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ABSTRACT

Flood inundation map has been used as a fundamental information in flood risk management. However, there are various sources of
uncertainty in flood inundation mapping, which can be another risk in preventing damage from flood. Therefore, it is necessary to
remove or reduce uncertainty sources to improve the accuracy of flood inundation maps. However, the entire removal of uncertainty
source may be impossible and inefficient due to limitations of knowledge and finance. Sensitivity analysis of uncertainty sources allows
an efficient flood risk management by considering various conditions in flood inundation mapping because an uncertainty source under
different conditions may propagate in different ways. The objectives of this study are (1) to perform sensitivity analysis of uncertainty
sources by different conditions on flood inundation map using the FOA method and (2) to find a major contributor to a propagated
uncertainty in the flood inundation map in Flatrock at Columbus, U.S.A. Result of this study illustrates that an uncertainty in a variable
is differently propagated to flood inundation map by combination with other uncertainty sources. Moreover, elevation error was found
to be the most sensitive to uncertainty in the flood inundation map of the study reach.
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FE 715s)e) TAs) o= Qlele] M| H Foli] $4]
Zdmet Slerol tigh FA7E Wkl Sl A%e] AL ltkMilly
et al., 2002; Villarini et al., 2009). o]o]] w2} S thst
2t BAalo] golAlaL, Sl Hele] Tado] sl Qlrk
T dukd o 2 MAAIETEel tigk S A1 ¢
HEY] &S B3l o] FoRIt) A& E04, nl=elx= FEMA
(Federal Emergency Management Agency)’} =20 2 wl=
Ade] TRs X T S8 sk =t
ol 100 H1w=o] ARl theh S sl Sel 78kt
Atk 2Ll o]2gt oS Ao Hetes Hat x]9o] 99
we} FA G, AR AP 9] AlgkE 2 B A el
wg} BakaAdo] 34 A5 itk Merwarde et al., 2008).
webr], F9 FAPEel ik 917 9 AAA E4E WAIsk]
et T4 HEEe} e o] IS sk A2
O Z e Fa3 AAR Hollth

oSl ot BEHAdS ST 88180 B
oA 2ol SRS AR A FFEA digk A4
B0 2 ojefet BIUYS PulshA A 2o Wk
BPssich et olefek BaHS Haslele] §olSe) 4
FAE Eolaa} dh= e A& 07 1edEo] gri(Merwade
et al., 2008; Bale, 2009). o8] B34 SIAE = E3] Z2A1
% APAE 52 TFEdgddx BE 5= ols B30
el 8 CIRER 214E]o] $iTi(Aronica et al., 2002; Herschey,
2002; Bates et al., 2004; Hine and Hall, 2006; Weichel, 2007;
Purvis et al., 2008). A 8= ko g2 = SRR 8S
T A 2ok didabeA] A ued), 1 e e
2 B 100 Bl wRke] 5 9l oRpEE TRe R et
e ke NIwl] FERIFE O B T AR, o
T &) AEER] SHER g gk 22AE
£2] 350 Sl 7AMe] Fe) g Addol] weh AR o= e
2]7] ofefs] e BAT 4 Qe miiRaR ¢14H o]
H(Pilotti et al., 2011). IHEE Z=A4e] BHES) 7o
A g a4t "rh w3l R 9] B Ee
SEH FES VA TR =S 2APPE 9 FEIRg A
T B QAP AR ofefdt QAR RIS ol8%t
FRELE 93l FEEE FuHse} FAST Bk o)
IRHE AQPALE 75 2 AAEE ST E B4
Ae] g7 ZLsTKVazquez et al., 2002; Bates et al., 2003;
Omer et al., 2003; Wang and Zheng, 2005).
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A lehE BEHdS EAeke B d7se] JdHA vk
(Jung and Merwade, 2012; Romanowicz et al., 2012). %3k
olefgh Fgellx] shfe] B 94Vt tiE et vivid
o} 2 30 M GRS WS 4 itk AE B9,
ZEAFE Q) f3de] IR AHe-oF A A9
ST Hese B 7
et al,, 2008). wEpx o]2gt FH $HPe] =S et ZHzte
e 9 g digh Tit= B2 Ak A1 APdst
o ofE Bebd @as $AIH 0T Ak SRRtk
ARE AT =M M, FAH o2 T ABEE 7Fs3)
A & Ao w Fekdoh

£ o] B ) IHEE 7O AR o B
BE 7P TR BgE] 2] 236 wEs Ae] thdias
Eo] B34 HdH|(uncertainty propagation rate; UPR)S AH4
&}e] First-order approximation (FOA) WHS o]83 Wi
S L 2) Wi B4E 7Rk R ghdree] SR
o] F B3 QAE AEsk= Aotk oE 9l Wi Indiana
Z Columbus*] Flatrock ZH(Flatrock 3}5)S AR 2 A4
slo] 5 25AlE, AFARRNM ] B8 94t =
o] WX FFgE B8k} sk

2.1 $2|2S(HEC-RAS)

FOAE 85 WIRHe £49¢] Monte Carlo Roj3golp 242
Hey(random variable)ol] tgt 2915 2FA517] $18) Hydrologic
Engineering Center River Analysis System (HEC-RAS) <=2]
288 A1g-EITE HEC-RASE ]38 el(United States Army
Corps of Engineers; USACE)2] Hydrologic Engineering Center
(HEC)ell <Jax] 7= glond, 21 2. go] ulua] Jhctsr] wizo]
sAA & T EokollA 7 Bol AR FeRd
suolth. HEC-RASE: Fohee} Muele 3Heh shsheol
gk ek MRS T S5 tiete] 918 BojE
= 12K Zgolrk. nhef Folxl 35 3ol thsho] Hgkle]
AFARA I 71eg b vl @S o8k Alo]
o 2 5= glon, & drelde S EE 7SR M e
9 BofE ] vl Fekesl S shie] sies
7Pgsto] HEC-RASE AMS3ISIH: ofesh 7P Fahieet e
Holxe] =¢] EF8Fo] slxle] TP Bsirhe Zhe ofr]
3} web x| (digital elevation model; DEM) 25-E
Aofal sk FehAe Fohuol MPAS T, 2eASE
7} mAjol g e} @ Wl 20744 AgE 5 ok
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HEC-RASeI|M 9= 58072, oA+ Eq. (1), Manning
W4 Eq. (2) Sl olsf At

a, V} a, Vi

1A, Vi Yo W 13} 2041e] 4408 LheRhul, Vi
Vot HIHHE, 27} 2o GAST, 0,7 a,E SEAEAS,

g= A, 2EaL hes AUA] E4S vERIth

HEC-RAS||4 % E45(total conveyance, Q)< ztzto] A
Fo] thste] Manning®7g 213} &3 2o o]gte] Ak
ZF 555 To R APgEt) Eq. (2)= SITe] Manning'7g4
= Uepdit

2 1
; 21
Q:EAR%f? ®))

A7NM, n& ZEAT, AT EFHE, RS 5973, LEaL
Sp= vhAEALE Uehaik

HEC-RAS®]| 2]k 9] 5o]i= 7188t (geometric) ALs(elE &
VL Sl 4, ek, e Alole] 712, S bathymetry)
A7, T2F7, Z5AKE 7AIZH(boundary condition) 5o] T &
Sfck. shs) Jsfebas) AJaiakEE A2 Rl sl geographic
information system; GIS)ol|x] &85t 4= 9Ji= HEC-GeoRASE
olg3to] A BRI ZTE APt £ ol HEC-RAS
o skRe] A 27 SR mormal depth)o.2 A1k

2.2 98| 75X B7
(inverse distance weighting; IDW)

HEC-RAS¢]| oJ3f] Roe 91 7} o] tiste] 2w,
FTHERHAE APgel] Sl ZF whiHelA Bl Z91E Sk
A sl 32 Bitele Zlo] "asih A3, Kriging,
Natural Neighbor, Spline, Trend 53 & of2] 717 H71PHo)
slort & AaE 791 A FrolE Hstel Aikg
F7g8hk= IDWE ARE-3FIATHEq. (3)).

Flay) =Y w, « f, ©)

A7), Flry)e x, yAolM Bk 59, fis i AR
5490, w = 71EAE ek

S - ol - ol

h;?

1

Sh
j=1

w; =

7N, pi A RA AnkA o 29) Fo] AMGE, hi=
X, yx];‘dﬂ]' i X]@/K]-O]Q] ﬂﬂ(hl = \/(I *l'L)Z + (yfyi)Z )%
Uehdit) ke $591E SRRy 7hzke] Ao distel
Hlagh F, APEILHC = F4918 Adsle] F1H T

=2 e

2.3 First-order approximation (FOA) QIZie 2A
FiErEoi] wi7ke E238- Sobol, Kullback-Leibler entropy,
Morris, PEST, RSA (regionalized sensitivity analysis), 3|73
A T TR o] ARRE o] giTh ofefgk Tl RIzkERA
2] 7Hen, FOAE Ao Rizheiia] wh % spi=al UPRS
Aesksli=t] A18-%At)(Bates and Townley, 1988; Melching,
1992). Benjamin and Comell (1970)0] ©J3] 4|k FOA= 24
3 d(deterministic model)-& ©]-83F d|Sof|A] T} M 5
Hesle BEds Higsishe et i o 2 SHAEHSE
T3, ol T TR Aol F12ap, BRE TPk
2} WgEd o3l WA BE Aol Ak H1ES AR 4
SIck ol SRR, AFEY, Arnd, 4ARE, 4 99
HX(Lei and Schilling 1994; Sitar et al. 1987; Johnson and
Rinaldi 1998; Liu et al. 2001; Zhang et al. 2004; Blumberg
and Georgas 2008) 5 e Holox AHgHo] gt
FOA S o]83}e] UPRE A3l Slalirle -4 Al
Xof| tiste] $52Q] mdll AHE Y} shhd S99 (expansion
point;z, )& F715Ie R S8 #Al= Eq. () Zo] BHET

T STk

y=fla) =flo. +(z—z,)] @

2ol 8 Aot
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Fig. 1. Application of FOA Method to Flood Inundation Modeling
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3. [HJOI=et Xi=

B oAqte] gPdst=2l Flatrock 7+& w|=r Indiana 5 Henry
F12E]oA] AREsIe] ColumbusA] 231614 Driftwood 73} 31|
East Fork White Riverol] 353}7] A ¢F 14 kmo]] 24 &=
E TS 93] AeH Flatrock 7+¢] 3= ColumbusA] H-22]
oF 4 kme] glolH, Z79] KoJE ffelx] 5 Fe 11
7RolaL, ek Atole] Wt 7FAL <F 350 mo|tk B3k ek
Hadol= ¢F 3 km= H)wd R HEdS EFslaL gitkFig.
2).

&2 AolM F91E 2Pg3h] $18te] HEC-RAS] Flvhd
A 7= v A -AZAFUnited States Geological Survey; USGS)
o A E-ER= 3 m =] NED (National Elevation Dataset)
DEM (Fig. 2b))° 27E =50ty DEMS] 433 9 472] 9 xk=
STHEE F-HA B B4 244 aQle] k.
ol2fgk DEM9] 45 9 2] eak= A2 JadAlZE 3lom,
dukdo 2 Tt BerE 7 9 7 o= AzIth
Sanders (2007)= S AHE 750 ol&=E 22k DEM
o] A 201 Uist ATE T, B AFelA
ARESH USGSelM A&k 3 m 3 =] NED DEM9] 735 &
A& HxHRoot Mean Squared Error; RMSE)E 7|20 & 3}
7] 22e] W= 0.3~0.5 mE AASRL 9tk oo wal, &
SN SHERA | gk AFAE eake] WEE #4038t
7] $18F Monte Carlo (MC) E2JE S=38sl= 2ol AR5
QA00) ek F214] W2 105 m le] ol AeIsich

53k, HEC-RASS] mirR ARgE= 25l 248 <19l
30 m 3P=2] 2001 NLCD (National Land Cover Data) EA]o]
Sw2 o]83519lom, Moore (2011)7} Ae]dF 2001 NLCDE]
50l W 2 3k o] 83t Table 1). 27| Z&AI
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Fig. 2. Case Study Area; Flatrock River at Columbus, IN, US
Table 1. Roughness Coefficients for 2001 NLCD (Moore 2011)
2001 NLCD Classification Roughness Coefficients Sources
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

FroZ 7k EXjo] 8 gk AMsllen, el oAt
H9E ) Blars] vk Exolgol tiste] Chow (1959)9]
ZIAT Folx] Heh- 2 agkell thek oizEgke] Hajeldl £37.5
%S AMEBIACE B el BE 2EARe] QAR +37.5 %9
H9JelA g(uniform) SHEUERAE SR E] PR Mg
Fet Y=ol 27] A gholl #-88le] HEC-RASE &
gk Z9lie]e] vz E AR8ESITHTable 2). <& £,
gk el A A)9] 27] Z2%Alg ol 03, 0.5, 043 gEaL
AR W7+ 022 APHIEPE, =A== 036, 06, 0432
74rlsle] 9 BolE s drk

TRl ARSEE ERre dukgo g SRugo 5
Frg|l 2o 25 Jeth FERYPORRE R £

2 239 upde} 2pAe S deslshs ZHgellA by
ofl QloPr] Batalo] whAYgIcE whH, 9-faF BAKe A8
7 AN xRt o]Hd d(hysteresis) O ZHE] E3HA0]
HPASICE B ollr] fRkEs Ash) S18l AR -
FA21& USGS ColumbusA|He] f-a@Z2aolA Algsh= 4171
o] Bg olf= AT Ft AT FHIARE o83 ti(Fig.
3). 2 AFoA AME = T4 20089 69 7o) HAyS
u)5 Qops WA 2 FEE Yd 100 Hl=wT

o o
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Table 2. Conditions for Random Generation of Target Variables
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RSP olCA

ST HEEd 12

S AYHgke ) T aﬂ_*u 719 ufe} dpguiee

Fugee) dg
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Table 33} Z&

I

E

—

AL

[eR=1ns]

= L'~4>1 Monte Carlo B2o]E

214e) ko] WskE ) HoH

381

ok g WSES) B9} 25 vey] uE) WeEd) o)

T

Agsl=

5. 2t 3 OE

w0z

A=] [e)
*1)\3 (‘DLE‘

ofgol ek TEEe E‘*;—’FE-J

AR 0 2 v|nl EX5R=d)
22} HS1E -0.55E] H0.571A]
Wastel HEe] QAo 2fs)

= WA

35wl BEe] % a0lel ZEAS 4%
AFAE 5 A el ol il Mgk BAE sl

53] Wi 24 FAolA A e Wi 7]
W7} i R F 7o) s dbduae]

e o
LAt g

W] Aeshs Aol Foldl 271e ARshe 2R

Initial (variables) Target Variables estimated by random variable (RV) Min Max Probability Type
Niroughness N=Ni(1 +RV) -0.375 | 0.375 Uniform
F=Exp(a+ 1.82 xb) [m’/s]
Fi Discharge a=2.351+0.0594 x RV -2.02 2.02 T-distribution
b=0.830+0.0149 x RV
E; Topography E=Ei+RV [m] -0.5 0.5 Uniform
Table 3. Conditions of Model Variables in Application of the FOA Method
Target variable: N Target variable: F Target variable: E
Cases Conditional Variables (CV) Cases Conditional Variables (CV) Cases Conditional Variables (CV)
F E N E F N
NI Min Min F1 Min Min El Min Min
N2 Min Mean F2 Min Mean E2 Min Mean
N3 Min Max F3 Min Max E3 Min Max
N4 Mean Min F4 Mean Min E4 Mean Min
N5 Mean Mean F5 Mean Mean ES Mean Mean
N6 Mean Max F6 Mean Max E6 Mean Max
N7 Max Min F7 Max Min E7 Max Min
N8 Max Mean F8 Max Mean ES8 Max Mean
N9 Max Max F9 Max Max E9 Max Max
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Fig. 4. Simulated Flood Inundation Area by Errors Involved in
Variables

fragel oAl el wske F4 WREAe] welE
1.687~5.385 km® o]m, ZEAF] A9 1.684~5.394 km’
2 APgERict mgk AgzlEe disia e B Heke
1.778~5.368 km’ 0.2 AP QI o]2fdh AskRE] 2w
o] R @3PSl thete] 2w ST} o 3.71 km'e) 71 &
Baagds A AZoH, AFAE7} 3.59 km'e] 7P 2R
EI3S AP FTE 22 1 2ol wikg- Ho] 2gEe]
) LAl ek Al WEEe] 2315 A v BakA
< FEERe AEshs 202 Uekdth 2] AAe.
2o tigk Aujeh= thEA] AuE] Qo) 28k ARER] s
off el 4 WMFE] Qxfol| o3 Mg SR
B3RS & lolde HYth oS Bol, 2=Al59)t Hrak
P} B Had o APA5] eA2RE STHEH
Ay B3AAL 1.778~4.113 km® 2 9F 2.335 km’ & 7F
2 W3S B Case El). wHH, Z=A4=0] Qap7) Sk
7HA L, AgApge] ghe] Hule] ek 7 wf 7k QA=
FPTAAe] oF 0538 km'e) 7P 2ke Behige deEict
(Case Fo).

Table 4= FOARRHES o83 APdd B3] AEdES 1
Tk ZF did W R 9 1o disk B2 deee
GFe] A9 0.475~1.570 km®, Z5A2] A 0.494~1.645
km’, 2|8} thske] 0.955~2.341 km’& AHYEQITE 2 G

o e tidae] eajel gk B e i

o]

it

i)

S
2

o 2

fllo

¢

Table 4. Estimated Uncertainty Propagation Rate by using the
FOA Method [km’]

a) Target variable: Discharge (F)

Case Nmin Nmean Nmax
Emin 1.570 0.858 0.475
Emean 1.291 0.739 0.538
Emax 1.054 0.714 0.710
b) Target variable: Roughness (N)
Case Fmin Fmean Fmax
Emin 1.645 0.861 0.494
Emean 1.408 0.774 0.570
Emax 1.184 0.788 0.782
c¢) Target variable: Elevation (E)
Case Nmin Nmean Nmax
Fmin 2.341 1.623 1.246
Fmean 1.766 1.231 0.965
Fmax 1.301 0.958 0.955
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Fig. 5. Comparison of Flood Inundation Maps for Elevation Error
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