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A simulanon cnviromocm is bemg developed for Ihe prediction and analysis of Ihe 
inundallon consequences for infraSlrllClure sysl~OllS from e~(remc nood ~,·enIS. 'Illl s 
d«isiun support archn...eture indudes a GIS-based cnvirum""nl for llIodel Ulpul 
de\'cioprnenl. simuLation ""egration loots filr 1lI"'corologlcal. hydrolo~,c. and 
inrrastructurc syStclll mode ls and damage as~ssmcnt 1001, for infr3st"'~lure sy,'cnl". 
T1le GIS-based e,,,,iTOnA>enl processes dlgnal ele"olion models JJO-m fronl the 
USGS), laud uscicover (JO-m NLCD), stream netwotks from Ihe Nalton~ 1 

I~ydrograpl, y DataSCI (Nl lD) ~"d soils dala from the l'.'RCS (STATSGO) to cr<',1te 
stream nelwork, subbasins, and cross-section shapefi les for drnmag~ basm$ scleetell 
for analysis. R.linfall predict ions are made' by a nu~r;cal wealh~r ",odd und 
ingesK"<l in gridded fonnat ",to Ihe simulatiOll envlmnmen!, Runoff hydrosr3ph, ar~ 
esliln:ued using Gr~n-A mpl in li lira lion excess n",oIT I'R'tli ct IOn and a I D dlffusl' e 
wavc overland (low roull"g approach. Th" bydmb'fllpbs are feJ 'nio Ihe .Ircaln 
ne""ork and Illlcgraled in a dynamIC wa,'~ rOllnng module ",IIIilthe CI'A's St(mo 
Water Managcmem Model (SWMM) to pred,ct (lood deplh . T11(: (loud d"pt~s are 
then tr ... nsfonneil inlo inundat ion maps and e.xpol1e<t for dalllage as"",s~rn..:nl 

Ilydrologlc\hydrnlllic results arc presenled for Trop,cal Slorm Alhron. 

I nlrodu~lion 

Flood Inundalio'l prNlctlOn IS nLussary 10 plan for dlsasteT'S (e g .• hum(\l.n~ 
flooditlg. nash flood waming) and design cffe;:ll\'1' mlllgalion sU'IIlegles allil 
suuclures. N'UIll£'WtlS 31'1'rooches and malhl'm:I.!icll! mod~ls ~a"e bo.-en <Ie, clopi'd 10 

predIct nood 1m",d:.uon. s.,,'ernl have in<:orporlllcd C3pablhty 10 proces. data ,n a 
ge<>graplllC infonnallon system (GIS) and "I~ualml olllpUI. Fewer yd h3"C ,lro"lde<! a 
comprehensi"e slmulauon from hydrogroph, flood depth, a.1d .n"ad;aI IOlI pred,cI.on 10 
damage and infTastnk.:(urc service conSC\luence assessmem ;n a seamless <I«: ... on 
support system. The unIque feature of the rnod~hng ~yst"m descnbed rn Ih'$ paper i~ 
001 only its coml""hensi .. ~ COH'I'l'lgC and full 'mplemcnlJll(Hl III ArcG1S, bul also lhe 
rnl ... grauon of the 1100d no .. · SI","IaIlOll ca~lhucs .1110 all overall tWill s imulallon 
fmmcwor\: to in"eshgale impacts from nOO<l e,'ems on dllle.enl IOfrasuucture 
S),SIems. 



MClhodolo!,:y 

The objective of th is research ;5 10 develop the ,apability 10 rapId ly Silnul •• te !looding 
from e~trcme evell ts of oatiollal importance (e.g., hurrkallcs) :iod as~ess damage to 
and impacll> on operation of infrast ructure sy&1em operat ion (including 
interdependency analysis). TIus paper presenls progress to dale oll ihe integralioll of 
ex treme flood ~vt'T1l pred iction wi th infr:mruclurc analys is mod~h . Th~ ca,l' study 
present~d is t h~ flood inundanon simulation for II1 land floodll1g resu h ing from 
extreme raill lall evenlS. 

Inland flooding prediction includes ilydro logiclhydraulic computations and mapping 
of tlood inundation eXlenl and dep lh in a seamless process. Rai nfal l predictions are 
oblained from a numencal weath~r model and ingested in griddcd fonnat into the 
simulation ~nvironmenL Hydrographs arol. then gomCnllOO and rouled downstream 
using a dynamic Wave simulalion 111 the EPA 's Stonn Water Managen .... nl Model 
(SWM]l..1). The resulting hydra ulic grade lmes (HGl) are tnm,formed into" wmer 
surface ra"er and, snbscquent ly, the flood deplh and ex tent .. detcnnmcd. The 
resulting depth contours are then used In eslilllating damage 10 cri l;ul infrast ru~t ... r~ . 

R(JJlifall 

Gri tided raint311 sha".- li IC$ obtained from any simulated rainfall models are used as an 
input parameter in determ ining Ihe rainfall hyetograph. For each time st~p. the 
COlTcspond in& gridded ra infall is interseCled with slIb-basin polygons. An 
incremenlal rainfal l amount is det~"Ttn i ncd for each sub-basin at Ihe Illne step usillg all 
area-..... eighted average melhod. Upon completion of al l time step>. all incremenlal 
ra infall "aloes calculated for each bas in are wri tten 10 a text file for uSC lH the 
hydrologic ",odel. 

Ify<lrology 

Th~ hyelographs are used 10 dctenmne the runolT hydrographs from ~ach suh-basin. 
The model has tWO mcthc>(b for dClennining the runofr, a lumped parameter model 
and a physically based distribuled hydrologIC model. 

Snyder's unit hydrograph is " lumped parametcr modd based completely on Ih 
g~'Omelrie propen ics of the stlb-wat~rshcd . This r!l«!hod wa, implclT"k'nted Ii!>! mlhe 
model because of ItS slmp l l~. i ty and also it. ablhty for rapid analySIS. ThIS method 
rel ics only on thc calibration of w,o para m.:ters. C. and C. which typIcally range 
from 0.5 to 0.7 and 1.8 to 2.2. res!,,!,cllvcly. 

A more physically based approach 10 dctcnnining rainfall runoffwa, dc\doped using 
a raster based d"tributed ilydrologic modeling approach to estimulc overland flo ...... 
wh ich includes usi ng Grc~n-Ampt infiltration to determine excess rain fall and I D 
dIffusive wa ve method for overland flow rou ting (Kalyanapu 20(6). TI,is model waS 
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dc";:!op.:d for cfficl<"m apphullon ",ith limited dal.:! r~-qutn::ments (sotls, land usc, and 
topogrdphy) and "cry lntle eahbmllon. 

'Inc hydl'OlP"ph~ are passed IOtO the hydraulIc model as an IOput param .. ter. 
Additlon,llly , chnntoel cross·~tons are ,occded for on..,....JintcnSlOnal hydraulic 
slmul~lI o" of fl uoding, Cham",i cross-sections. in SWMM format , may eilher "" 
SUlve)cd dRlll. or generaled using an automated ex traction method using <hgltal 
cle "~l tull dal~ (i(alyallal'" .. t at. 2007) . TI,e input h ... dH>gr~ph s arC rouled 10 Ihe 
clo,;c ~t dnwnstrt;lm JUllClIon and Illne adJusled based On d,stance and an assumed 
veloCIty, UcmS lite SWMM fi le CUlllaming the cross-sechons, the hydrographs art' 
appended 4) IIIfloW$ at the corresponding junction. Once the Sv,.'MM in lJut fli<: i~ 

complete. the SWMM .dll fIl e IS ca llc<i and the ge nerated input flle I< pa"cd in 3S a 
pam",e[cr and a dynamic wave simu ln llon is run III Ihe background of a GIS for the 
user jpeclf,e,J duralLo n U[Kln completion of Ihe simulalion, the ItGL for each cmss 
Se<"liQn is C~ruTR..J and storcd for U.><,l in flood mapp ing. 

FI(}Q(J Mapping In GIS 

The objectL'e of the flood IILufl(lat lOll mapp"'g compott"n! is 10 provide a 
visualization of tIle !l<L<.>d depth and exlenl and ullimJtcly creJle a depth contour 
shape!ile "'pre'ICtUlllg lhe .!cpth and exlent of 1l00<kd areas. The contours WIll toe 
used as an Input for darn3g~ Cl>lLlllalion due to flood ing. This process is brok~n down 
in to thr.,." St~l's: t I) Iloud boundary delineatIon, (2) crcalion of a ra_Ier ~pfCS('lIl;ng 

tile water surfilCe, and (3) cQmputalLuII <If tlte flood depth eOnIOllTj, 

The floa<l boundary IS delineated by " smg The HGL de"allons and lht Sround 
el~'·ali<llis. The bound;uy \'erTIces are located by comp:mng the twO de .. atioll$ :1.1 
each cro:s.~·se.::t lon. Th Is IS done Ity SIJ"' tlg at Ille channel centerltnc and 
5ySlemallcally movlllil III an out .... ard d lT<:Cnon along Ihe cross-<cclion In boIlt 
d",~cllo,". "The: POInt a[ whl~h the IIG\.. i~ le!;s llIan Ihe ground ~u rface etc.-allorl is 3 
boundary I""nl. 

The r.lSler rcprestlllt Tlg the waler surfacc 1$ cTl:ated usm/; tit.> compuled HGL 
eleVltllOnS and the houn<bry polygon. A 'fIX IS firsl mterpolate<! ~mg the IlGL 
"allles al each CI"OSS-SCCltOIl pollll as "QI",:e values and lhe boundary polygon as 3 soft 
chI' boundary, Th.s penmls lbe surface 10 be t~ated only .... uhm the hmlts of tbe 
boundary. thlL'I ehmmallng d lscOlnl«ted IloodetI areaS. The TIN IS thCfl oon\erled 
mlQ raS[Cf f01"ID31 for furl .... r caicuialtons. 

Ilw: Ihlrd and final slcp IS [0 calculate The flood depth COntours. nits IS done by first 
subtracttng lilt ground surfact eie"allOll 11I51 .. r from the HGl nlSI .. r surfact. The 
rc-sullt ng rMl~T rtl'""sellt~ I .... nood ~lJtlt~ In order to remo"e negam'" depths and 
d3S$lfy th~ dePIh>; accord,n, iii a siandard scale uSoed b~' !he damage eslitllallon 
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runct'Oll. lhe d~I'lh m,ler is redassif,etl . The slaooardiz"d deplh sc~le is Sllo",". in 
reet. in Table 1 bdow_ 

T3ble 1- RedMsiticu Code Val"", 

I (:od~ \I .. lu"" ( fll Code \ '3Iu""tn) 

0 <- 0 " 14-15 

, 1 " " 15-H, , I,' " 16-17 

I , 
'" " 1 7-18 

• q " 18-19 , ., " 19-20 

• ,. " 20-21 , " " 2 1-22 

• ". " 22-23 

9 .'. " 23-24 
10 9-10 " 24-25 

" 10·11 " 25·26 

" I I · 12 " 26·27 

" 12- 13 " 
,,, 

" 13-14 

Final ly. the r~"Clas>ifi~d raswr is cOllverted ill10 a dept h ~ontour sha pefile alld ready to 
be used as input into the dumage estimation module. 

I)a mage estimation is done by ut ,l iling depth-damage fUIICIIOll> ,hat ha"e been 
develop<:<! for use in l' EMA 's HAZUS-MI I (FEMA 20(6). Currently. the assessnlCII' 
is only don e for "'Mcline" ut,l nies, defined as 'hose that prov,de the Uni ted States 
with communicatiotls , watCT. po"<er. mobility and other nc.:essitics for IIoth 
cOlllmuilY of gO"emanc{' and economic health (FEMA 2(06) The d~plh .damage 

functions represent the pi:rcrnt damage to a facility ba,,-d 011 a d"I',h of ... a l,.,-, I" 
addn,on. the tkpth-<bmage ru ncltOll' i"d;cate th{' depth of water a' wh'ch t)~ factlny 
is 00 longer functional. 

USlIlg tlte tlood depth COnlOIJl' gcnel1ltetl from an ;nland flood mg. an 3W!SSll""nl o f 
dama ge to and 'mpacts on oJ"'Tallon o f ,nfra<Il"UC1Ure .y,lenlS may be C()mp!cletl. The 
depth contours arc Joinw wilh tile damage funclion. to produce t ... o new sloapcfilcs 
"The sloapi:filcs represent estimalcd pi:n:ent damage (or each 1)Ipc of ulth!)' and 
... hether or not "nch ultli\}' ,,; funtllOTlal , reSJK"Cmdy . 
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Th~ G,e",lS U"y'~lI wat"",lwJ " I,,,,al~d on lI~ms Coonty. n"nh.,~,t of ll~ H"mlOll. 
Texa, do" "",,, ,, alea Th~ "al"fsh~tI j, aprr"~"''''lcly I~(, un' and "QI"'~h of a 
,andy of la,,,, ll>dCQwr lyr<:~ :md 'oil layels_ The rnaIOnl}' or th~ ianJ us.~ ·cme" r~ 

urhan . mnsi<l 'ng of re,,,!,,uual. ""rnUlercial. rndu"r[l31 . lram l"'n"lr,~n . and " I)<; n 
,!)ac~ 'Ill'" clc"atr,~n rn the \\at",she,' '311<:5 f,,,,,, 425 i;, ... 1 31!v,e rneall ., ,,a 1.·, .. 1. to 
JU,I 25 f~~l (Wacia". 2(03). Fi ll"'" I 'h,,'" The (;reeu~ 11'1)-011 \\ale"hcd on Ih,' 
11 .... '~Wn "~:lrO area. 

, -
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-~-,-c-c-~,=- ---- -- -- -
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Trnpicul Storm Alliso" wa< a IllilJor rajnfall e""ur Jonng Ille '<lI1 ll1ntr of l lj(J l. 
affeclm£; r h~ cntlre HO"_\lo" ",,'rro :)f.-a. The Gre"", Uayoo \\'ul<,rsh~d "Us among 
~I~'b I<'C," " lUg th.> g",ate,t am"""" of preClpll.1lrOn " orh JIk',,,uremc'u b ~s hIgh a, :;.\ 
", ~h~, 0\'(' 1 l lr~ dll mtron " I' Ih,' n<"nl Th," rroprca l Stum. ",·corr~.! In lhre~ ,1I';rll,ct 
m,,,t"ull c'en!;:, n rc nll rJ ~\(".( .... hid , occurred JUlie 8 'J. was the lurgeSl."l(j ",.-..1 
dC \asro tillg an.! j~ the e\'en! Ih ar will he 'noik lcd '" rhi> study 
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Th~ walerslled was d"'"l<:d into 27 Sub-walerslleds, an willi an ('U1lt'! localed Oll 29-
1ll;1~ long main ebanne! nm.~ different bydrological lnetllods arc ",;cd to compule 
the runoff hydrogrnphs for each .<u[)..watershed. Tlw:se methods are Snyder's 
symhcc ie unn lIydrogrnpll Wl\h1O G IS, I I) dIffusIve-wave overland flow wllh Green 
and Ampl infihralion, and a c •• li braled SWMtI.! mode! for the wal,'rshcd using lloe 
Hotton melhod for infihrallon. 

The p;ornmelers for Snyder's metllod, C. and C" w~re prevIOusly cahbrawd for a 
~ "'gle ,"b-walersh~d '" Ihe larger Un:cns Ua)'Oll walershe<l. These values are.39 and 
I.H. re<p"c1ively. 

InpUIs for Ihe II) overland flo,,' model w~re a I)EM (30-111 from the USGS). la"d 
us."co>,cr (lO-m N" t CD), and soil, data from the N"RCS (STATSGO). The 
",filtr~lion va lues were determined using the average values from Rawls el at (1983) 
for eilch SOil Iype. The roughness values were determined from McCuen (1998) for 
each land use Iyp". 

The rainfall for Ihl s evem was oblained from 14 rain gages dlSJl<' rkd In Ihe Green', 
Bayou watershed. A hy~tograph was create<J for each of the sub-watershcds using 
lh iesscn polygon~ and an area-weighted 3"crage method. and was u>cd as in put for all 
thrte mode ls. Once hydrographs were gen~r~lc'd us"'g the hydrologiC model. for 
each of Ihe sub-watersheds. SWMM was used to route the hydrograph> to Ih~ 

watershed outlet. using the surveyed crO'S-se<:lions from Ihe cahbml;:d SWMM 
modeL 

Each mode l was simulated nstng the same storm ~vcnt, Dala from l SGS ~I ream 

gage 8076700, located allhe outlet oflhe Grecus Uayou wale~hed, "as oblatned tn 

order 10 compllrt: Ihe simulated hydrographs althe outlel to the obS<''''ed hydro/,,'Taph 
for Tropical Slonn Allison, Results for the calibrated SWMM ",odd, Snyder", 
method. and thc 10 owrland tlow m<'tOOoi are shown tn Figure 2. 
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,\ 11 a"c",,'cHl "r Illodel pcrf"lmance compared 10 the ol>>CT'\~d gaS'- data ,,:I. matte 
""ng the III 01 tlw (K"ak dl~halg"lll tcnn< ofrO<'I-lll<""n sql,.,re erroll m~I':i I·). 1I1 ~'. 

\"Ium<, cha"g~. alld percent chang,- "' p.:ak d' '''hargc .1UJ I"~ LU rca~ the 1~'U lh 
"llh,~ _,tall>lICaI3n.lly,J> 3'" , how" 1n Tallie ~ 

Vol" .... % Dllle,."ce % Oitle,e"ce 
RMSE Cha"ye In TI""IO In Pea~ 

"-, (clsL-...!I ias laese.IIL _ ..!'eak DI~"h"'9'I 
SWMM 18179 .. " 81141 -" 8 

''''- 22177 -12766 11H46 -20 « 
10 Overland Flow "". · 11!186 lOh568 _15 " ------ ---

II". _"L.ly ... ,hows IlL11 titer.' IS nClt a Sil:,'u, fi'~111 ,II I krc-'I/;c 1>..'1\, ,,,'n II,,: p"rrvnnllllce 
ur tlK-cahbra!<,,1 S\\,\IM IIIudd and!he 10 U\<,nand 11"", nHXkI O'er"ll. ~n 1I><xl.:I< 
,00" IILl! 11K- total d'>charge ,,,Iume nll, .. kkd " k,.; Ih.m II>.- ooo(-'h'd ",Iullw: ~1Il1 

d. ~ link' 10 I"'a~ I> early .n aU mood. (.au",. f ..... ~" ~a'ly I",,,k Ina) be , bUI ~r.' m,' 
I"n,'ed In, lhe ramrall da~, a"d III" mugh""" ,~hlt'. \I-,{',I I ..... ~I~'''''el " ... ,"'£ 
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AS ~xpe~kd , th" Snyder's unit hydrograph model performed the \\,on;t whell 
compar..d to the observ~d hydrograph. While the model was calibra ted for one sub­
watershed In the Greens Bayou, it is clear that furth..,- calibratIon is nred wh~n 
m,,);.lding the en lir~ wat~n;hed . Though the results may nOt always t,.., as accural~ 3> 

uSing other methods. Ihe model does provide a quick analysis whIch IS bcnctic ial for 
nood mapping and d~mage e~limat ion. 

The I D overland /low model, USIng average values for Infiltrat ion and roughness 
pa rameters. perfonncd very similar to th", calibrated SWMM ,nod" l. Th is model 
r~'q uircd nO calibration and was simplc and qll ick 10 set up. As with all of the nm els 
t~ sted, th~ vo lume for the I D overland now modd waS much les. Ihan Ihat of th~ 
observ<."d hydrograph and the tlnW to peak was early. There ar~ scvcr~ 1 pos;;, hle 
contribUtiOns to these de ficiencic~ The lack of volunJ<." may ~ attnbutcd to 
inli hrat ion parame ters. A verag~ vailles ofhydralllic conductivity. ,mtial soil moisture 
conK,U. and wetting front depth werc selected based on soi l Iype, Deviating slightly 
from the average lIlay decrease the in lil tration r~te , thus producing more runoff 
Another contributing factor may be the inabd ity of the I1mel to sign ifica!L\ly retiuce 
Ihe infi ltrat ion rate whw a maximum ",filtrat ion volume has been rcach~>d for the 
specific sori lypes. 

'llH~ Current method for flood mapping U"'~ only the peak <li schargc valu". Thcre for~. 

the 10 mode l has shown thai it can be very va luable to os<:. n'e peak dIscharge 
nlodele~ in this , Hldy is wuhin 14% of the obse rved [lI'ak dIScharge. Most 
imponanlly, this model requ ired no calibration to oblain these results w'hich makes 
Ihis possiblr 10 uSe anywhe~ soil, land usc , and topography d~1a is avaIlable with 
liltle preparation time . 

Conclu~in n ~ 

This ~econd-urde r predlcnon approach is the second step in the de.'dorment of a 
comprehensive ~xtrcn>e flood ]Irediction and damage assesstnCnt simulalton toolset. 
The Green-Ampt inC, Itration excess runoff prediction and I 0 diffusiv<- w'ave overland 
now ro uting ",od" I~.:h we ll a, th~ dynam ic wnO'" rou ting mod ule wilh SWM M arc 
signifICant improvements. Curn'nlly, Ihe distributed hydrolog ic mo<kl , ~ hemg 
improved using G reen-Ampt innitration exC<."ss runotTprediClion and a 21) dlffilslve 
W'a"c overland flow rout ing mod ule. In addilioll. flood inundalton I"apping , ~ being 
rep lac~"d with a 20 floodplam flow' n>Odcl usi ng hydrogr.'ph oulPU IS irom SWJ,I!>I as 
oound"ry conditions. 
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