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ABSTRACT

The accuracy of flood inundation maps is determined by the uncertainty propagated from all variables involved in the overall process
including input data, model parameters and modeling approaches. This study investigated the uncertainty arising from key variables
(flow condition and Manning’s n) among model variables in flood inundation mapping for the Missouri River near Boonville, Missouri,
USA. Methodology of this study involves the generalized likelihood uncertainty estimation (GLUE) to quantify the uncertainty bounds
of flood inundation area. Uncertainty bounds in the GLUE procedure are evaluated by selecting two likelihood functions, which is two
statistic (inverse of sum of squared error (1/SAE) and inverse of sum of absolute error (1/SSE)) based on an observed water surface
elevation and simulated water surface elevations. The results from GLUE show that likelihood measure based on 1/SSE is more
sensitive on observation than likelihood measure based on 1/SAE, and that the uncertainty propagated from two variables produces
an uncertainty bound of about 2% in the inundation area compared to observed inundation. Based on the results obtained form this
study, it is expected that this study will be useful to identify the characteristic of flood.
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Bzl 27l=o] Yt Weichel £] 2007; Koivumiki, 2010).
Baysesian forecasting system(Krzysztofowicz 1999), generalized
likelihood uncertainty estimation(GLUE) (Beven¥} Binley, 1992),
)31 fuzzy extension principle(Maskey 2], 2004)2 442
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t}. o]#3t S 712, GLUEE Beven} Binley(1992)]
ol grefeby] mdox] BeHds dlSshs Hxe| WEE 7k
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PSSl A Aot eSOl kst
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2004; Pappenberger 9] 2005). GLUEE o]&3+ B3F:14] 2o
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2EAe] 23S oItk Wep, B 97E BHERE
T WY 5 Sl BEAY 945 Thu] 2 S,

- Aol WSk B3R atesle] SE
o] nAR= %S GLUEES o]83le] 2Hgslas) it o] 52&
F=3f3}7] 9J3ke] w]=- Missouri~ Boonville &3] Missouri 7+
(Boonville 3}%)2] 8915 F43k=d] HEC-RASEH7} 3
Hete] F7H BxE F43h=t] 9A7 71EI(Inverse distance
weight: IDW)XE7PHo] ARE-E|QITk
2. SLHEE IZIFZ0IN 2Yol= S2HAd Q4
Sz HES AAsI9Ek] ST s FE
oA WS B 9 AES FHEOR sk Aol F
[3tE FHEE T B8 AE 1) SRR
T WA o 25 E AP E S52(flow condition); 2)
T8 e, ARG AR 7PIAE, AP} EXjold
oF 22 JEAls; 3)FERY (. 12 32 2319); 4)
123 WHFE(e]. Manning®] ZEA15); 5) B8 35 7(.
I 2 v 6) 2] 9% 7) el B3] A
(ol SFFH 52 gR; 8) ¥ AR FE(e. ¥5EE

), 28l 9) FHEE 7S SOl gt (Merwade
] 2008).
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Hollx A" B 84E 7R Al s
SPHHE TS EEHS AR Fagk a]lsolEk
B #ES Solo] avliEe] Stk %A= HEC-RAS &
Igelx] BE TR ek W) diste] AAH AdE wist
A e e BAAlTRA aeso] $itk(Nicholas, 2005;
Horritt, 2005). HEC-RAS 2] 232 shite] kil thafe]
Fotee} g A3 Ho 20709 2=AGE 7HE & Atk
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O BHE] dofR|= e LRk o R o)Al ls Tt
o FFES F= d5 AR A, frde] SUKE wjof A
o] 91e] o]HEY, IAIXS] F2(d. AF S vXdR)el w2t
AR olefet QAESENE ESNS FEFRITE Bk HER
e AARTES T IE TVAE(el g 25), AFA
B(d. AY®), BEXoIE=5S o83kl dSAE(4. F=ol
ko] eSS BAsle] AAEkS AFYEt(Hossain 2,
2004). Z¥ze] WRell A WS B il 23

H, 1 o] FelRde] oY AlmEa] ARE o Bojd 29
(water surface elevation)] R&Ae] kS mRt) HEHo g
A FEAE B3 ST X B B8Ae] dddrk

3. GLUES 083 S2IA 0f

3.1 Generalized Likelihood Uncertainty Estimation
(GLUE)

GLUE E3-2435)14] WPH-S Hornberger-Spear-Young 21
2] WizkeRA] Wbl (global sensitivity analysis)S 7|20 2 &
™ (Hornberger ¢} Spear 1981; Young 1983), 7} $](feasible
range)ollx] 54 U SR ¥ S(probability density function;
PDF) 258 Y =)= dHEH 2] Z9to] Monte Carlo .29
o] &%ttt GLUEWHe 58L& Wi 23HE 7he-v P9 =g
(behavioral model)S 7}eUle Aotk dEHFZ3MS o]&
3+ Monte Carlo Zo]28E UL d152 9 == (likelihood
measure)ol] &J3l 7EAE 2 A dRbHo R feSAe
Roj| A7) d5H)el dvht AeEA] Aksl=t] ARe-drk
GLUES] 7id-& Bayes ®E21(4] 1)o]] 7]Z38h4 GLUESA] A}
S FESHL o] 7R =gl oJiA 2AE S Sk
A5 S0, oxA1F S (sum of squared error: SSE)2] &, Ao <}
FHsum of absolute error: SAE)e] &, Z128]3L Nash-Sutcliffe

efficiency= A9 =30t

O

POlO)=c « LIelf] « PlO)] M
7|14, PloI0l= ARt ad =2 X (posterior PDF)S LJERY
v, L] =5 vehH, Plol= APdEREE e R (prior
PDF)S UeRiit) 53k 05 ROHFES YeRln, 2 354
(0)e} Bdlo| o3| Reojd el eaks YR
SESAL S0} Bgtole] AP=E vERfH, vt
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e W datasel)o] TEEOT SEEAo) QAGE W)

RS Witk o7)A, MRS Foll eIt
N2 e Aol o] 23hs ofnfab, E8HAd 4
AL Pl ofste] EEd $=SGNkE 7Nk R TSAlE
Fo] FBHEE-E(cumulative density function; CDF)E AJ4d3F
o} FHEEEE S (median)e LuEH o 2 Rdo] o =3}
Aol EFS 2 ARSEY, BEHIAAL 59 95%9] AlFER
AeE 90%2] AE|F Rt oJste] A =ksheti(Blasone 2] 2008).
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3.2 HEC-RAS 28

GLUEZ o}&3) 238214 s4do)4] Monte Carlo 202 31=
o) Al thak E47912 2Pg817] $Jall Hydrologic Engin-
eering Center.River Analysis System(HEC-RAS) <=2] 2&o]
A5 20tk HEC-RAS+ w3 W(United States Army Corps
of Engineers; USACE)2] Hydrologic Engineering Center(HEC)
ol &J3A] 7| Rick. HEC-RAS+= ¥ #9e 23et shsie
o tiek Aol v S5 gt e Bl
T AU 12 o[tk B Ao AREERY] 7L
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812 2pR(o). e A, ek, gk Ao 7H), fERlE,
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S AHSETH 6)

Flzy) =Y uw; « f, (©6)

o71M, Foxy)= x, yAReA Bk 859, fi=s i A3
T8, w = 7EAE vEith

h;?

3

= n
-p
ik
j=1

w;

71 pie Aol ko2 20 Fho] ALEE, bz
% YA} i AAele] AzE e

940  Journal of the Korean Society of Civil Engineers

i

HHE 50 vjAle 9%

h; = \/(CU_%)Q"’(?J_%)Z

N

P

Rk Sele A RaLdst Zizke] Aol tislo] Hlalsw,
AGFIEY T T9E sl a7 TEEEE A

s,

H

4. [HJOIEQt X2

Missouri 7 W|FH-5 7k=2A| 21 Fu|ojx] 71 71 7o,
Montanai]5-2] 73 oA AJZE MissouriT=¢] St. Louis2]
EB Mississippi 202 $HF3l7] A @e5&o g2 oF 3,767kmol|
A3 20k B AFE 93l AulE Missourid-2> Missouris
BoonvilleA] 2]¢] ¢F 10kme] F-7to]w, HEC-RASRE £J3]|
T e F TIE I Aol HFHEEL ¢F 1.7kmo]
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Fig. 2.2001 NLCD (USGS)



£ & 913 HECRASS] APARE 75317] Slste] vi=
R AZAF=(United States Geological Survey: USGS)<l| 4] A&
sk 10m 3Pd=e] A3 Et 30m 332 2001 NLCD
(national landcover data) EX|o| &5 E o]&3l3t). FXELR
do dehde] FugHE At ARE-ESeH, 2001 NLCD+=
7} Hee] AT Edeh] 3] ARS-EATkFig. 2). &
el 918 APgst7] $iste] Moore(2010)7F “g 23 2001
NLCD] 579 we}t 27| Z2=AG $he 2 7+ EXjol g3 gt
S ARGBIIeH, Al 9a) H9E BE EXORE A
ol AA F gk B FHagkel] oigh tiEgke] doiexte] Bl
+25%% AT Table 17} 2). 2 Golr] e ZwA|5)
2R £25%9] YoM TE SEUEREERE NEse §
2 722 s o] 27] 2AG%kel J-8-=o] HEC-RAS
£ o83 9] iLeol] ARE-H It Table 2). ¢lE S0, wHefF &
BJthHdl] open water, Mixed forest, Woody wetland®] EA]o]-&
o] i, 1 oo E3hE A A= F I 9,

59 - ol

EZo 2 %713} Tt open water: 0.03, Mixed forest: 0.12,
Woody wetland: 0.1). o], @ W7} 25%9} 25%2] Alo]d)|
A 10%7}F A= o, ZF 22A1952(O0pen water: 0.033,
Mixed forest: 0.132, Wood wetland: 0.11) 10%% ZS7}= o]
HEC-RAS®] gtk

Tl AE TE3b71918ke] USGS Boonville#]31€]
fFraSLoA Algshs 88719 #E o)lF = AT F39 HF
FIAES o185t Fig. 3). GLUESN =585 ARte]
S AR B F5 HRe 2007 59 130 st 9,755m s
ol olwje] Z4=9|(water surface elevation)= 181.44mo|t}.
k] oAb HeE oAzl thgh ttest=2 7178 £95%
o oJaf A=) wheoll Fe] QxR= #95%0l] = B¢
N R =HE FE9IR HdeEo] HEC-RASS] ko2 AR
HItiTable 2). ~¢r20AI12] AFES H3kre] daks wan
g frdaStoln #SH S v 7Rl whef a9
ool Fazghge) AnE Hole ¥ Aw EehE & glovk

Table 1. Roughness coefficients for 2001 NLCD Classification (Moore 2011)

Roughness Coefficient
2001 NLCD Classification - Source
Min Mean Max

Open Water 0.025 0.03 0.033 Chow 1959
Developed, Open Space 0.01 0.013 0.16 Calenda et al. 2005
Developed, Low Intensity 0.038 0.05 0.063 Calenda et al. 2005
Developed, Medium Intensity 0.056 0.075 0.094 Calenda et al. 2005
Developed, High Intensity 0.075 0.1 0.125 Calenda et al. 2005
Barren Land 0.025 0.03 0.035 Chow 1959
Deciduous Forest 0.1 0.12 0.16 Chow 1959
Evergreen Forest 0.1 0.12 0.16 Chow 1959
Mixed Forest 0.1 0.12 0.16 Chow 1959
Scrub/Shrub 0.035 0.05 0.07 Chow 1959
Grassland/Herbaceous 0.025 0.03 0.035 Chow 1959
Pasture/Hay 0.03 0.04 0.05 Chow 1959
Cultivated Crops 0.025 0.035 0.045 Chow 1959
Woody Wetlands 0.08 0.1 0.12 Chow 1959
Emergent Herbaceous Wetland 0.075 0.1 0.15 Chow 1959
Table 2. The conditions for random variables generated in a MC simulation

Model Variable Model variable updated by the random error Range .Of Random Number (RN) PDF

Min Max
Roughness Coefficient, N N=N;(1+RN) where, N;: initial value -25% 25% Uniform
F= 10(u,+ bxlog(181.44 — 172.40)) [mg/s]
Discharge, F a=2.3367+0.0627 X RN -2.131 2.131 t-distribution
b=1.1721+0.0773 X RN
Vol.33 No3 May 2013 941
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15 7F7 1= 71Ee] HEslA] oot sjdaEae] BE AT
frids X3 olel] wet oA QA= v
2~ =7 A¥4E 7Fs4d0] gl Table 2974 RN(Random Number)
2 7} o] ozl WSl MAEkE UrE onfah, o] W
= ZA] tiste] Z2Alge] Heke-S ofnlskal f-3ol o
she] - 2] -34S B3 e WEg A
(Percentage Point)g JEpAT) 7t ¥ 3 e =gkl
uf} A e 2EAIet fEe WsiAlz|, o] wskE

30,000
——Trend Line
25000 |~ — .95% Confidence Level .
z 0000 | 95% Confidence Level . .
£ + Observation e
& 15,000 Measured WSE 181.44m . | 4 *
£
2 10,000
a
5,000
0
174 176 178 180 182 184 186

Water Surface Elevation (WSE) (m)

Fig. 3. Stage-discharge rating equation based on peak flow at
Boonville, Missouri, USA (USGS)

W = M
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Fig. 4. Water surface elevation simulated by HEC-RAS
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ZEAIe} 52 HEC-RAS) &80 Z 10,0001H2] Monte
Carlo o7} F=3j =] ick

5. 2t OE

sRtee] i At frge] BEAS Yt
)3+ & 10,000112] Monte Carlo X.2]ojlx] HEC-RASZ AlXF
1] VI Fig 4olx] LfeRdich meoje Horioh Ha9le]
A= A ol tisle] oF 1.33molA] 2.96m =2 5ol 71
2 Aolg Wtk oy, Avkegie Zr5e) Wkl 243%
S} S0 T o] MR 19780] 28 A
Aesk o] Wzl WEIRle, HA5eks 2w
Wshgo] 24.4%0]3L 91T thet t-REe] WEgo]
197790 v wpgsteIch o= BIFEEHNN 2wAesh
Fgo] NG 917} Fohs Beld @S uErk 3R
A SR 255 mol Aj49ish Hadrele] K Folv]
T FaRIv o= At folele] kg AAIA
o ofate] FRFS w2 AR S Qlrk o= HEC-RASEO|o|
A dRe] 271590 el Az of A7) witel
A2 Manning Wg2]0l] o1&k sh7e] ReJZ47} sk
o] AAZR] SFTAE MEATIE oM BE 5 3l
(Hydrologic Engineering Center, 1998).

Fig. 5} Table 3> GLUEHHoIX] 9= Adgle] uje} o2
AR FHSEREE BoFETh Fig. 5oA Hols wHEER
X Lssg F=0f iste] A 33448 Hols WhH Laag S5
o R Fruehe 23S Btk ofs o el ¥ 35910
tiste] F=7go] Akt FolM Adeate] dEvhs 94t
o] AFger Ad =340l ¥ 59 2 Rizts]
whzolok oA WepH GLUES 7RI el 2wAlsret 3
] z8}o] Monte Carlo XLo]ol|r] ¥ S50} B 919k

0.5
~ CDF
| 5%
© 50%
A 95%
0 : T
33.00 34.00 35.00 36.00
Flood Inundation Area (km®)
b) SAE

Fig. 5. CDF estimated from GLUE corresponding to likelihood measure
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Table 3. Uncertainty quantification using GLUE

Flood Inundation Area (km?)
CDF
LSSE LSAE
0.00 33.038
0.05 34.075 34.039
0.50 34.394 34.375
0.95 34.460 34.649
1.00 35.565
90% Bound 0.385 0.610
Total Difference 2.527
215
XS3
205 "
£
-]
.2 195
=
>
—g I
= 185
175
0 1,000 2,000 3,000 4,000 5,000

Cross Distance (m)

215
h XS5 rv

205

195 \\
185

Elevation (m)

175
0 1,000 2,000 3,000 4,000 5,000
Cross Distance (m)
Fig. 6. Examples of valley shape in study reach
slmse] 2t e SEEAE AT, 1 $EERS Ao

o] Alk=y] wizel zh Beojolx] whAE Wk SEH
HAo] tiele] T EES 7RIk oefeh el ol 9
7} 85 3900k 7PHE W Less 9= Loap 9B 0 i o=
2 $SHe 7RIt F S5 238 7Hke g s=d], Lssg
Fi 0219) AFE) ow WRLL Lo SE AUEASY
o g 2] v, SaEHA tiete] Less ¢

FERT $E=SAgke] Hxpt E4 vk olgt WAl TAEE
BEE Ak 2HgellM 7isA)el Hesy] whize] Laae S5
0183 FHIERIEI} Lsse 55 o83 FHSERE R} A
gHo g Hrae 3oz FHHTE Table 304 SHTH

A
Floodmap
Value

High:7.5m

Fig. 7. Spatial distribution of flood inundation for 50% of CDF
using LSSE likelihood measure in GLUE

29] 90% BEAA A Lose S0 ko] ok 0.38km” Q1
W Loar 5200 tigE Smgheae) 90% Behay S
oF 3% 1] oF 0.61km’o]tk: I $ico] dise] g BehIde
50%2] ZEHA L oF 1~2%o|th o)= g 22 Fhole}
3 5 QAL W HSlelA] molE o) - HA S A
201 25km’ S TS W) 2=AlEe} o] BeIo] Hrka
TR S = SIk L o) 5 Shs 3R] shedy
ol eJse] S WS Zloje} AkEETi(Fig. 6). vshd 349
7} olu] FHE APHS) SRl =S wf HeEe] BehAe)
oJaii] $49P Hskeele 34 WAl J%s A v
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