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Abstract: Aeeurate and timely Idod inundation maps serveas crucial information for
hydrologists-first-responderand decision makersf natural disastemanagemenagenciesin
this study,”two modeling approachase appliedto estimatethe inundation area for a large
flooding eventoccurringin May of 2016 inthe Brazos River:(1) Height Above the Nearest
Drainage combined with National Hydrograph Datag&uis (NHDPlusHAND) and (2)
Internatimal River Interface Cooperative Flow and Sediment Transport with Morphological
Evolution of Channels (iRIEFaSTMECH).The inundation extentsimulatedfrom these two

modeling appmachesarethen compared againite observed inundatioaxtents derivedrom a
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Landsat8 Satellite imageThe simulated resultffom NHDPlusHAND and iRIG FaSTMECH
show 566 and 70% of overlapswith the observed floo@xtents,respectively A modified
version of theNHDPlusHAND model, considering networked catchment behayi@ also
testedwith_an improveditnessof 67%. This studysuggest®NHDPlusHAND has thepotential

for reattime,econtinental inundation forecalie to its low computational cost and ease to couple
with the NWM.« Better performance oNHDPlusHAND can be achievedy considering the
inter-catchment” flowsduring extremeriverine flood events.Overall, this study presents a
comprehensive’ examination made of remote sensing compared with {8A8d inundation

mapping in a region of complex topography.

(Key Terms: Flooding; InundationNHDPIusHAND; iRIC; Simulation; ObservatiorRemote
Sensing.)
INTRODUCTION

Flooding:is one of the leading causef natural disaster relatedeatls worldwide
(FederalEmergency Mnagemenigency, 1992; Conracet al, 1998; Merwadeet al, 2008;
Cook andMerwade,2009). According to a studyn flood damage irthe United Statesflood
damage increas@wver timedue to rapidly growingpopulation and urban developmeRiglkeet
al., 2002).Accurate and timely inundation maps not only provide -fiestd information for
rescuing and emergency operations during fpdalt also potentially improve flood risk
management.and better estimate flood insurance (Meswade et al, 2008; Cook and
Merwade 2009; Fanget al, 2011) In the United States, mostajor river systems have flood
risk maps delineatedby the Federal Emergency Management Agency (FEMA) through the
National Flood Insurance Program (NFIP). Although FEMA has produced approximately
100,000 _floodrisk mapsbased orll00year return period floe/(NFIP, 2002), inundation maps
for real eventsyare unavailable or limited by uncertaintiefata sources or modied (Christian
et al, 2013)

Fleod inundation modelingpproaches are essentially convert flows from either
hydrologic medels or observation gages into inundation extent/depth based upon topographic
information. In general, inundation models can be classifiedresinbasedand dynamidsased
approaches.Terrainbased approaches reféo the methodsemploying topography and

simplifying the fluid mechanics process to predict inundagatents. Intersecting topography
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surfacewith a planar water surface is normally defined as the simi@esinbased apprah to
generate inundated area (Priestealal, 2000). Soméerrain-based models are also known as
storage cell modelby treaing the floodplain as many storage cells and isglwuniform flow
formulas like Mannings and weirtype equations for floodplain routing (Cungé al,1976;
Estrela, 1994;, Romanowiet al, 1996, Bateand De Roo, 2000). Another typetefrainbased
approach calculates the elevation difference between each grid cell and its fimapash grid
based onopographic information (Nobret al, 2011). In summary, therrainbased approaches
aim to reduce‘computational cost while generating satisfactory inundatiors.result
Dynamicbased approach@sclude hydraulic/hydrodynamimodels which are generally
categorized as, onetwo- and threedimensional models. Orimensional hydraulic model
considerfluid eontinuity and momentum, which sohanedimensional St. Venant equatin
One exampleofisuch hydraulic modslis the Hydrdogic Engineering Center's River Analysis
System (HEGRAS) developed byhe U.S. Army Corps of Engineef@SACE). The general
steps of inundation mapping using efimensional hydraulic models involvél) obtaining
dischargeinfermationfrom gage observation or a calibrated hydrologic mo@ldeveloping
perpendicular=cross sections along the flow path based on Digital Elevation Mode) (WEM
survey infermatiorwith hydraulic parameters (e.gurface roughnes(3) calculatingthe waer
surface_elevatisbased on the discharge and cresstional information frorthe previousters;
(4) comparingthe water surface elevations with DEMsd the area where water surface is
higher than terrain elevation is definedirsndated|ACWD 1982; Maidment and Djokic, 2000;
Nomanet al;*2001; FEMA 2003; Merwadet al, 2008) Two-dimensional hydraulic modguse
finite-elementsmesh ascalculation unit and hee capability to simulate the lateral unsteady flow
dynamics| includingbacklow condition (Crowder and Dipla2000; Merwadeet al, 2008).
Threedimensional hydraulic modgtan fully represent the comprehensfoem of the Navier
Stokes equations (White, 1974; Lagteal 1999) Sincethreedimensional approaches might be
unnecessarily._complex and computationakpensive(Batesand De Roo, 2000; Horritaind
Bates 2001L;yHunteret al, 2007), me- and twedimensional modelare the primaily used in
floodplain prediction to date (Humtet al, 2007). Table 1shows the comparison between

dynamic-based arntérrainbased inundation mapping approaches.
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[INSERT TABLE 1 HERE]

[Table 1. Comparison of dynamic-based &rdainbased inundation approaches]

Height Above the Nearest Drainagembined with National Hydrograph Dataset Plus
(NHDPIusHAND) is aterrainbased flood indundation model. The Height Above the Nearest
Drainage "(HAND) concept was first introduced by Remtdal (2008). The HAND model
normalizesstopography based on relative heights found along the nearest drainage network
(Nobreet aly»2011). The HAND rastas generatetby subtracting the elevation of each grid cell
from the elevation of its nearest stream grid cell. Na#iral. (2016 hasvalidatedthe HAND
method using.a flood event in South@&rwazil with a finding that HAND canbe used to predict
inundationwextentsSince HAND rasters are computed based on topography feovdpath
information, accurate Digital Elevation Model (DEM) and flowline areee8al components in
establishing a HAND model. The National Hydrograph Dataset Plus (NHDPlas)imgegrated
geospatial,_ hydrologic dataset built by the U.S. Environmental Protection Agency (USEPA)
Office of Water and the US Geological Survey (USGS). The NHDPIlus Version 2etdatas
provides au reliable stream network consisting of approximately 2.7 million reachie

continental_United Stateshtfp://www.horizon-systems.com/nhdplus/Liu et al (2016)

calculated .HAND rastersfor the contiguous United Statesing a 16m resolution DEM
combined with NHDPIus streamlines (termed NHDFHAND). For delineatinginundation
maps, HAND needs dischargad rating curvenformation from hydrologithydraudic models
Brought intemeperations iMugust of 2016, the National Water Model (NWM) is a high
resolution“hydrologic model simulagy dischargefor 2.7 million NHDPIlus (Version 2) stream
reaches aver the continental United States (NOAA, 201&NWM is developedased on the
Weather Research and Forecasting Model Hydrological AMWR¥ro) framework, which utilizes
meteorological forcing from the operational High Resolution Rapid Refresh (HRIeE&gl and
precipitation forcing from the MulRadar/MultiSersor System (MRMS)To obtain discharge
information,.the NWM utilizes a vectdrased channel routing module based on the NHDPIlus
reaches, “which was firstly demonstrated using the Routing Application of the Parallel
Computation of Discharge (RAPID) in 2015 (Maidment, 2017; &inal, 2017), and then
evolved into the Muskingur@unge routing method in 2016 (NOAA, 2016). This study uses a
set of the preperational NWM discharge data that ingests the streamflow data assimilation

This article is protected by copyright. All rights reserved


http://www.horizon-systems.com/nhdplus/�

118  capability at ~7000 gauge stations (NOAA, 2016) on top of the Muskir@umnge routingThe

119 NHDPIusHAND is chosen atheterrainbased moddbor the studydue toits ease of application

120  to be coupled with the existing hydrologic model (NWM).

121 A dynamicbased model, International Rivieterface Cooperative Flow and Sediment

122 Transport with, Morphological Evolution of Channels (iIRFBSTMECH)is a twedimensional

123 hydrodynamic.<model employing a chanfited coordinate system (cylindrical coordinate

124  system); where' the curvature follows the stream direction (FaSTMECH Model Note. Accessed

125  March 1, 72017 http://i-ric.org/en/downloads It providesinformation of velocity and water

126  surface elevation for a given discharge and roughness by hydraksatiocution pressure and a
127  quasisteady approximation (Nelson and McDonald, 1996), which allows the dischangey

128 in time, and'simplifies unsteady terms in the equations of motion. The IRIC system includes
129 different modelswith less restrictive assgptions and more applicability but requerenore

130 extensive calibration data (Nelset al, 2016,www.i-ric.org). The iRIC model frameworks

131  upgraded from the MuHDimensionalSurface Water System Modeling System ({8&/MS)

132 (McDonaldetwal, 2001, 2005), which employs a finite difference approach on a curvilinear grid
133  to solve the ‘depth and Reynoldgeraged NavieBStokes equations (Nelsat al., 2003). Not

134  only can‘theRIC-FaSTMECHprovide the maximum inundation area at pstdgebut alsobe

135  used br_simulating water level, flow vetaty distribution for the flooglain, etc. (Ku and Kim,

136  2014; Sonet al, 2014 Kail et al, 2015. Kenneyand Freeman (2011) suggested that iRIC
137 FaSTMECHgive a fair spatial understanding of waserface elevation, velocities, and sheer
138  stress associated with high flawSon et al (2014) showed that iIREaSTMECH well

139  simulated ‘watesurface leved in SouthKorea. Due toits simulation efficiency and utility in

140  predicting wateisurface elevation durinthe flood event iRIC-FaSTMECHis selectedas the

141 dynamic-based model in this study.

142 Lack.of reliable observed spatiaéxtentsof flood inundationlimits the validation and

143 utility of both approaches flood inundation mappind=ortunately theadvent of satellitdbased

144  remote sensing technology has become a key tool for flood monitoring (e.g. Dartmouth Flood

145  Observatory:http://floodobservatory.colorado.eduSuch applicatiors of satellite imagery for

146  river inundation (e.g. the U.S. Flood Inundation Map Repositbtip://sdml.ua.edu/usfimr

147  serve a®bservations on flooding areal extents within the region of interest (&thaln 2011).
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In this regard, the authors are motivated to investigate the performances of various
inundationsimulations based on observation derived using remote sensing tehniqbetter
understanding of mechanisms of terraand dynamiebased inundation approaches tla@nbe
achieved._Furthermore, deeper insights are gaiaachprove the timeliness and accuracy of
reattime floed,inundation mapping. This study is condddteachievethe following objectives:

1. To validate the NHDPIuEIAND’s simulation using streamflow information frothe
NWM alongwith the observatiotlerived from the satellite imagery.

2. "To"evaluate the terrabased (NHDPIu#4HAND) and dynamiebased iRIC-
FaSTMECH) models with respect to modeling accuracy, modeling efficiencyirfgutime),
and feasibilitysin reatime mode.

3. To provide suggestiorfer future model development and explore potential efficient

ways to improve NHDPIustAND towards accrate largescale inundation mapping.

STUDY AREA

Based on a request for presidential disaster declaration by Abbott (2016), 12 ciounties
Texaswith,a ‘population of 3.9 million were impacted by a flood ewsgurringin the Brazos
River in-May of 2016. There were over 11,000 people evacuated fromirtipgctedhomes
along the Brazos River (Abbott, 2016). Due to the severity of the flood, the May of 2016 event is
particularly selected for this study seekuseful information for future decision making under
severe weather conditions.

The_studyarea(Figure 1)is asectionof the Brazos River spannin@7 km of main-stem
distanceupstream othe USGSjagenear Hempstead (ID: 8111500heinundation of theviay
2016 eventover the studyareawas captured ina relatively clouefree Landsat 8 imag As
shown in“Figure B, the majority of theareaappeas to be flooded in comparison with the pre
flood condition (Figure 2A)The USGS gage (ID: 8111500) recordadotal rainfall of 255.8
mm within 25 hours, as well aghe peak stagef 16.78 m (abovéhe datumt 3 p.m. on May
27" 2016 (CDT). The Landsat 8imagery (Figure B) was capturedat 12 p.m. on May 23
(CDT), 22=hoursafter the peakstageoccurred. Howevert the momentvhensatellite imagery
was takenijt shows thathe stageelevationdecreasedrom the peak stage elevation only D%
(Figure 3),implying the slow recession of the river after the peak stage occleeduseof
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sucha small difference, the floodxtentscaptured by satellite imagery is assumed to represent

the peak inundatiom this study

[INSERT FIGURE 1 HERE]

[Figure 1.Thestudyareaand stream reach@sthe Brazos River, Texas]

[INSERT FIGURE 2 HERE]

[Figure 2. Stellite imageies showingA. pre-flood (12 p.m. onMarch25", 2016(CDT) andB.
postiflood condition (12 p.m. on May ®82016CDT)) in the studyared

[INSERT FIGURE 3 HERE]

[Figure 3.sStage hydrograph and rainfall hyetograph showstget timing ofmodelsimulation
andthe timing of satellitebservation]

METHODOLOGY

To| better understand and evaluate two inundation modeieghods and their
corresponding__performanceshe authorsconduct a series of comparisons dfimulaed
inundation fromboth approaches.e.terrainrbased NHDPlusHAND and the modified HAND)
and dynamidasediRIC-FaSTMECH, with observednundationfrom the satellite imagery for
the study area during the May 2016 eveRor simplicity, NHDPIusHAND and iRIC
FaSTMECHare referred to as HAND and iRI@espectivelyin the following sections. The
methodology cansists of three major parts: HAND, iRIC, and remote sensinglANE2 model
uses hydrologic model’s outcome #e input discharge talelineateflood inundation.As a
supplementary approach,modified version of HAND is alstestedfor inundation mapping
The iRIGsIs-a=two-dimensional hydraulic model, to simulate flood inundation snétellite
imageryis'used, as observation for further compamiswith simulations in the third parFigure
4 illustrates the data and workfloaf the methodologywith more detailsin the following

sections:

[INSERT FIGURE 4 HERE]

[Figure 4.Schematic diagram of this stydy
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NHDPlus-HAND

NHDPIusHAND generatesnundation mapshrough the procedur@s shownn Figure 4.
First, the NWM output proviés hourly dischargenformation for each NHDPlus flowline
(identified_ by a unique ID number ComiID). In general, thedischarge from the NWM
undergoes.nudgingaseddata assimilation wherever/whenever ga@served values become
available which leads t@ close match between th&VM discharge and observed dischaage
shownif' Figure'5.Then heseNWM flow information isconvertednto stage height using rating
curves(stagedischarge relationshipT.he rating curve for each reashgenerated from channel
properties inthe HAND model based on Manning’s equatiomheseinterpretedstage height
information allewsusto determinegnundation extentifom the HAND rasterin each catchment,
HAND cellswith lower elevaion thanthe interpretedtage heighinformationcan be classified
as‘wet cells For example if the calculated stafge a givencatchment ComiD) is 5 m all
HAND cells with a valuebetween 0 and will be classified as ‘wet’ cellsA simple GIS-based
Raster Calculatoequationis appliedto identify the ‘wet’ cells The whole methodology of
creating inundation map using HANIS automatedvith a Python script utilizing a number of
ArcGIS toolsfor a better efficiency.

[INSERT FIGURE 5HERE]

[Figure 5.U.S. Geological Survey gage observed hydrograph anddtienal Water Model
hydrograph with nudgingpased data assimilatipn

Modified HAND

The NHDPIlusHAND method typically enables usersdetermineinundated area based
on individual NHDPIlus catchment with corresponding water depth. Howeveith whe
assumption=of“applyinginiform water depth for each chment, NHDPlusHAND cannot
considerinter-catchment flow mechanismse. the flow trarsfer between adjacent catchments
To tackle this_deficiency, McGehest al. (2016) developedhe nodified HAND methodby
taking stream orderinto account when determining the nearest drainage. In essence, the
modified HAND method povides an approach tae-define channel network, i.e. deleting
streams with low stream ordeMcGeheeet al (2016)statedthat suchka modification, if applied
locally where the original HAND overlooks catchment interaction, can potentmfyovethe

accuracy of inundation mappirfgs demonstrateldter). Therefore the nodified HAND method
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is usedto improve the HAND simulationn this study andcomparewith other inundation

mapping results.

IRIC-FaSTMECH

The“terrain used to develop IREASTMECH model is 10meter resolution DEM
obtained {from USGS databaskttps://earthexplorer.usgs.govand the NHDPIu$lAND is
developed using DEM of the same resolution (10 regt€able 2 shows the final model segs

for generating inundation by iRIC, and specific procedures are illustrated in Figudee4. T
researchers first assign a water surface elevation as the initial upstream condition and the peak
discharge (47445.7 is) with stage information (49.7 m) frodSGS gage (8111500) as the
downstream'boundary condition, respectively. After numerous iterations, the iRIC is1atiéd

to compute=asconverged solution as upstream discharge (4230 During the iterations, drag
coefficientiissupdated as it is a fttion of Manning’s coefficient and water depth which varies
with upstream discharge. Three Manning’s coefficients (0.03, 0.05 and 0.035) are used to
correspondindand covertypes (main channel, brushy and cultivated) (Chow 1959). Finally,
inundation_maps are delineated using the optimal drag coefficient and discharge after 1,500
iterations:Suggested by Nelson (2016¢wetting optionis turned during thenodelingprocess

on since it can‘improve inundation estimations in large and shallow hyessevaliating the

wet/dry status of each node during the simulation.

[INSERT TABLE 2 HERE]

[Table 2.IRIC model settings]

Satellite-based Flood Inundation Mapping

Landsat Satellite missiortmve beerpplied in delineatinfjoodplain boundariesver a
few regions.under different conditions in climate, morphology and land use since 1972 éRango
al., 1975; Hellyday, 1976; Solleet al,1978; Smith, 1997Ho et al, 201Q. Amongst the many
different teehniques of identifying water pixels usaguite othe Landsat Satellites, Supervised
Classificationhas been proverasa robust method to classify features of interest (Frazer and
Page, 2000; Shalaby and Tateishi, 200he Supervised Classification techniglewsusesto
select sampleixels(end membergh an imageasrepresentativeof a specificspectral signature

(e.g. water)Image processing softwaiethenusel to classify all the image pixels based on the
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maximum likelihood thathesepixels spectral signature is similar tdat of a specificend
member

The remote semnsy imagery used in this studis obtained from the Landsat 8
Operational Land Imager (OLI) multispectddtabaséhttp://earthexplorer.usgs.govlhe pre-
flood (March25,2016) and postiood (May 28,2016) images are classifieth Erdas Imagine®
2015 Image_processing software (Hexagon Geospatial, Norcross, GA, USA)-fmopessing

and subsequent data manipulation. The resultant Geometrically and Radidipetid#ied
imagery & subject to Supervised Classification of floodaidels based on the maximum
likelihood'classifier.Typically, the presence of clouds a common problem in remosensng
imagery whichshinders the identification of flooded water pixels beneath the clouds, leading to
underrepresentation of flood watextentsin the study domain. In an attempt to alleviate this
problem, theDEM of the flooded regiois used to identify the height of the pixels beneath the
clouded areas. Each pixelith a lower height than that of the lowest height of an apparent
flooded pixel in the neighborhood of the cloigdconsideredas‘wet’. Spatial filling techniques

are then applied to convert these pixels into water pixélscuracy assessmentsre finally
performed-onithe classified imagery subsequent to beingppostssed through a 3x3 high pass
kernel (Zhanget al, 2016). A high pass kernel has the effect of highlighting boundaries between
features (e7g., where water body meets the vegetated langalter features can be easily
classified bysharpening edges between water andwater pixels

Advanced Fitness index (AFI)

In arder toevaluate the correspondenoetweenthe simulatedandobserved inundatign
the advaneeditness index(AFI) method is appliedn this study The AFI accountsfor the
match interms-oboth inundated and non-inundai@ea as shown irkquation 1:

TA,ps NIA + NIA,,s N NIA
Advanced Fitness\(%) = —2 model obs model w100 (1)

Atotal

wherel4g,s /NIA,,, is inundated/noiinundatedareaof the observation]A,,,,qe1/N1Amoder 1S
inundated/non-inundateareaof the modelsimuation, andA;,:,; is thetotal area of the study
region.

The simulatedand observed inundation resuttannot be compared directbecauseof

their differentresolution and patchgature of the classified water body in a satellite imdge
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tackle this technical difficultythe simulated inundatiois furtherresampled to 3@n x 30 m
grids and aligned to & consistent withthe observedTo evaluate the mapping performances
based on corresponding AFI valu#sg raster calculator function in ArcGIS is usedagigantify
the inundated/nomundated area with number of pixel$ie following sectiordemonstratethe

results fromaferenentioned methods with an evaluationtbeir performances.

RESULTS AND DISCUSSION

Inundation mapgor the 2016 May flood event ithe Brazos Riverusingterrainbased
physical modeling methods and remote sensing classification technique are skiyunds &,
6B, 6C and6D, respectively In general inundationareasderived fromthe iRIC and modified
HAND methodshave more overlapwith the observed inundation than tbaginal HAND
simulation Alse, he HAND simulation clearly misses a few areas considered inundated by all
othertwo methodsAs the advanced fitness indices (AFI) indichtitne HAND model has a 56%
match with the observation, while iRIC atiet modified HAND have higher AFI values of 70%
and 67% respectively. The modified HAND appears tdelineatelarger inundated area than
iRIC, but still generates inferior AFl. As a spiementary approach to HANDRhe modified
HAND methodis found toimprovethe AFI valueby 11% with capturing &ew missed areas
Interestingly;«the inundation classified from satellite imagery has teedesa of only 41.3 kin
compared to the other three modeling approaches (55 %0krRIC, 41.7 knf for HAND and
70.8 knf for modified HAND). Although as shown in Figure 6D, the inundated area appears to
have some_discontinuous features or gaps, leading to the reduced inundatidineaaeghors
corsiderthe inundation from satellite imagy as the ‘true’ flooded area during the study.

[INSERT FIGURE 6 HERE]

[Figure 6.Results of inundation maps and fithessaedfrom simulation o{A) HAND, (B)
IRIC, (C) Modified HAND, and (D) &tellite Observation]

Further investigation iperformed to discovewhy HAND misses certain areas that are
captured bythesother two methods. Compared to HANCFigures 7A and 7B)an in-depth
illustration for the improvement of the modified HAND simulatisnrshown in Figure§C and
7D. The left two panels7A and 7C) respectively show inundated areastleé# HAND and
modified HAND simulations on top of the topography. The two highlighted NHDPIlus
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319 catchmentsl and2 are chosen texemplify the differencebetweenthe HAND and modified
320 HAND method. It is found thatdiscrepancy between thiesults oftwo methods mainly takes
321 placein catchment 2. Catchmentid located along the Brazos River main st@ith a higher
322 stream order thathat ofcatchment 2 which drains into the main streartribatary. The goss-
323  sectionalviews, of selected cutting linacross catchment 1 and 2 with correspondingulated
324 water surface elevation (blue linés the right panelsare shown inFigures7B and 7D
325 respectivelyThe disconnected water surfasleown in Figure 7Bndicates that theatchment
326 based caleulation by HANDverlooks the intecatchment flow However the water surface
327 would bemore realistically simulatecds shown in Figure/D if the modified HAND is
328 strategically applied to the problematic are@kerefore,the resultsshow thatthe modified
329 HAND canessentially replacthe water depth of the leatreamorder catchment (catchment 2
330 herein) with that oftie adjacent catchment with higitreamorder (catchment 1), instead of

331 determining the inundation of the catchments based on their individual watesdkgbgh

332 [INSERT FIGURE 7 HERE]

333  [Figure 7.°(A)Jnundation map derived from HAND on top &M, (B) Crosssectional view of

334 the selected area and water surface simulated in HAND, (C) Inundation map derivéiaefrom
335  modified HAND on top ofDEM, (D) Crosssectional view of the selected area and water surface
336 simulated infmodified HAND]

337 Overall;"iRICis found to generatie best match with the observatiorthis case study.
338 Batesand De Ro00(2000) also reported in their studghat twedimensional modsl would
339 perform better thaterrainbased modslwhen their resolution was similar. ttie problematic
340 catchmentsn HAND simulation are excluded from the comparisine HAND and iRIC models
341  would generate ' comparable AFI values (65% and @8%pectively. Such results indicate that
342 aside from HAND's deficiency to modeiter-catchmeninundation it has equivalent capability
343 as IRICin terms ofmatchng the observation. This study suggests thiatplification on the
344 intricacy of flow dynamicemployed byterrainbasedmodels haselatively minor influence on
345 peak inundation predictiohis finding confirmsthatusing a simpleerrainbased modetould
346  adequately simulate the flood inundatemeaas discovered by Bates and De Roo (2000).

347 Although the dynamichased model represented by iRIC in this study previdere
348 accurate estimates under high flmenditions,the model needs intensive calibratiomsing
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variows historical datato achieve a reliable performan¢Bobre et al, 2016). Promisingly,
terrainbased model, as represented by HAND in this study, demonstrates a unique inundation
mapping capability for a river section without much historical data. Given the facadllvatg

the St.Vepant equatisnfor hydraulichydrodynamic modslthrough iterating process is very
computationally expensivéheir utility is limitedin reaktime flood prediction (Fangt al, 2008)

In our case the iRIC model needs approximately 90 minutes4@®0 seconds) to run,300
iterations while'the HAND model only takeabout2 minutes (120 seconds) f87 NHDPIlus

river reaches'to’' generate the inundation. For a {acgée hydrologic forecasting system like
NWM, the HAND inundation mapping approach clearly shows benefits in coupling with the
model asgdemonstrated in this study, potentially addressing th&inmeaktorinentalscale
inundation*mapping problem in an efficient way.

However, the HAND calculation does not explicitly reflect interactioetween the main
stem and its tributaries. This issue likely becomes moyeounced for largeaiverine floods. In
addition to,the modified HANDpne remedyto this problem igo incorporatea mass balance
processintonthe modeling frameworks suggested bBatesand De Roo(2000). The authors
think that while’not observed in this study, the accuracy of the HAND model would Leritder
a traditional_hydraulic model if the flooded area has complex urban hydraulic complikents
culverts, pipes and bridge$herefore,extra caution should be taken whehoosing proper
inundation moda for flood risk predictiondue to the uncertainties in data requirement,

computation demand, accuracy, types of land cover, etc.

CONCLUSIONS AND FUTURE WORK
This"paperdemonstratea unique analysis of usingrrainbased NHDPlusHAND and
the modified™HAND) and physical (IRIGFaSTMECH) modelsto simulate the maximum
inundation extents during thiglay 2016 flood event irthe Brazos River, TX A supervised
classification methods used toclassifywater fromLandsat8 satellite imageryand generate an
observed inundatiomap To betterunderstand andvaluate the performances of threethods,
the goodness of overlapping betweba simulatedand obseredis quantified via the advanced

fitness indexAFIl). The mainconclusions from this study are summarized as follows:
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1. NHDPlusHAND, the modified HANDandiRIC generatedh fair (> 50% ofAFI) fit
with the satellite imageryRIC performel a slight better (~ 70% iAFI) than other two methods
(NHDPlusHAND and the modified HANDYuring this extreme flood event.

2. Although he NHD catchmenrbased calculation does not allow NHDRHAND to
explicitly aceeunt forinter-catchment flowsbetween themain stem and its tributarieshe
modified HAND method provides a remedy to this issue wsteategicallyapplied to the areas
overlooledby"NHDPIlusHAND.

3. For'extreme events, simplification on the intricacy of flow dynamicsraktively
minor influence on predictia which canpositively justify the utility of NHDPlusHAND for
large scalesinundation mapping.

4. Evenrthoughthe current version of NHDPIUBIAND may not be a superior choice for
handling accurate inundation mappifay urban ares its low computational cost and seato
couple with_the National Water Model (NWM) providgeat potential to support redime
continental inundation forecaisithe future

Ther=authors think that there is room for future investigationnecertainty analysis of
observatios usingmultiple sources of raw imagery along witariousclassification techniques.
Potential~sgurces of raw imagewyill be used includingsynthetic aperture radar (SAR),
unmanned-aerial vehicle (UAV) and so; evhile classification methods like Deltaue chage
detection on pre/during flooding scenarios, normalized difference water index and image fus
techniqueswill bealsoused to generate inundation extentse resultof the future researachill
be reportedinwa forthcoming paper.

Overally” this study mesents a comprehensive examination made of remote sensing
compared with HANBbased inundation mapping in a region of complex topography. Findings
from this paper, can also help identify potential improvements for HABEed simulationin
light of frequentfloods occurring in the nations, the information providemin this study is
valuable for the scientific/engineering communities, floodplain managers, emogrgersonnel
and governmental entities that were impacted by thensémd/or hada vested intest in the

region.
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Table 1. Comparison of dynamic-based aedainbased inundation approaches

Model Type Reference Routing Data requiremen{ Runtime | Calibration | Validation
Discharge, DEM,
) Crosssections,
Fread (1984); Full solution of the 1D
1D _ Channel Fast Necessary Yes
Fread (1993) St. Venant equationsg
parameters, Land
. useltype
Dynamic- i
Full solution of the 2D
based _ _ _
St. Venant equations Discharge, DEM, Contingent Yes
2D Bateset al (1992) . Moderate
with turbulence Land use/type
closure
_ 3D DEM,
) Full solution of the _
White (1974); _ 3D bathymetry, Slow Contingent Yes
3D NavierStokes _
Laneet al (1999) ' 3D velocity,
equations
Land use/type
Planar
) DEM, water o
water Priestnallet al.(2000) None _ Fast Limited Yes
Terrairr surface elevation
surface
based
s Cungeet al (1976); Uniform flow formula | DEM, discharge,
torage
”g Estrela (1994); (Manning equation ol Initial channel Fast Limited Yes
ce
Romanowiczt al weir-type equations);| flow depth, Land
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HAND

(1996); Kinematic waveand use/type
Batesand De Roo Manning equation
(2000);
DEM,

Nobreet al (2011)

Uniform flow formula

(Manning equation)

discharge/water
surface elevation

Land use/type

Fast

Limited

Yes
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Table 2. iRIC model settings

Setting Menu Description

Initial Condition Initial Water Surface Elevation: 1D stéackwater

Boundary Condition Downstream Peak Discharge: 444m7/s
Downstream Peak Stage: 49.7 m

Iteration 1500

Upstream Discharge ~ 4300m3/s

UpstreantStage Constant (time-invariant)
Drag Coefficient Variable
Rewetting On

FIGURE CAPTIONS

Figure 1. The study area and stream reaches in the Brazos River, Texas

Figure 2. Satellite imageries showing A. pfleod (12 p.m. on March 25 2016(CDT)) and B.
post-flood condition (12 p.m. on May 28016(CDT)) in the study area

Figure 3. Stage'hydrograph and rainfall hyetograph shows the target timing of model simulation
and the timing of satellite observation

Figure 4. Schematic diagram of this study

Figureb5. U.S. Geological Survey gage observed hydrograph and the National Water Model
hydrograph with nudgingpased data assimilation

Figure 6. Results of inundation maps and fitness indices from simulation of (A) HAB)D,
iIRIC(C) Modified HAND, and (D) Satellite Observation

Figure7. (A) Inundation map derived from HAND on top of DEM, (B) Cross-sectional view of
the selected area and water surface simulated in HAND, (C) Inundation map derived
from the modified HAND on top of DEM, (D) Cros®ctional view of the selected

area and water surface simulated in modified HAND
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