q

1.50
1.40
0.20
0.07
1.46
1.37
0.13
0.06

Qs

1.01
0.96
0.12
0.06
0.97
091
0.09
0.05

Note. Q, , denotes annual average discharge.

Qio
0.81
0.77
0.10
0.09
0.77
0.71
0.07
0.08

Qso
0.51
0.45
0.10
0.04
0.45
0.38
0.07
0.04

Q100
0.48
0.40
0.10
0.02
0.40
0.32
0.07
0.02

conditions between the cross-sections with river stationing
1,053 and 1,467 (middle part of the river). The water surface
elevation of the reference model is 15 cm below the water
surface elevation of the ADP model. This difference plays a
key role. In the case of the reference model, the water
remains inside the channel. In the case of the ADP model,
however, the water surface is already above the right bank
and it is flooding an almost horizontal part of the adjacent
inundation.

The models ALS1 and ALS2 provided the poorest
matches with the reference model. In the case of ALS1, the
degree of disagreement in riverbed representation is due to
the limits of the technology (infrared laser beam)used. The
extent of this discrepancy depends upon the size of the flow

TABLE 7 Inundation areas and differences from reference calculated by a hydraulic model with inputs from selected digital elevation models for N-year

flow rates

Inundation area (km?)

Difference in area (%)

PVL
ALS1
ALS2
CRO
ADP
PVL
ALS1
ALS2
CRO
ADP

Qaa.
0.1141
0.2195
0.2221
0.1328
0.1189

92.41

94.66

16.41
421

Q
0.1933
0.3612
0.3178
0.2205
0.1993

86.89
64.44
14.08

3.09

Qs Q1o Qso Q100
0.2690 0.3213 0.5536 0.5986
0.5329 0.5667 0.6714 0.7165
0.5294 0.5608 0.6238 0.7013
0.2658 0.3219 0.5513 0.5945
0.2733 0.3946 0.5547 0.6000

98.15 76.39 21.26 19.70

96.85 74.55 12.66 17.16
1.19 0.21 0.43 0.68
1.61 22.82 0.19 0.24



Chartered Institution of Journal of

e LCIWEM: - WILEY

area that has been neglected (Reil et al., 2016; Roub et al.,
2016). For the ALS2 model (dual LiDAR technology), the
channel should be scanned to a depth of several metres. Sim-
ilarly, poor results in beam penetration had been reported by
other authors (Hilldale & Raff, 2008; Irish & Lillycrop,
1999; Mandlburger et al., 2015). According to those authors,
this is probably caused by high turbidity. Turbidity blocks
the green (blue-green) laser beam from penetrating to
greater depths (Bailly et al., 2010; Kinzel, 2009; Laks et al.,
2017; Skinner, 2009; Tripathi & Rao, 2002). The results
from the CRO model suggest that updating of the LiDAR
data in riverbed space can help to improve the resulting
DEM (Papaioannou, Loukas, Vasiliades, & Aronica, 2016).
The best match with the reference model was the ADP
model. This suggests that ground surveying cannot yet be
reliably replaced by other methods of topographic mapping
(Tarekegn, Haile, Rientjes, Reggiani, & Alkema, 2010).

3.5 | Applicability and limitations of DEMs used

The PVL model is most appropriate for situations where
maximum precision of hydraulic modelling is required. The
largest limitation of its use is its high price due to the two
datasets (bathymetric and topographic) needed for its crea-
tion. Another limitation may be that the PVL model can be
developed only for rivers with a minimal depth of 1 m. The
ADP model is also suitable for situations where the maxi-
mum precision of hydraulic modelling is required. The ADP
model also is composed from two datasets. The advantage of
the ADP model is that it can be created for rivers with depth
greater than 0.2 m. The cost for acquiring bathymetric data
is lower in this case than for the PVL model. The CRO
model uses only one dataset that usually includes the topog-
raphy of the area of interest but does not include riverbed
topography. This can reduce the cost for its creation in com-
parison with the ADP or CRO model. Its disadvantages are
lower accuracy (especially at low flow rates) and the need to
use special software for its creation (Reil et al., 2016; Roub
et al.,, 2012). The CRO model is broadly applicable to
modelling floods within large areas at high flow rates. The
ALS1 model as used in this study is a basic model, and it
often is compared with other remote sensing models (Ali
et al., 2015; Gao, 2009; Hong, Bonhomme, Soheilian, &
Chebbo, 2017). In our case, its accuracy is lower than those
of the other models to which it is compared. Nevertheless, it
can be used successfully in a case that a sampled channel
has almost zero actual depth of water, as may be the cases of
empty river canals and small or seasonal streams. Many
authors have successfully used the ALS2 model for hydrau-
lic modelling (Bailly et al., 2010; Hilldale & Raff, 2008;
Kinzel, 2009; Mandlburger et al., 2015; Skinner, 2009). In
our case, however, we encountered major limitations in
using this model, above all a high sensitivity to water clarity
at the time of scanning.

BURES ET AL.

4 | CONCLUSIONS

This study examines the impacts of using various DEMs
(compiled from various sources of topographic data) on the
results of a 1D hydraulic model. A section of the River
Vltava in the Czech Republic was used as the case study.
Data sources used in building the DEMs were two types of
ALS data, data combining ALS with ground surveying, and
ALS data updated by software. Five DEMs were created,
and one of them was used as a reference model (PVL,
because the accuracy of source data was guaranteed).

The results of the study have shown that DEMs with
identical spatial resolution derived from ALS data (ALSI,
ALS?2) deviated significantly (in DEM quality as well as in
hydraulic results) from the reference DEM. In many studies,
DEMs based on LiDAR data are considered to be very accu-
rate. The results of the ALS1 and ALS2 models, however,
show their description of the riverbed to be inadequate. The
best results were achieved by the coupled ADP model, in
which case the bathymetry was improved by ground survey
data. This indicates possible limitations in the usability of
ALS data for accurate hydraulic modelling, such as for flood
mapping of city centres.

The study shows that a high degree of match between
model and real topography can be achieved by combining
ALS data with other field measurements. The higher accu-
racy, however, is achieved at a higher price for data
acquisition.

The use of pure ALS data has particular limitations. The
ALS1 model is suitable only for situations where the water
depth in the river channel is minimal or the channel is dry.
In rivers with considerable water depth, use of the ALSI
model is not appropriate. The inaccuracy rate of the ALSI
model will be directly proportional to the neglected flow
area of the given channel. In the case of the ALS2 model,
water turbidity at the time of aerial scanning is the most sig-
nificant limitation of the model.

Finally, CRO is significantly improved by using the Cro-
Solver software, and it outperforms the ALS1 digital eleva-
tion model that is developed using pure ALS data. This
points out that the software modification of remote sensing
data in the form of the recess of the riverbed brings signifi-
cant improvement to the final DEM. Using this approach, it
is possible to improve the data obtained by remote sensing
techniques, thereby increasing their usefulness in broad prac-
tice. Hence, the ways of recessing the riverbed should be fur-
thermore studied and improved.
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Abstract: An appropriate digital elevation model (DEM) is required for purposes of hydrodynamic
modelling of floods. Such a DEM describes a river’s bathymetry (bed topography) as well as its
surrounding area. Extensive measurements for creating accurate bathymetry are time-consuming
and expensive. Mathematical modelling can provide an alternative way for representing river
bathymetry. This study explores new possibilities in mathematical depiction of river bathymetry.
A new bathymetric model (Bathy-supp) is proposed, and the model’s ability to represent actual
bathymetry is assessed. Three statistical methods for the determination of model parameters were
evaluated. The best results were achieved by the random forest (RF) method. A two-dimensional
(2D) hydrodynamic model was used to evaluate the influence of the Bathy-supp model on the
hydrodynamic modelling results. Also presented is a comparison of the proposed model with another
state-of-the-art bathymetric model. The study was carried out on a reach of the Otava River in the
Czech Republic. The results show that the proposed model’s ability to represent river bathymetry
exceeds that of his current competitor. Use of the bathymetric model may have a significant impact
on improving the hydrodynamic model results.

Keywords: DEM; hydrodynamic modelling; river bathymetry; floods; Bathy-supp

1. Introduction

Knowledge of terrain morphology is crucial for the hydrodynamic modelling of floods.
The accuracy and applicability of hydrodynamic models is driven by the nature, availability, and
accuracy of source topographic data [1-3].

The digital elevation models (DEMs) are required as a main input for hydrodynamic modelling.
Topographic mapping is conventionally conducted by ground surveying. The main advantage of
such a method is its high accuracy. Among the major limitations of measured data acquisition are
its high cost and time-consuming data collection. Therefore, ground mapping is increasingly being
replaced by remote-sensing methods. Radar and laser altimetry are among the most commonly used
remote-sensing techniques [4-6].

A description of the river channel and its surrounding area is necessary to create a DEM for
purposes of hydrodynamic modelling. The DEM must have precise vertical accuracy and spatial
resolution [1,7]. DEMs obtained from satellites are commonly used on a global scale, but the spatial
resolution of these models often does not meet the requirements of precise hydrodynamic modelling.
The most commonly cited DEMs used for hydrodynamic modelling are the Advanced Spaceborne
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Thermal Emission and Reflection Radiometer (ASTER), and the Shuttle Radar Topography Mission
(SRTM) [8-11].

Aerial laser scanning (ALS) can be another source of input data for a DEM intended for
hydrodynamic modelling. This data source can produce DEMs with high spatial resolution [4].
The method is based on Light Detection and Ranging (LiDAR) technology. ALS methods usually
use an infrared laser beam, which is unable to penetrate the water surface or scan the river bed [12].
This problem can be solved by using dual LiDAR (DiAL) technology, which uses a combination of
two laser beams [13-15]. However, in some cases, this technology fails because the green laser beam
(used for scanning water areas) is not able to penetrate an aquatic environment characterized by high
turbidity [16-18].

The most commonly used method for creating a DEM with correct bathymetry is to merge
topographic (e.g., ALS) data with another source of bathymetric data. Often used for this purpose
are acoustic Doppler current profilers (ADCP), Sound Navigation and Ranging (SONAR) techniques,
theodolites, and Global Positioning System (GPS) stations [3,19,20]. The main advantage of these
methods is their high accuracy of the acquired data. The main disadvantage lies in the cost of the
data’s acquisition.

Interpolation approaches have been developed in an attempt to reduce the volume of measured
data needed to represent river bathymetry [21,22]. Some interpolation techniques for the creation of
bathymetry use cross-sections with various spacings as input data [21,23,24]. Nevertheless, measured
data are still required.

Another option for representing river bathymetry can be to use mathematical modelling methods.
In works of Dutch and Wang [25] and James [26], the cross-section shape of fluvial sediment deposits
was estimated using analytical curves. Moramarco et al. [27] have used entropy-based methods for
estimation of the cross-section. Roub et al. [28] introduced a bathymetric model, which estimates the
river channel on the basis of hydraulic parameters. The river channel is thereby schematized into a
trapezoidal shape. The flow area of this channel is determined using Chezy’s equation.

This paper explores new possibilities in mathematical representation of river bathymetry. A new
model of river bathymetry based on topographic data describing the area surrounding the river
channel is proposed. In this work, the model’s ability to represent actual bathymetry is evaluated.
A two-dimensional (2D) hydrodynamic model is used to evaluate the influence of the bathymetric
model on the results of hydrodynamic modelling. Also presented is a comparison of the proposed
model with another state-of-the-art model, the Cross-section Solver ToolBox (CroSolver) [28].

2. Materials and Methods

The proposed bathymetry model is based on analytical curves. The curves are bent into the shapes
of the cross-sections. The most precise values of the model parameters are needed in order to obtain
the best description of the river bathymetry.

2.1. Input Data for the Bathy-Supp Model

Three types of input data are needed for a river bathymetric model. The first is a DEM, describing
the floodplain topography. Also extracted from the DEM are the terrain characteristics, the altitudes for
height adjustment of the new cross-sections, and a definition for the aquifer area of the river channel.
The second type of input data is the design flow rate. The design flow rate is the flow rate at the time of
elevation data acquisition. The last, but not least, type of input data is Manning’s roughness coefficient
for the river channel.

2.2. Construction of the Bathy-Supp Model

The proposed bathymetric model is constructed in four main steps:
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1.  The user defines the number and location of the new cross-sections (location of cross-section
endpoints) from which a new bathymetry model will be composed.

2. Computation of the spatial terrain characteristics (predictor variables) derived from the floodplain
DEM, and estimation of the model parameters m; and mj.

3. Cross-section construction and transformation.

4.  River bed reconstruction.

2.2.1. Location of the New Cross-Sections

After displaying the input DEM, it is possible to identify the position of the river channel itself as
a no-data region, which thereby divides the model into two (or more) parts. In this no-data region,
the user defines the number of new cross-sections and their locations. The distance between the first
and last cross-section defines that part of the river for which new bathymetry will be estimated. Each
cross-section is defined by two endpoints. The distance between these endpoints defines the width
of the channel. The endpoints have coordinates X and Y. A DEM point with the lowest altitude is
searched in the circular space around each endpoint. The altitude of this lowest point is used as the Z
coordinate of the endpoint. The radius of the circular space is called the lowest point search radius.
An example of the cross-section location can be seen in Figure 1.
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Figure 1. Defining the position of the new cross-sections. (width (W), endpoint (E), lowest point search
radius (R)).

2.2.2. Explaining Model Parameters

Usually, the best-fit model parameters (m;, my) are unknown. To establish them (without using an
inverse problem-solving method), it is necessary to find the relationship between the search parameters
and other explanatory variables. Spatial terrain characteristics can be used as possible explanatory
variables [21,26]. The overall curvature, planar curvature, profile curvature, overall slope, slope in the
x-direction, and slope in the y-direction were, in the present case, selected for predicting individual
model parameters. The characteristics were determined as described by Zevenbergen and Thorne [29].
The source of terrain characteristics was the DEM input. Terrain characteristics were calculated for
the all raster cells located behind the bank lines around the river. The terrain characteristics of the
nearest raster cell were used to estimate the parameters of a given endpoint. As explanatory variables,
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the left bank terrain characteristics for model parameter m; and the right bank terrain characteristics
for parameter m, were used.

Statistical learning methods were used for finding the dependence between model variables and
terrain characteristics. Those statistical learning methods studied were multiple linear regression,
extended linear regression, and random forest (RF).

A simple linear model (LM) is used for finding a linear relationship between a response and its
predictor, and, in the case of multiple linear regressions, this relationship is based upon more than a
single predictor. The LM is described in Equation (1):

y:ﬁ0+Zﬁixi+é‘i, & ~N(0,a2), i=1,...,M, (1)

where fx are the linear parameters, x; are predictor variables, ¢; is the error term, and M is the number
of predictor variables. A mixed selection procedure, as described by Gareth et al. [30], was adopted for
choosing the optimal number of variables.

An extended linear model with no random effects (GLS) was also used. This method extends
linear regression with an ability to fit models with heteroscedastic and correlated within-group errors,
but with no random effects [31]. The extended formula of the LM is described in Equation (2):

y=Po+ Y pixite, & ~N(0,6%A), i=1,...,M, )

where A; are positive-definite matrices composed using variance and covariance matrices, By are the
linear parameters, x; are predictor variables, ¢; is the error term, and M is the number of predictor
variables. Again, the mixed selection procedure, as described by Gareth et al. [30], was adopted for
choosing the optimal number of variables.

Random forest (RF) is a combined machine learning method for classification and regression. This
method is based on an ensemble of a regression tree (RT) algorithm. RT deals with tree structure by
dividing the dataset into homogenous groups. That division is driven by some classification criterion,
such as minimizing the variance of a given set of variables. In the case of RF, a dataset is divided into
multiple sub-datasets by a bootstrap aggregating algorithm. For each sub-dataset, an RF of its own is
constructed. This creates a group of random trees, termed RF. For each predictor variable, a measure of
variable importance can be determined. Based on variable importance values, it is possible to decide
which variables have significant impact for the response and which can be omitted [32].

All statistical analyses in this work were performed using statistical software R. The extended
linear model with no random effects was applied using the package nlme [33], and the package
randomForest [34] was used for random forests.

The coefficient of determination (R%) was used to evaluate the reliability of model parameters. As a
second quality assessment, vertical differences between models based on the best model parameters
and a model based on estimated parameters were calculated. For this comparison, a similar approach
is used in Section 2.1.

2.2.3. Cross-Section Construction and Transformation

Once the model parameters are estimated, new cross-sections can be constructed. A tested
theoretical cross-section model Equation (3) is able to estimate the natural river cross-section on
the basis of estimated parameters [35]. The studied theoretical model of the river cross-section is

explained as:
2(d) = mympd™ (1 - d"™)" 71, (3)

where z(d) is the depth of water at a distance d from the left endpoint of the cross-section, while m4
and my; are theoretical model parameters that are unique for each river cross-section. An example of
the estimated shapes of the cross-section is shown in Figure 2.
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Figure 2. Example showing ability of the proposed bathymetric model to schematize a cross-section.

Due to the mathematical nature of the proposed model, a new cross-section width of 0-1 [35]
must be selected in the first step. Note that the value 0 represents the left side of the cross-section.
Additional points are inserted between the points 0 and 1. The user decides upon the number of points
to insert. Once new stationing is defined, the depth value for each cross-section point is computed
by applying Equation (3). New cross-sections produced by the proposed bathymetric model are in
normative state (width and flow area are equal to (1)). Width transformation is simple. Stationing of
the new cross-section is multiplied by the distance (W) between its endpoints (Figure 1). For the flow
area transformation, an adequate flow area must be identified. This adequate flow area defines the
flow area of the river channel required for the transfer of the design flow. The adequate flow area is
determined using Chezy’s equation on the basis of Manning’s roughness coefficient, water surface
slope, and design flow rate. This adequate flow area is compared with the area of the new cross-section.
If the adequate flow area is smaller than the cross-sectional area, then the depths of the cross-section
points are multiplied by the area multiplication parameter. This step is repeated until the adequate
flow area is equal to or less than the area of the cross-section. Manning’s coefficient, design flow rate,
and area multiplication parameter are the input parameters. The water longitudinal surface slope and
water surface elevation of each cross-section are extracted from the DEM. A similar approach had been
used in the work of Roub et al. [28].

The final transformation step is to add the new cross-section into the coordinate system used.
The XY coordinates of the first and last point of the cross-section correspond to the coordinates of the
endpoints E; and E,, for which the cross-section has been created. All internal points are placed on the
line connecting the endpoints. Therefore, the coordinates of the internal points can be calculated based
on the coordinates of the endpoints and its station value. The method of calculating the coordinates of
internal points may vary depending on the coordinate system used. The lower of the altitudes of both
endpoints is determined as the water level of this cross-section. The altitude (Z value) of each point is
obtained by subtracting the water level and its depth. All cross-section points have coordinates X, Y,
and Z and stationing after transformation.

2.2.4. River Bed Reconstruction

To create a three dimensional (3D) bathymetric model composed of isolated linear structures,
such as cross-sections, spatial interpolation between these cross-sections must be used. Many
different bed reconstruction algorithms are available in the literature [23,24,36,37]. In this contribution,
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we adopted the approach of Caviedes—Voullieme [23]. This bed reconstruction algorithm is based
upon cubic Hermite splines (CHS). Spline trajectory connects two depth points in two consecutive
cross-sections, and it is driven by their normal vectors. The spatial interpolation (X, Y) of new
bathymetric points is performed using CHS, and linear interpolation is performed for the height (Z).
For a more detailed description, see the work of Caviedes—Voullieme [23].

2.3. Model Suitability

Global optimization methods are used for estimating the best model parameters. The global
optimization schemes are based on heuristics inspired by natural processes. Methods of differential
evolution [38] are used for determining the solutions of inverse problems related to the parameters of
a mathematical model of river bed surfaces. Differential evolution is a population-based stochastic
optimization search algorithm that iteratively estimates a candidate solution with regard to a given
measure of quality [38]. The analyzed objective function is a least squares method, determining the
differences between the depths of the real cross-sections and the modelled cross-sections. We employed
the best1bin algorithm in this work [38]. Analysis of the model’s suitability was made in the C++
programming environment.

Model Suitability Evaluation

For evaluating the model’s suitability, a vertical differences comparison between the model
cross-sections (with the best model parameters) and the measured cross-sections (see Section 2.5.2)
was made. The root mean square error (RMSE) and the mean absolute error (MAE) were calculated for
this purpose. The equations for these evaluation criteria are as follows:

1
RMSE = 4| =
MS JNI»

N
1
MAE = N ZlElevMOD — Elevggrl, ®)

=1

(Elevpiop — EZEUREF)Z, (4)

=

I
—

where Elevyiop represents the elevation (m) obtained from each model cross-section and Elevrgr
represents the equivalent reference point obtained from the measured cross-section (see Section 2.5.2).
N represents the number of the cross-section points.

2.4. Case Study Area

A part of the Otava River in the Czech Republic was chosen as an area of interest (Figure 3). The
full length of the Otava River is 111.7 km with the basin area of 3840 km?. The studied river reach is
located into the lower part of the river (between 22.83 and 24.58 river km) and is 1.75 km long. The
average depth of the river reach fluctuates around 1 m. The average bankfull width is between 22.8
and 52.7 m. The average annual flow rate is 23.4 m3/s. The average water level is 354.84 m above sea
level. The flow rates for N-year floods in the Otava River reach are shown in Table 1. Q, 5. denotes the
average annual discharge.

Table 1. The flow rates for N-year floods in the Otava River reach [39].

N-year Floods Qaa. (03] Qs Q10 Qso Q100
Flow rate (m?/s) 23.4 146 300 394 680 837
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Figure 3. The study area: Otava River reach.
2.5. Ground and Bathymetry Data

This section of the paper describes the topographic source data and bathymetry data source used
for identification of the model parameters and creating the DEMs.

2.5.1. Aerial Laser Scanning Data

The technology used for ALS data collection in this study was aerial laser scanning with one
infrared laser beam. These ALS data were provided by the Czech Office for Surveying, Mapping, and
Cadastre. Provided data were in the form of the list of elevation points. The point density per square
meter varies depending on the slope of the terrain described. The point density starts with one point
(flat area) and ends with dozens of points (steep area). Vertical data accuracy is +/—0.18 m in open
areas and +/—0.3 m in forest areas. [40].

2.5.2. Acoustic Doppler Current Profiler Data

The data obtained by using an ADCP measurement device have the depth range 0.2-80 m
and accuracy of +/=1% of the depth. The ADCP technology was successfully applied in recent
works [18,41,42]. The data were sampled as a set of single cross-sections. The distance between these
cross-sections was approximately 5 m. The distance between points within the cross-sections was
less than 0.5 m. A total of 375 cross-sections were measured. These data were used for testing the
suitability of the bathymetric model as well as for determining the best model parameters.

2.5.3. Compared DEMs

A total of four DEMs, based upon different sources of bathymetric data, were compared in this
practical demonstration. The first DEM (ALS) was created only from the ALS data. It contains no
bathymetric data and represents models of that sort produced by remote-sensing techniques.

The second DEM (CRO) was composed using ALS data, which describe the floodplain, and data
from the Cross-section Solver ToolBox (CroSolver) bathymetric model. CroSolver is a software tool
for improving an existing DEM in the riverbed area. The newly formed channel is schematized as
trapezoidal or rectangular. The Chezy equation is used to determine the channel flow area for the
design flow rate. The depth of the new channel is determined on the base of the size of the flow area,
channel width, and selected channel schematization [28]. Table 2 provides the settings overview for
the CroSolver model.
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Table 2. The Cross-section Solver ToolBox (CroSolver) software specific settings.

Parameter Value
Calculation method Longitudinal gradient
Lowest point search radius (m) 5
Manning’s roughness (s/m'/3) 0.031
Bank slope 1:m 2
Flow rate (m3/s) 36.8
Water surface slope calculation (m) 100

The third DEM (BAT) was composed using ALS data, which describes the floodplain and the
Bathy-supp model proposed in this paper. The cross-section distance for the bathymetry creation was
about 100 m. Table 3 provides the settings overview for the proposed model.

Table 3. Bathy-supp model specific settings.

Parameter Value
Lowest point search radius (m) 5
Manning’s roughness (s/m'/3) 0.031
Flow rate (m3/s) 36.8

The last DEM (ADP) is a model composed using ALS data and ADCP data. This model is used as
a reference model because it is based on measured data (i.e., on data with assured accuracy). Table 4
provides background information on the DEMs being compared.

Table 4. Overview of compared digital elevation models (DEMs).

Digital Elevation Model Floodplain Data Bathymetry Data Resolution (m)
ALS LiDAR - 0.5
CRO LiDAR CroSolver 0.5
BAT LiDAR Bathy-supp 0.5
ADP LiDAR ADCP 0.5

2.5.4. DEM evaluation

For evaluation of the DEM quality, the vertical differences between compared DEMs (ALS, CRO,
BAT), and the reference DEM (ADP) were assessed. This comparison was made for all corresponding
cells in the river channel area. Comparison of the models in the floodplain is not relevant. Identical
data were used for its description. RMSE Equation (4) and MAE Equation (5) values were employed
for evaluation.

2.6. Hydrodynamic Modelling

All hydrodynamic simulations were performed using a 2D HEC-RAS model [43]. HEC-RAS
2D allows computations for steady and unsteady flow conditions. The hydrodynamic results are
determined on the base of solving of 2D Saint-Venant equations. Many authors successfully employed
HEC-RAS 2D for hydrodynamic simulations [44,45].

In this study, hydrodynamic simulations for four different DEMs were made (see Section 2.5.3).
For each DEM, four simulations were made with chosen N-year flow rates. Manning’s roughness
coefficients were set separately for each land cover category. Values in the range 0.035-0.10 s/m'/3
were determined for inundations and the value for the main channel was 0.031 s/m!3. Selection of the
Manning’s values was verified by a calibration-verification process. The validation of model parameters
was based on a flood event from December 2012, where, for discharges of 143 m?3/s, the recorded
water level (hydrological station located in the model river reach) was equal to 356.43 m. The normal
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depth was used as the downstream boundary condition. The results of the basic hydrodynamic model
(topography source was ADP DEM) for the given discharge provided a difference of 2 cm in the water
level. That verified the accuracy of the model setup. All simulations began from a minimal start
discharge, which then grew until eventually becoming steady [18,46,47]. Table 1 shows the selected
N-year floods that were used as boundary conditions.

Water surface elevation (WSE) and Inundation areas (IAs) were evaluated to determine the
influence of channel bathymetry representation. WSE was evaluated by comparing the differences
between vertical measurements for the raster-based WSE (ALS, CRO, BAT) and those of the reference
WSE (ADP). The RMSE (Equation (4) and MAE (Equation (5) values were used in the evaluation.

For IAs, the following compliance criterion was used:

[Agiy = —lIADEﬁREIFAREP | %100 6)
where [A;;f represents the difference in inundation areas (%), IApgm represents the inundation area
(km?) of compared models (ALS, CRO, BAT), and IArgF represents the inundation area of the ADP
model (km?).

3. Results and Discussion

3.1. Bathymetric Model Suitability

The ability of the proposed bathymetric model to schematize the measured cross-section was
evaluated. The best model parameters were used for this purpose. The parameter range m; ranged from
1.0202 to 1.8219, and for the m; parameter from 1.0929 to 2.0376. Overall, 375 measured cross-sections
were evaluated. The mean RMSE and MAE values were 0.16 m and 0.11 m, respectively. The variability
of the RMSE and MAE values is shown in Figure 4.
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Figure 4. Comparing ability of the bathymetric model (with ideal parameters) to represent a measured
cross-section. Shown are variances of root mean square error (RMSE) and mean absolute error
(MAE) values.

3.2. Explaining Bathymetric Model Parameters

High-quality coefficient estimation is a prerequisite for correct bathymetric model creation.
Therefore, various methods for its estimation were evaluated. For LM and GLS methods, overall
curvature, planar curvature, overall slope, slope in the x direction, and slope in the y direction were
considered as predictor variables. For the RF method, overall curvature, planar curvature, profile
curvature, overall slope, slope in the x direction, and slope in the y direction were considered. LM
and GLS methods provided similarly poor results. In contrast, the RF method produced a good result.
Table 5 provides an overview of determination coefficients for the compared techniques. In view of
these findings, the RT method was adopted for creating the bathymetric model.
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Table 5. Coefficients of determination for the best-fit model parameters in comparing the estimation
techniques linear model (LM), the extended linear model with no random effects (GLS), and the random
forest (RF).

LM GLS RF

RZ (my) 0.145 0161 0918
RZ (my) 0.085 0118 0914

Differences in parameter estimation quality may be due to nonlinear relationships in the data
structure. More detailed analysis of the suitable regression structures and evaluation of its results are
planned in follow-up research.

3.3. DEM Comparison

This comparison was made for cross-sections extracted from compared DEMs. The smallest
divergence from the reference model (ADP) was achieved by the BAT model. The CRO model is
unable to closely simulate the depth variability across the cross-section. This is due to the trapezoidal
schematization of the channel. [28]. The ALS model almost completely neglects the riverbed area,

which is specific for the sampling method used [4,12,40,48]. A graphical comparison is shown in
Figure 5.
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Figure 5. Visual comparison: Random cross-section derived from evaluated digital elevation models.

Table 6 describes the RMSE and MAE values achieved for the river channel (raster comparison).
Both evaluated errors for the ALS model are >1. Note that the mean water depth in the channel at the
time of acquiring ALS data was around 1 m. This suggests that the ALS model neglected almost the
entire flow area of the river channel [16,20,28,42]. The RMSE and MAE values for the CRO model were
0.46 and 0.36 m, respectively. The smallest error values, RMSE 0.30 and MAE 0.23 m, were achieved by
the BAT model. The raster cell difference variability is shown in Figure 6. Greater difference variability
was achieved by the ALS model, and the smallest variability was achieved by the BAT model.

Table 6. RMSE and MAE errors for the compared DEMs (channel comparison).

ALS CRO BAT

RMSE (m)  1.19 0.46 0.30
MAE (m)  1.06 0.36 0.23
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Figure 6. Variance of raster cell differences among compared digital elevation models.

Channel difference maps are shown in Figure 7. The biggest differences can be seen for the ALS
model. The largest difference values are located along the thalweg (or stream centerline) location.
Indeed, description of the river bottom was unrealistic. The error map presented for the CRO model
identifies some areas with high cell difference values. These areas are located near embankment
areas. The differences would probably be less significant if the cross-section were actually to have a
trapezoidal shape (reflecting technical modification of the channel). For a natural river, the differences
may be more significant. The BAT difference map provides the best results. Even here, however,
it is possible to identify areas with a poor match. In this case, there was an excessive recess of one
cross-section in the BAT model. The water surface slope derived from inundation data was slightly
underestimated. This may be due to the accuracy of the data used to describe the floodplain [40].

Legend
Difference (m)
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I 025 -050
Bl os0-075
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[ 100-1.25
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B 225 - 250
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Figure 7. Error maps comparing evaluated digital elevation models (ALS, CRO, BAT) and the reference
model (ADP).
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3.4. Thalweg Comparison

The ALS model provided a poor match with the ADP model. Thalweg derived from the ALS
model was shifted toward the water surface, where it fluctuated. Thus, it is evident that almost the
entire flow area was neglected [16,20]. The CRO model had higher deviations relative to the BAT
model. These deviations may occur in places where the channel narrows or expands locally. This is
due to the fact that the local changes in flow velocity are not reflected in the CroSolver software [28].
The graphical comparison is shown in Figure 8, and the results of the numerical comparison of thalwegs
are shown in Table 7.
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Figure 8. Visual comparison of thalwegs.

Table 7. RMSE and MAE values for the compared DEMs (thalweg comparison).

ALS CRO BAT

RMSE (m)  1.52 0.37 0.30
MAE (m)  1.49 0.31 0.21

3.5. Water Surface Elevations Comparison

Figure 9 presents the variability in WSE errors between the compared DEMs (ALS, CRO, BAT)
and the ADP DEM. The greatest deviations in WSE were seen in the ALS model, which manifested
significant overestimation of WSE at all modelled flow rates. At flow Q, 5., the RMSE was more than
1.2 m, although the WSE variability was comparable to that for other models. For models CRO and
BAT, the medians of the differences, as well as their variability, decreased with the increasing flow
rate. The BAT model provided the smallest median values and the smallest variance for all rated flows.
Table 8 presents RMSE and MAE values for WSE comparison.

Table 8. RMSE and MAE values for WSE comparison.

Model Qaa. O Q10 Q100

ALS 1.24 0.87 0.80 0.85

RMSE (m) CRO 0.15 0.14 0.10 0.07
BAT 0.13 0.06 0.04 0.03

ALS 1.24 0.87 0.79 0.84

MAE (m) CRO 0.13 0.12 0.09 0.05

BAT 0.10 0.04 0.03 0.02
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Figure 9. Variance of raster cell differences in water surface elevation between the compared digital
elevation models (ALS, CRO, BAT) and the reference model (ADP).

3.6. Inundation Areas Comparison

Table 9 presents a comparison of inundation areas. The ALS model in all cases overestimated
inundation vis-a-vis the reference ADP model. This overestimation was >50% in the case of Q, .. These
differences were diminishing with increasing flow, but nevertheless were >20% for the Q;qo flow rate.
Similar results had been presented in the works of Bures et al. [18] and Roub et al. [42]. In both those
cases, software-modified DEMs (CRO, BAT) provided better results than the ALS model. The CRO
model underestimated the ADP model values by as much as 4.5%. The BAT model underestimated
them by as much as 3.8%. The fact that CRO and BAT consistently underestimate the results may
reflect their similar model settings. The flow area for model cross-section transformation was set the
same for the two models.

Table 9. Inundation area (IA) differences for compared DEMs.

Model Qaa Q1 Q10 Q100
Inundation ADP 0.0540 0.0911 0.1288 0.1608
Area ALS 0.0830 0.1182 0.1415 0.1953
(km?) CRO 0.0536 0.0870 0.1277 0.1587
BAT 0.0519 0.0898 0.1283 0.1598

Difference ADP - - - -

in Area ALS 53.83 29.73 9.84 21.49

(%) CRO 0.6 45 0.87 1.27

BAT 3.76 1.44 0.35 0.62

Overall, the ALS model showed the poorest results. That is because the technology used is unable
to capture terrain under water. It was a LiDAR technology that, in our case, used an infrared laser
beam [40]. Similar poor results could be expected from other remote-sensing methods [8-11]. The error
produced by these models depends on the size of the neglected flow area of the river channel [18,42].
Although differential absorption LiDAR (DiAL) technologies may constitute exceptions to this general
case [14,15], even using DiAL technology does not ensure any increase in accuracy. That is particularly
the case when a high-turbidity river channel is measured [16-18,20].
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The ALS model used in this study is a basic DEM, representative of the group of other
remote-sensing models.

In the BAT model, the longitudinal water surface slope and water surface elevations were
determined for all constructed cross-sections. Both of these parameters are derived from DEM
inputs. The uncertainty in determining these parameters depends upon the accuracy of the data from
which they are derived. It is possible, however, to assume that the development of remote-sensing
techniques will reduce the uncertainty in determining water surface slope and elevations. Uncertainty
in determining roughness parameters is the same for both models (CRO, BAT) and depends upon user
experience. Further research in the field of model parameter estimation may bring improvement in
this area. More appropriate regression relationships can be found, as can other explanatory variables.
These variables might, for example, be the curvature of the flow centerline [21,38], mutual tilt of
consecutive cross-sections [23], or ratio of the bank line distances.

In comparing the quality of the DEMs, we can see that the BAT model produced better results
than the CRO model. The extent of the differences between the CRO and BAT models will probably
depend upon the nature of the channel described. With respect to its adaptability, it can be assumed
that the BAT model will produce better results in the case of natural channels. If the river channel has
been technically adjusted (into trapezoidal shape), it can be assumed that the BAT model will produce
similar results to a CRO model.

In the present bathymetric model, the interpolation mechanism introduced by Caviedes—
Voullieme [23] was used. Several interpolation methods can alternatively be used for this step [24,37,38].
Which of these methods will yield more reliable results remains an open question.

In the presented study, the importance of river bathymetry was evaluated mainly from the
perspective of flood modeling. However, the proposed bathymetric model can find its place in
other scientific disciplines, such as understanding the morphological changes of the river segment or
understanding the hydrodynamic behavior of the river.

4. Conclusions

In this study, the new theoretical bathymetric model Bathy-supp was presented. The model is
based on the analytical curves, which schematizes the river cross-sections. The shape of the analytical
curves is driven by the floodplain topography. In the case study, the practical usability of the model
was evaluated.

The vertical differences in the model’s ability to represent the cross-sections were 0.16 m for RMSE
and 0.11 m for MAE. For estimation of the model parameters, the three regression methods were used.
The best parameter estimates were provided by the RF method. However, the regression relationships
between model parameters and topographical characteristics need to be further investigated.

The study’s results also show that, in the DEM quality assessment, the BAT model provides the
best results in the river channel and thalweg representation. When assessing the WSE and 1A, the BAT
model provided better results than the CRO model, especially for high design flows rates.

Both DEMs created by merging ALS data with mathematical bathymetric models (CRO and BAT)
provided significantly better results. The extent of this improvement was directly proportional to the
size of the flow area neglected by using the ALS data itself.

The newly proposed Bathy-supp model was also compared with the state-of-the-art CroSolver
model. The results showed that the Bathy-supp model describes the river bathymetry more accurately
than the CroSolver model. This is because the analytical curves used in the Bathy-supp tool are more
able to simulate the individual cross-sections of the channel than the trapezoidal shapes used by the
CroSolver tool. Another advantage of the Bathy-supp model is in determining the flow area for each
single cross-section from which the model is composed. This allows the model to take into account
local narrows or expansions of the river channel.
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The merging of bathymetric models with other types of remote-sensing data can significantly
improve the DEMs, thereby enhancing their practical usefulness. Hence, the methods for mathematical
schematizing of riverbeds should be further studied and improved.

The Bathy-supp model as an appropriate mechanism to improve DEM quality when other
bathymetry measurements that are not available can be used. However, it will never be able to fully
replace large bathymetric measurements.
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