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ABSTRACT :Thisstudyextendedandunifiedresistanceformulationsforrigidanddeformableplantsunderbothemerge
ntandsubmergedcon-

ditions. Threeapproacheswereexaminedindetailandimplementedintoanumericalmodel.First,theflowresistanceform
ulationsforrigidplants were critically reviewed. By introducing plant deformation relations with a given vegetal stress
and vegetation properties, the formulationfor rigid plants was extended to flexural rigid plants. Second, a flow
resistance formulation directly derived from submerged, flexible plants
wasexaminedandextended.Bothapproachestosimulatingdeformablevegetationsolveasetoftwoequations,avegetationdefo
rmationrelationandaresistancelaw, iteratively. Themethodologyandnumericalalgorithmforrigidanddeformableplant

swereimplementedintoanoper-ationalstormsurgemodelandtested
againstlaboratorydata.Goodagreementhasbeenfound. Theverifiedmodelcan beusedtostudy the
spatial and temporal variations of deflected vegetation heights and equivalent Manning’s coefficient under

realistic hurricane and wetlandconditions.
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l. INTRODUCTION

Coastalwetlandsplayanimportantroleinprot
ectingcoastalcom-
munitiesandstabilizingshorelines(Costanza etal.2008;
Gedanet
al.2011;Shepardetal.2011).Itiscommonlyacceptedth
atvegetationcanattenuatenotonlyshortwaves(e.g.,Men
dezetal.1999;ChenandZhao2012;Jadhavetal.2013)but
alsolongwavessuchastsunamiwaves.Forinstance, itw
asobservedthatmangroveswampseffec-tively
attenuated tsunami waves and protected a sheltered
communitywhilecommunitieswithouttheprotectionof
mangrovesweredam-
agedseverely(LatiefandHadi2007; Alongi2008; Teoet
al.2009).However,whethercoastalwetlandscaneffecti
velyattenuateforcedlong waves such as storm
surges remains under debate (Resio
andWesterink2008;Feaginetal.2010).SinceHurricane
KatrinastruckNewOrleans,Louisiana,in2005,moreatt
entionhasbeendrawntothepotentialbenefitsofcoastal
wetlandsforreducingstormsurge. Fieldmeasurementsa
ndnumericalsimulationsinrecentyearsarein
supportofvegetation’sroleinstormsurgereduction(e.g.,
Loderetal.2009; Wamsleyetal.2009;Shengetal.2012).W
etlandrestorationisadvocatedfromboththeecologicala
ndflood-reductionperspec-
tives(Waltonetal.2006;Dayetal.2007).
Typically, surface waves that may cause damages
to coastalcommunitiesincludeshortwaves(wind-
orboat-
generated),tsunamis,andstormsurges.Shortwavesarege
neratedbywindsormovingboatswithwaveperiodsofsec
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activity or landslides on the ocean floor, and consist
of a series
ofwaveswiththeperiodrangingfromminutestohours.Sto
rmsurgesasagradualriseofwaterlastingfromhourstodays
arebuiltupasaresultofacombinationofwindsetup,lowat
mosphericpressure,wavesetup,andinteractionwithtida
I conditions.Tropical cyclones and extra-
tropicalstormsproducestormsurgeswithsurgeheightsran
gingl-
9mdependingonthewindintensity,thesizeofthestorm,pr
oximitytothelandfalllocation,aswellaslocalbathymetry
andgeometry(e.g.,Chen
etal.2008).Smallstripsofcoastalwetlandsandforeststhat
effectivelyattenuatewindwavesandtsunamiwavesarety
picallyinsufficientforreducingstormsurge.Potentialbe
nefitsofcoastalwetlandsforre-
ducingstormsurgeheightsdependonthewetlandsizeandv
egetationproperties.Withtheurgentneedofcoastalresto
rationandhurricaneprotection along the Louisiana
coast, a number of science-basedprograms have
been launched to sustain a coastal ecosystem
thatprovidessupportandprotectiontotheenvironmenta
ndeconomyofsouthernLouisianaandbeyond[Louisia
naCoastalAreaScience&Technology Program
(LCASTO) 2010; Louisiana Applied
CoastalEngineering and Science Division (LACES)
2012; Louisiana CoastalProtection and Restoration
Authority (CPRA) 2012]. Both
numericalmodelsandfieldmeasurementsareprimarytool
stoinvestigatetheroleof coastal wetlands in storm
surge and wave reduction. Numericalsimulations
using increased bottom friction resulting from
vegetationhave shown that coastal wetlands
together with other
landscapefeaturesareabletoattenuatestormsurgeand
wavestosomeextent(Suhaydal997;L oderetal.2009;
Wamsleyetal.2009,2010). Thedominantvegetativere
sistancetotheflowinvariouscirculationorstormsurgem
odelsisparameterizedasananalogofthebottomfriction
usinganenhanced,staticManning’scoefficient(n),which
maynotbeadequatelyaccurateaccording
torecentstudies(e.g.,KouwenandLi1980;Wuetal.1999
:Freemanetal.2000;WilsonandHorritt2002;
Carolloetal.2005;Wilson2007).

Vegetation-induced drag force, as an extra force
exerted on theflow, was originally explored in the
literature primarily for deter-mining the discharge
capacity of an open channel with submergedor
emergent vegetation. For a given energy slope, the
vegetativeflowresistancebecomesdominantasvegeta
tiondensityincreases.LopezandGarcia(1998)showed
thatthebedshearstressof a vegetation field, with a
0.3 ratio of the stem frontal area to
thesubstrateareawherethestemshootsarerooted,isonl
y20%ofthevalue experienced by a bare bed. The
diminished bed shear
stressentrainsfewerbottomsediments(LopezandGarc
ia1998)becausethe rooting soil has been strengthened
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physically and biologically byvegetation (Micheli
and Kirchner 2002). Therefore, the bed
stressresulting from the bottom friction is often
neglected (Fenzl andDavis 1964; Carollo et al.
2005). The drag force caused by vege-tation is
composed of the form drag, inertial force, and skin
friction,while the latter two are often neglected in a
time-averaged model.Therefore, the vegetation-
induced drag force is simply considered
astheformdrag.

The vegetative drag force is commonly computed
using thequadratic friction law, where the hydraulic
relationship is utilized todeterminethe
flowresistancecoefficientgiven a  value  of
theManning’s roughness coefficient, n, and a
hydraulic radius
(Chow1959). Thisrelationshipiswidelyadoptedforflo
odplains,coastal

plains, and other aquatic environments with the
hydraulic
radiusreplacedbyaflowdepth(e.g.,Guardoand Tomas
ello1995;Copeland 2000; Kouwen and Fathi-
Maghadam 2000; Doncker et
al.2009;Bunyaetal.2010;Dietrichetal.2011).Areliabl
eestimationof n-values for a given type of vegetation
is critical for investigatingthe hydrodynamics and
ecology of a wetland environment (Lee et al.2000,
2004; Schaffranek 2004). The USGS had a guide for
selectingn-
values(ArcementandSchneider1989)andsuggesteda
ddingaconstantntoabasevalueforachannelbottomwit
hacertaintypeof growing plants in addition to other
adjustments resulting fromthe channel irregularity,
variation of cross section area, and so
on.Nevertheless, it was also stated that the effects
of vegetation on
ndependontheflowdepth,thepopulationdensityofveg
etation,thedegree to which the vegetation is flattened
by strong currents, and thealignment of vegetation
relative to the flow. As those
influencingfactorswereidentified, variouslaboratorye
xperimentsandfield

measurements have been undertaken to quantify
the relationshipswith n. Manning’s n was found to
vary seasonally as a result ofthe seasonal variation
of vegetation biomechanical properties
andabovegroundbiomass(e.g.,ShihandRahi1982;Do
nckeretal.

2009). More importantly, n varies with the flow stage.
Typically, aswater depth increases, n increases for
emergent plants and decreasesfor submerged plants
(Wu et al. 1999; Wilson and Horritt 2002;Wilson
2007). When considering the flexibility of
vegetation, ndecreases as the flow velocity
increases because a fast flow wouldbend the
flexible vegetation and reduce the effective
roughnessheight (Kouwen and Fathi-Maghadam
2000; Lee et al. 2000). Thevariation of n with the
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flow depth and flow velocity leads to a re-lationship
between n and the product of flow velocity and flow
depthproposed in Palmer (1945) and denoted as the n-
VR curve.
However,becauseofthelargediscrepancyinn-
VRcurves(e.g.,KouwenandLi  1980;Wilson and
Horritt 2002; Carollo et al. 2005), this re-lationship
is physically meaningful yet not practical owing to
theabsenceofthevegetationbiomechanicalproperties.
Ontheotherhand,adragcoefficientisoftenused,especiall
ywhentheunderlyingphysicsofflow-
vegetationinteractionareconcerned. Alargenumberofl
aboratoryexperimentshavebeenperformedtoinvestig
ate the drag coefficient of an individual plant shoot
withinagroupofthesamekindandthecorrespondingdra
gforceresultingfrom both rigid and flexible vegetation
(live or artificial) under
eitheremergentorsubmergedconditions(e.g., Tsujimoto
et al.1996;Lopezand Garcia 1997; Nepf 1999; Stone
and Shen 2002; Wilson et
al.2003).Notethatdragcoefficientsweredefinedwithr
especttodif-
ferentreferenceflowvelocities.Inadditiontothewell-
knowndragcoefficientofaninfinitelylongisolatedcircul
arcylinder,astemlayerdragcoefficientwasintroducedinS
toneandShen(2002)withrespecttoaspatiallyaveragedv
elocitywithinthestemlayer;abulkdrag
coefficientwasintroducedinNepf(1999)withaporevel
ocityaveragedovertheentirewatercolumnforaflowthr
oughanemergentcanopyfield;andabulkdragcoefficient
withrespecttothedepth-
averageddischargevelocityisusefulforhorizontaltwo
dimensional(2D)models. Thesedragcoefficientsaredi
fferentintheirreferencevelocitiesbutsimilarlyreprese
ntanarrayofrigidcircularcylinders,wheretheflowisaff
ectedbyadjacentcylinders.Nepf(1999)conductedaser
iesofexperimentsinaflumecov-
eredwithemergentcylinders.Adimensionlessparamet
erofpop-
ulationdensitywasusedtorepresentthevolumeconcen
trationofemergentstems. Itwasfoundthatthebulkdragco
efficientdecreasesasthepopulationdensityincreasesfora
stemReynoldsnumber(Rg)larger  than  200. The
reduction of the drag coefficient is caused by
thevelocityreductionintheaffectedwakestructureandbyt
hedelayedpointofseparationatthedownstreamstemres
ultingfromtheup-
streamwakeinducedturbulence(Nepf2004).However
,theshel-
teringeffectsoftheupstreamcylindersondownstreamele
mentsarelesssignificantforalowerstemdensity.Experi
mentaldatashowedthatthebulk
dragcoefficientremainsnearlyconstantuptoapop-
ulationdensityof0.01(Nepf1999)andthebulkdragcoeffic
ientcanbeapproximatedfromthatofasinglecylinder(St
oneandShen2002;Nepf2004). Thedragcoefficientofasi
nglecylinderdependsonthestemReynoldsnumber,Rgy,f
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oralaminarregime,andisvirtuallyequaltoluptoRy533
10°(Naotetal.1996;Nepf2004; Wilsonetal.2006; Zhan
getal.2010).StoneandShen(2002)conductedanexten
sivesetofflumeexperimentsonflowsthroughboth
emergentand submergedrigid cylinders and showed
that thedrag coefficient of a single cylinder equals
1.05 with a small
standarddeviationforawiderangeofpopulationdensity
,stemdiameter,

andRg.
The drag for a submerged, flexible canopy field is
likely to

beoverestimatedifplantsareassumedtoberigid(Wilso
nandHorritt2002),becausealowerdragisexpectedasares
ultofthebendingandstreamlining  of  deformable
plants. In reality, flexible plants arecommon,
although they may act like rigid cylinders under weak
flowconditions. A stiffness parameter, EI, which is
the product of themodulus of elasticity and the
second moment of the stem
crosssection,wasintroducedasameasureoftheplantfle
xibilityandcanbe related to the deflected vegetation
height and flow resistance(Kouwen and Unny
1973; Kouwen and Li 1980; Tsujimoto et
al.1996)forsubmergedplants.Fathi-
MaghadamandKouwen(1997)presented more
evidence showing the reduction of the flow re-
sistance resulting from vegetation flexibility under
emergent con-ditions. Wilson et al. (2003, 2006)
emphasized  the importance  ofvegetation
deformation in determining the mean velocity of
flowthroughsubmergedvegetation.

In addition to plant flexibility, the degree of
submergence
isanotherkeyparameterthathasacloserelationwiththe
vegetationdragforce,especiallyduringahurricaneeve
ntwhenthetotalwaterdepth changes with the rising
and falling surge water level at dif-ferent stages of
the event. Submergence is defined as the ratio of
flowdepthtothevegetationheight. Theflowthroughaca
nopyfieldcanbe classified as emergent, submerged,
and deeply submerged, as thedominant driving
forces of the canopy flow vary with the sub-
mergence(Nepf2004).Theflowoveradeeplysubmerg
edcanopyconsists of three layers including a
logarithmic velocity profile up tothe water surface, a
stem flow layer inside the canopy, and a mixinglayer
in between. The logarithmic layer becomes
dominant as
thesubmergenceincreases( . 10)andthedeeplysubmerg
edflow
eventuallyresemblestheunconfinedflow(Nepf2004).
Asthesub-mergence decreases, the logarithmic
layer becomes less importantwhile the mixing layer
persists. When the submergence
decreasesbelow1.5,themixinglayertakesupthenonve
getationlayeruptothewatersurface(NepfandVivoni2
000)untiltheplantsare

112|Page




Minati Mohanty Int. Journal of Engineering Research and Application

www.ijera.com

ISSN : 2248-9622, Vol. 8, Issue 4, ( Part -3) April 2018, pp.110-125

emergent with the water column occupied simply
by the canopy.With different degrees of
submergence, the drag force varies.
Thedependencies of the vegetative flow resistance
on vegetation pro-perties, flow depth, flow velocity,
and the combination have beenwidely revealed in
laboratory scale experiments, yet less recognizedin
numerical modeling. A vegetative flow resistance
module con-sidering these dependencies is
desirable for a horizontal 2D
stormsurgemodelto(1)takeintoaccounteffectsofvege
tationonstormsurge reduction by wetlands, (2)
quantify the flood risk reductionbenefits, and (3)
provide guidance for restoration project design.
Thepurpose of this study is threefold: (1) to review

different flow re-
sistancerelationshipsresultingfromrigidandfiexiblev
egetation;

(2)toextendtheexistingformulatoaccountforbothther
igidityofvegetationandvaryingdegreesofsubmergen
ce;and(3)todevelopa vegetation-surge dynamically
coupled model for predicting theeffect of vegetation
on the mean flow, surge levels, and wind
waves. Theresultsfromthestudyarepresentedinthispa
data. Afuturepaperwilldocumentthestudyusingsimplifie
dfield 2 v
conditionsandhurricaneforcing,whichrevealsthespat
temporal variability of the equivalent Manning’s
coefficient incoastal wetlands during a hurricane and
provides insight into surge-vegetation-
waveinteractions.

The paper is organized as follows. After the
introduction, the“Methodology” section reviews
the flow resistance laws proposedby Stone and
Shen (2002) and Kouwen and Unny (1973), and in-
tegrates them for a full range of submergence and a
variety
ofvegetationrigidity.Next,theintegratedformulations
areimple-

mented into a storm surge model and the numerical
algorithm isexplained. Then the vegetative flow
resistance module is testedagainst three sets of

laboratory experimental data for
emergentvegetation, submerged rigid vegetation, and
submerged

deformablevegetation. Thefindingsaresummarizedint
he“Summaryand

Conclusions”’section.

wheret, Svegetalstress; (D Sbulkdragcoefficientwithr
bulkdragcoefficientCPcanberelatedtotheCpunderem
Methodology

FlowResistance
conditions(H"5h)byapplyingthecorrespondingveloc
Considerableeffortshavebeenmadeintheliteraturetou
nderstand
theflowstructureandturbulencecharacteristicsindeep
lysub-
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per.Thispaperisfocusedonmodeldevelopmentandver
ificationusinglaboratory

vegetativeflowresistance,eitheradragcoefficientoran
equivalentManning’s  coefficient needs to be
determined. Both coefficients canbe related to a
dimensionless friction factor that is commonly used
inthequadraticlaw[Eq.(1)]

tyatrf V2 0

wheret,5 vegetal stress; r 5,water density; f,5
vegetal frictionfactor; and V 5 depth-averaged
velocity  (discharge over the  grosscross-
sectionalarea).
Thedragcoefficientofasinglerodwithinanarrayvaries
as

a result of the upstream wake structure and vortex
shedding (Nepfl999; Barkdoll et al. 2004).
Therefore, a drag coefficient repre-senting the array
is defined as a bulk drag coefficient and the
vegetalstressisexpressedbasedontheMorison-
typeequation

t Yt D NBy HYV @)
ialand

espectto

areferencevelocity, VNSnumberofstemspersquareme
ter,

known as the stem density (N 5 1=d?); d°5 average
rooting areaof a single rod; d 5 average distance
between two adjacent stems;
B,5stemdiameter;andH " 5wettederectstemheightthat
isequaltothe water depth for emergent conditions or
equal to the vegetationheight for submerged
conditions. Fig.1 illustrates an array of cy-linder
rods and corresponding parameters. Table 1 lists
referencevelocitiesandthecorrespondingbulkdragc
ocfficients.
ItwasfoundbyStoneandShen(2002)thatifthemaximu
m

depth-averaged velocity at a constricted section in the
stem layer (Vc)is used, the drag coefficient
Cpapproximates the value of a singlecylinder, which
is nearly constant with a relative standard
deviationof7.6%forawiderangeofexperimentalconditio
ns.InTablel,the

ergent b
ity,Vpand
V.,inEq.(2). Therelationshipisexpressedas

12NB?2

5 -
mergedoremergentvegetationcanopies(e.g.,Shietal. 199
5;Lopez
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CP%Cp
\%

and Garcia 1997; Nepf 1999; Jarveld 2005;
Ghisalberti and Nepf2006). However, a low-
submergence flow (submergence is
largerthanbutclosetol)withaturbulencemixinglayere
xtendedtothe
surfaceofthewatercolumnislessstudied.Duringahurri
cane,thevegetationexperiencesconditionsthatareeme
rgent(submergence

D

islessthanone),nearemergent(submergenceiscloseto
1),and

submerged (submergence is larger than one) as the
storm surge waterintrudes and retreats. The near
emergent stage may be critical forunderstanding
not only the surge reduction but also the
vegetationmortality as the drag force is significant
under near emergentconditions (Nepf and Vivoni
2000; Nikora et al. 2001). In this study,flow resistance
formulations within a wide range of submergence
arecritically reviewed, extended, and integrated into a
new algorithm
tomodelthevegetativeflowresistanceforbothrigidand

/?%

i
1 2P 2

@)

INNepf(1999),apopulationdens itywasdeﬁnedasNBz.
Given
apopulationdensitysmallerthan0.01,Cvgriesaround
1.2andislessaffectedbythepopulationdensity.Howev
er,ifthepopulationdensity becomes large, Cpdecreases
as the effects of wake
structurebecomesignificant.Consequently,CPdecreas
esaswell. Applying

deformableplants.Anotationtableisprovidedforallsy
mbolsusedinthetext.

RigidCylinderFormulation
Formulationsforrigidcylindersarediscussedfirstbecause
notonlyisunderstandingtheflowresistanceofrigid,cyli
ndricalrodsinachannelfundamentalforstudiesonflexi
bleplants,butalso
Eq.(3)andthepopulationdensityof0.01yieldsCp51:2
1Cp.

Thus, theauthorshaveCP51:2byassumingCp51:0foras
parse

Rooting area d l

Fig.1.Schematicarrayofemergentcylinderrods

emergentflexibleplantsmayactlikerigidcylinders. Toquantify

Www.ijera.com

DOI: 10.9790/9622-080403110125

114|Page




Minati Mohanty Int. Journal of Engineering Research and Application

www.ijera.com

ISSN : 2248-9622, Vol. 8, Issue 4, ( Part -3) April 2018, pp.110-125

Tablel.VariousDragCoefficientsandDefinitionsofCorrespondingReferenceVelocities

7X 7x

V Definition Formulation Co Reference

V, Emergentcanopyporevelocity

V, Apparentstemlayervelocity

VS gpagvsQl ,

v

Qi

. NBZ2p v
Nepf(1999,2004);Wu(2008) Co

! StoneandShen(2002) Co

V. Maximumdepth-averagedvelocityat

v

C
Co StoneandShen(2002)
aconstrictedsectioninthestemlayer

i
1128,"Nb
vV Apparentdischargevelocity, ,5Q

Bh
Co Wouetal.(1999);Struveetal.(2003)

Note:Q, B,
andh5volumedischarge,channelwidth,andwaterdept
h,respectively; Qi5volumedischargein the
canopyfield,whichistypicalinanaturalmarshfieldofJu
ncusroemarianusandSpartinaalternaflora.
Inahorizontal2Dnumericalmodel,itismorecommont
hatthe

depth-averagedapparentdischargevelocity(V
)iscomputed.ltwould be beneficial to determine the

bulk Y% drag hp coefficient
CpcorrespondingtoVfromCp.StoneandShen(2002)c
\Y — Vv 4)

stemlayer;definitionsof othersymbols
aregiveninEkg.(2).

onducteda series of laboratory experiments with
various stem density anddiameters, and found that
the apparent discharge wvelocity, V , can

bedefinedasafunctionofV withotherparameters,such
as,N,H" h,andB,,seeninEq.(4)
piiié

nEF
[LNER
04+

-
hir

h'Hv

Fig.2.Frictionfactorversussubmergenceforrigidplants(solidline)andflexuralplants(dashedline);verticaldottedlinesindi
catethenear-

emergentconditionsforflexuralplants(s,1)andrigidplants(s51)

i
12BvhPN
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wherehP5ratioofthewettedstemheighttotheflowdepth(H
“=h).Replacing(V,(D)inEq.(2)with(¥;Cp)and(V,,Cp
),re-

spectively,andinvokingEq.(4)yields

hP

Thedependenceofthefrictionfactoronthesubmergenceo
ffersa way to determine the surge-dependent drag
force. Nikora et al.(2001) studied the flow over a
rofigh permeable or impermeable
bedandshowedthreeflowtypeswithhighsubmergence,ne

SN

f ===V = submergeds.1;H"V4H, (7b)
Cp¥%Cp
1
2hPB,
i ®)
pNz

andrelativelysmallsubmergence. TheyfoyndthattheD
arcy-

Weisbachfrictioncoefficient[ one-
fourthofthefrictionfactorinEgs.(1),(6),8hd(7)]increa
sesastheglegreeofsubmergence(s)

Eq. (5) suggests that the bulk drag coefficient, Cp,
is positivelyrelated to the stem density, the stem
diameter, and the vegetationheight, and is inversely
affected by the water depth for a given Cp.
Ifthepopulationdensityincreasesremarkably,Cpitself
willreduce,andsowillCp,asaresultoftheeffectsofenha
ncedwakestructureandvortexsheddingwithahighRey
noldsnumber.

By combining Egs.(1), (2), and (5), the vegetal
friction factor canbeexpressedas

increases for the emergent condition (s , 1), and
then decreases
asthesubmergenceapproacheslandcontinuestoincre
ase(s.1).

Because Manning’s coefficient is widely used in
operationalnumerical models, it is worth noting that
an equivalent Manning’scoefficient (ne) can be
derived by employing the hydraulic re-
lationshipbetweentheManning’scoefficientandthefri
ctionfactorforuniformflow[n.5f,=2g""*h*°].Eq.(8)d
efinesn,
asafunctionoftheflowdepthandvariousvegetationpro
perties v

CpNB,HY HY
\ \

—————Hy, Pi
12 h By "N
g

C NB w
fva )
(6)

Www.ijera.com

DOI: 10.9790/9622-080403110125

nYa D \% v

pii
8) N
Eq.(6)canberewrittenfortheemergentandsubmergedcon
ditions
wheregbaccelerationduetogravityandallothersymbol
sweredefinedinpreviousequations.

CpNBH,

i
128,PN2

s,emergents#1;H"Yh (7a)

It is observed from Eq. (8) that ncincreases as the
populationdensity and vegetation height increase,
which is consisent
withpreviousstudies(e.g.,LopezandGarcia2001;Wu20
08).Forgiven

iifi2
12§yp S
whereH,5 erect vegetation stem height; and s 5
degree ofsubmergencedefinedass 5

h=H,.Therefore,thevegetalfrictionfactorbecomesafun
ctionofsubmergenceinadditiontovegetationproperti
es.

Fixingallparametershutthesubmergence, thevegetalfricti
onfac-
torincreaseswithswhens,1,andthendecreasesasthesub
mergenceincreaseswhens.1,asshownbythesolidcurve
inFig.2.
vegetationproperties,newouldincreaseastipgwaterdepthi
ncreasesforemergentvegetation,whichhasbeenobser
vedinlaboratorystudies(e.g.,Wu2008).Whenthevege
tationissubmergedandthewaterdepthissufficientlylar
ge(s 1),neapproaches a
constant.NotethattheequivalentManning’scoefficien
tinEq.(8)isnot

afunctionoftheﬂowvelocity,whighcontpadictsthen-
VRcurvesin

previous studies of flexible vegetation (e.g., Wilson
and Horritt2002; Carollo et al. 2005). This is because
the derivation is based onrelationships for rigid
cylinders. Rigid plants do not adjust them-
selvestotheflowandresultindragcoefficientsindepend
entvarying velocities for large Reynolds numbers.
When the plantﬂexﬂ%érilty is considgged, H"“is
expected to angﬁ]= wiftBy  the
velocity,whichisalsothecaseforn..lthasheendocumen
tedthateitherthebulkdragcoefficientortheequivalent
Manning’scoefficientreducesastheflowvelocityincrea
ses(Freemanetal.2000;Kouwen
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andFathi-Maghadam 2000). The next section
provides a detaileddiscussionondeformableplants.

ExtendedFormulationforDeformablePlants

Natural grasses are flexible and adjust themselves
to a water flow.Fig.3 illustrates a flexible plant bent
by the drag force and notesthe vegetation
dimensions. Because of the inclination of stems,
asthevegetationcanopyheightdecreasessodoesthefor
mdragorthevegetative flow resistance (Kouwen and
Li 1980; Tsujimoto et al.1996; Freeman et al.
2000). The vegetal resistance may reducefurther to
skin friction as highly bent flexible vegetation
becomesastreamlined,thinlayersimilartoasmoothpla
tethatexertsaminimumformdragontheflow(LiandXi
e2011).

A relationship between the deflected vegetation
height and theflow drag exerted on vegetation
elements is needed to iterativelydetermine the
changing drag force and vegetation deformation.
Thestudy on submerged flexible plants by Kouwen
and Unny (1973) ex-
pressedthedeflectedvegetationheightasafunctionofth
eratioofa stiffness parameter to the vegetal shear
stress. Kouwen and Li(1980) reanalyzed the
experimental data in Kouwen and
Unny(1973)andproposedthedeformationrelationass
eeninEq.(9)

2 3
0:25 -251:59
MEI=¢

For given parameters of El, H,, N, and t,, Hscan be
determinedfrom one of the deformation relations
defined by Egs. (9)-
(10).Uponknowingthedeformationrelationforaspecific

H51/40:14%4V v "

where Hs5 deflected vegetation stem height; MEI 5
stiffness pa-rameter (EI) multiplied by the number
of stems per square meter(M); t,5 vegetal stress,
also  known as the  stress  exerted
onvegetationelements; E5Smodulusofelasticity(Nxm?)
;andl
5secondmomentofthecrosssection(m*).NotethatMis
definedinthesamewayasthestempopulationdensity,N
.exceptthatMis

effects of deformable plants on hydrodynamics, the
treatedasdimensionless. ThisequationiscappedbyHs=H,
51
whentheplantrigidityissufficientlylargerthantheimp
osingload.
SubstitutingH"“forH"inEq.(6)andtreatingemergenta
nd
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planttypeanda flow resistance law, one can
determine the deflected
vegetationheightandthereducedvegetativeflowresistan
cesimultaneouslyby

solving the twoformulations iteratively.

A logarithmic formula of the flow resistance law
was proposedby Kouwen and Unny (1973) and
further examined by Kouwen
andLi(1980)forsubmergedconditions.

Lycilogthc,  (11)

wheref5 friction factorﬁ’r}kludmg bo,r_p the bed friction
(f) and thevegetal friction (f,); f  fiif the bed
friction is omitted; C, and C;5 empirical
coefficients that may%e obtained from regression
ofmeasurement data, which are dependent on
vegetation propertiesandflowconditions.

Different coefficients were reported in previous
studies
(e.g.,KouwenandUnny1973;Carolloetal.2005).Caro
lloetal.(2005)proposedanotherflowresistanceformul
ationwithmorefittingco-efficients involved under
submerged conditions. To apply theseformulations,
laboratory experiments are desired to determine co-
efficientsforthetypeofvegetationthatistargetedinthefi
eld.

It has been demonstrated by Kutija and Hong
(1996) that for-
mulasdevelopedforrigidvegetationcouldbeextended
toflexibleones by using the cantilever theory. The
cantilever beam is defined
asapolewithoneendrigidlyfixedtoasupportandtheothere
ndfreetomove.Itisusedtomimicthelessrigidvegetatio
nstem.Thestem
maybebentastheflowloadincreases;inreturn,theresistan
cedueto

9)

bending decreases. The balance position between the
resistance
andtheflowdragloadisachieveddynamicallyandtheso
lutioncanbefounditeratively. Todemonstratetheproce
dureandillustratethe
formulationproposedinStoneandShen(2002)isadopted
herebecauseitemploysless regression coefficients
and it is valid for both submerged andemergent
conditions. However, to apply the formulation, the
wetvegetation height (H") needs to be replaced by
the wet
deflectedvegetationheight(H"). Thedescriptorwetis
mainlyusedfordis-
criminatingbetweenemergentandsubmergedconditio
ns;thus,H"

5H;

forsubmergedconditionsandH"5h

S

foremergentconditions.

Usingadifferentapproach, Tsujlmotoetal (1996)applied
finite S Y
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deformationtheoryofacantileverbeamandsuggesteda
similarrelationoftheplantdeformationasseeninEq.(1

0)
Hs NHZEI
H, %41:020:8%exp  24:66 '

t,H

whereallsymbolsweredefinedinpreviousequations.
Y

Fig.3.Sketchofflexibleplantfromerecttoprone
Hys

wheres 5criticalvalueofsubmergengewhenh5Hs Bec
auseof - i

thedeflection,plantsg&tStMergedbeforethewaterde
pthreachesthe “extent of the-erect vegetation height.

Therefor’t, /7the friction

factorconverfesatasubpfergencesmalferthani(s;, 1).
Accordingtatheh lic relationship,.between, the

friction factgr arjg/n, it is expectedthat n.converges

and” / /reaehes” / Ahe / /maXimum at Sec.
Experimentalstudieshaveshownthatempiricalformul
ationsofn,ofdeformableshrubs and woody
vegetation for emergent and submerged con-ditions
converge when the water depth is 80% of the erect
vegetationheight(Freemanetal.2000;Copeland2000).
Taking Eq. (9) as an example of the deformation
relation,

(10)

thefrictionfactorandthedeflectedvegetationheightca
nbesolved
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DOI: 10.9790/9622-080403110125

submergedconditionsseparately,anewrelationshipof

thefrictionfactorforflexibleplantsisexpressedas

Ya S 0 sh (12a)
12By N

HBPii2H, CoNB,H,  H1
, i@mergedés.scb(lzb)

S
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iteratively using Eqgs. (9) and (12). A reduced friction
factor is
shownasthedashedcurveinFig.2. Thereductionbecomes
negligiblewhenthedegreeofsubmergenceisfairlylarge.F
oremergentconditions,thevalue of the friction factor
overlaps with that of emergent rigid plantshecause no
deflection formulation for emergent plants is
considered.NotethatbothEgs.(9)and(10)weredeforma
tionrelationsderivedfor submerged, flexible
vegetation. Fathi-Maghadam and Kouwen(1997)
and Kouwen and Fathi-Maghadam (2000) studied
the de-
formationofcedartreesanddemonstratedthereductionoft
hefrictionfactorwithincreasingvelocity;however,nocon
vergencebetweenthedeflectionsofsubmergedplantsan
demergentplantshasbeenfoundyet. Therefore, inthisst
udy,onlythedeflectionofsubmergedveg-
etationisconsideredandemergentvegetationisassume
dtoactlikerigidplants.

Numericallmplementation

The resistance force induced by vegetation has
been included inthe momentum equation as an extra
term in many numerical studies(e.g.,LopezandGarcia
2001; Stoesseret al.2003;Li andYan2007).
Inthecurrentstudy,thebarotropic(horizontal2D)mod
eofan
existingcoastaloceancirculationmodel ECOMSED(
HydroQual
2002),isadopted,andaseparatesubroutineisdevelope
dtocalcu-

latethevegetalshearstress. Thegoverningequationsoft
hedepth-
integratedcontinuityequationandmomentumequatio
nswiththeextratermofvegetationshearstressarewritte
nas

fal}

o
ovih
axIO oy

avh

dy

Y40 (13a)

ofiterationsisusuallylessthan10.
Therequiredinputparametersforthevegetalshearstressm
oduleincludeH,,B,,EI,N,andCp,(orCo,C,iftheKL-
extendedap-

%FCVYhZQh aXb Fdifyx
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only for submerged conditions. Therefore, during the
transition  fromthe submerged to emergent
conditions, a linear interpolation isintroduced for the
continuity of the formulation and completeness ofthe
approach. The KL-extended approach is applied for s
$
sq(givensufficientsubmergence,e.g.,s451:5),whilethefri
ctionfactorats 5 scis computed using the SS-
extended approach. In the transi-tionzone (S¢S ,
1:5), the frictionfactor isobtained by
linearinterpolation.

Although different equations are implemented for
deformableplants, the procedure of solving each set
of equations is similar.Fig.4 illustrates the iteration
process using Eqgs. (9) and(11)
whereEq.(1)andthedefinitionofthefrictionvelocity[V
p5t\,=r(’:s]arein'[roduced to rewrite those equations in
terms of V, and H, asEgs. (14a) and (14b). The
deflected vegetation 2 height and  the
frictionvelocityaresolvediteratively. -

%1:59
MEl=p /2
rVS 6 b E
¥0:144 (14a) H H
h

\A
2V,
1/4C1IogHS
bCo (14b)

InFig.4,theintersectionofthetwocurvesisthesolution,wh
ilethe
circlesconnectedbythethin,straightlinesarequasi-
solutionsatiterativestepsthatgraduallyapproachthefinal
solution. Thenumber
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@X@hw b conditions are given in accordance
ohv?  OX withthelaboratoryexperimentalsetup.
chvyvy  oh ModelTesting
proachisused). ThevalueofCpforasinglecylinderwithina
narray wheret5time;h5watersurfaceelevationabove
isused.Otherparametersaredeterminedbylaboratoryorfield thestillwaterdatum;v,and ~ vy5  depth-averaged
velocities in the X- and y-
ovh directions,respectively;h5totalwaterdepth;F.5Corioli
y yX ot b sforcecoefficient;g5 acceleration due to gravity;
Fdifyx, and Fdif,yare the
ohve horizontaldiffusiontermsinthex-andy-
b directions,respectively;to,ty,andt,5 wind  stress,
to.x Ox bottom shear stress, and the vegetal shear
b stress,respectively;andtheirsubscriptsrepresenttheco
ro mponentsinthex-andy-
directions. Thevegetalshearstressiscalculatedinasepa
y ) ; '
t0,y 5 %ZFchhZQha bFairy rat_emodulegsnngthe_methc_ndologyandalgorlthmdescrlb
b y - y edintheprevioussection.ltisthenpassedtothemomentum
ro equationsateachtimestepwherethevelocitycomponents
2t_b,5 andsurfaceelevationaresolved. Threeapproachesareimp

lementedtoaccountforrigidplants,unyieldinglydeform

0 ableplants,andyieldinglydeformableplants.
InApproachl,Eq.(6)isutilizedtocalculate the
th frictionfactorforrigidplants.InApproach2,Eq.(12)ext
20y endedfromtheformulaforrigidvegetationandEqg.(9),t
ro 7 heplantdeformationrelationshipare employed for
ty x deformable plants with a certain degree of
2= rigidity. Thisprocedureisvalidforawiderrangeofsubm
ro ergence,hereafterknownastheSS-
oh extended(StoneandShenextended)approach. InAppr
2tv,y — oach 3, Eg. (11) developed for highly flexible
0 . plants and
(13b) theplantdeformationrelationshipofEq.(9)areemploy
edforflexibleplants, hereafter known as the KL-
extended (Kouwen and Li ex-
(13c) tended)approach.BecauseEq.(11)wasdevelopedfro
mexperi-

EmergentVegetation
TsujimotoandKitamura(1995)designedaflumethati
mitatesacompoundchannelbycoveringthebedpartiall
ywithemergent

measurements of the vegetation. The numerical model
incorporatingthe vegetation module is tested against
three laboratory measure-ments. Specific boundary

Hv—=0,309m

Byv=0.00K
\ >
5 EI-0.03 1 Ny
\

N=255.5 stems'm

i

Vel.om's
\
[ N\ ), 6m
\

cgetation Height (hs, m)

0.151

OCT

"_; 0.10F

0.05

Shear Velocity (V,, m's)

Fig.4.Iterativesolutionofshearvelocityanddeflectedvegetationheightforflexibleplants[dashedline,usingEq.(14a);th
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icksolidline,

usingEq.(14b);thinlinewithcircles, iterationsteps]

mentsofsubmergedvegetation,theKL-
extendedapproachisvalid

cylindrical rods (bamboo, vinyl chloride, and nylon).
Quasi-uniformflows over the channel were studied

through five sets of experiments(A through E), among

“which there were three experimental data sets(Al,
B1, and C1) presented in Tsujimoto and Kitamura
(1995). Inthis study, only the data sets from
experiments with bamboo areutilized, thatis,Al
andB1.Theflumewas12mlongand0.4mwidewith
emergent bamboo covering a 0.12-m-wide
vegetation zone(Fig. 5). Bamboo plants with a
diameter of 0.15 cm were
distributedinaparallelpatternandthespacingofvegetat
ionelementswas
2.8cmforAland2.0cmforB1.Forbothexperiments,them
eanbedslopewas1:7310%. Themeanchannel-
averageflowvelocity,themean flow depth, and the
friction factor in the main course weregiven as
control parameters of the experiments. The cross-
sectionaldepth-
averagedvelocitywasmeasured40cmdownstreamusi
ngaseriesofelectromagneticanemometers. Thestemd
ensityandthedrag coefficient (Cp) as two of the

vegetation-property  input  pa-rameters  are
calculated according to the information provided
inTsujimotoandKitamura(1995)andlistedinTable2.
Approach 1 for rigid plants is used in this test. The
drag co-efficient Cpinput to the model is related to
the bulk drag coeffi-
cient(Cp)fortheemergentconditionusingEq.(5a),whe
reCpiscomputedusingthegivenvaluesofthefrictionco
efficient(V5 1=2CpB,Nh) over the vegetation bank in
Tsujimoto and
Kitamura(1995). Thevalueofthefrictioncoefficient(Cy)f
orthemaincourseofthe channel was given in Tsujimoto
and Kitamura (1995) and used tocalculatet,5rC;\V>.
Themodeldomaincoverstheentireflumerangewithdx52:
5cm,dy5 2 cm, and dt5 0:005 s. It takes 218 s to
reach a steady statewhen model results are output
and compared with experimentaldata. The bottom
panel in Fig.5 shows good agreement betweenthe
modeled and experimental results. The numerical
model
showsthatthebamboofieldconsiderablyreducestheflo
wvelocityinthevegetationzone,consistentwiththeme
asurements. Theslight

Vegetated Zon

A Non-Vegetated Zone (Non

c(VZ) O.IIm:

P

Wi

A
' VZ) 0. 28m

A

=041 Case A -04 Case B 3
203 203 ‘
20.2{ VZ 20.2( VZ

0.1 0.2 0.3 0.4 0 0.1 0.2 0.3

Lateral-distance 11111 Lateral-distance i 111

Fig.5.(a) Plan view of the
TsujimotoandKitamura(1995);(b)comparison

0.4

experiment setup adapted from
ofmeasured(squares)andmodeled(solidlines)depth-

averagedvelocities

overestimate of velocity in the main course of the
channel is causedby the lack of wall friction in the
numerical model. In the veg-etation zone, the
agreement is better as the effect of the wallfriction
is negligible compared with the flow resistance due
to thebamboo.

SubmergedRigidVegetation
Lopez and Garcia (1997) conducted a series of

Www.ijera.com
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laboratory experi-ments under uniform flow
conditions in a 19.5-m-long, 0.91-m-wide, and
0.61-m-deep tilting flume. The first approach for
rigidvegetation implemented in the storm surge
model is applied andtested against the experiments
with submerged rigid cylinders (#1through #12).
Table 3 lists the experimental conditions and
modelresults. The drag coefficient, Cp, is set to
1.05 according to

9790/9622-080403110125 121|Page




Minati Mohanty Int. Journal of Engineering Research and Application

www.ijera.com

ISSN : 2248-9622, Vol. 8, Issue 4, ( Part -3) April 2018, pp.110-125

StoneandShen(2002).Thestemdensity,N,iscompute
dusingthestemdiameter (B,5 0:64 cm) and the plant
population density (a 5
N3B,)providedinLopezandGarcia(1997).Anaverage
valueofbedfrictioncoefficientisestimatedfollowingt
heprocedureintroducedin Stone and Shen (2002) (see
Appendix) because no bottom frictionparameters
were provided in Lopez and Garcia (1997). The
openchannel flow is modeled using a grid with
resolution of dx 5 20cmanddy515cm. Thetime
stepisset todt50:001sand the
steadystateisreachedafter73s.
Themodelresultsagreewellwiththelaboratorymeasur
ements.

The square of correlation coefficient (R?) for the
average depth,depth-averaged velocity and average
surface slope against labora-tory measurements are
0.994, 0.995 and  0.995, respectively,
asshowninTable3. TheRMSerrorforeachoutputpara
meterisalsolistedinTable3.

SubmergedFlexibleVegetation

Flow resistance of a deformable
vegetation field is different fromthat of rigid plants,
as the deformable plants are bent by the dragforce
of the flow. In return, the bent plants reduce the
vegetation-induced resistance to the flow. A

dynamic balance exists betweenthe deflected
vegetation and the flow. Jirveld (2005)
conductedflumestudiesandprovidedadatasetofmean
velocityofflowoverflexible vegetation. The flume
was 50 m long and 1.1 m
wide.Naturalwheat(H,50:28mandB,50:28cm)waspl
antedintheflumewithanaveragedensityof12,000
stems=m?andcovereda 6-m-wide zone in the middle of
the flume. An adjustable overflowweir was used to
achieve desired water depth. Four flow depths
wereused and total nine tests were carried out with
three discharges. Thedeformation relation, Eq. (9),
was adopted to calculate the
ﬂexibility,MEI51:2Nxm2.FordetaiIedinformationabo
utthelaboratory
experiment,thereaderisreferredtoJarveld(2005).
ByapplyingtheKL-
extendedapproachthatsolvesEgs.(9)and

(11) iteratively, the vegetal stress and the deflected
vegetation heightwere obtained. Note that two
coefficients (Co and C;) are requiredby this method
in the logarithmic formulation of a flow
resistancelaw, which need to be calibrated for the
different types of vegeta-
tion(KouwenandLi1980;Kouwen1992;Carolloetal.2
005).

Table2.InputParametersforNumericalSimulationswithEmergentVegetation

Elementsspac Stem

Flowdepth CrosssectionChannel

(cm) averagevelo frictioncoef ing(m)
city(cm/s) ficient(310?
3
____________________ ) .
Tests h V Ct d
CaseA 457 320 38 0.028
CaseB  4.28 27.6 4.0 0.020

Vegetation Characteristicdrag
density(numberbankfriction coefficient

=m?) coefficient
"""" NV G
”””””” 12755 0050  1.054
2,500.0 0.116 1.239

Laboratory or field experiments are desirable for
determining
thevegetationspecificcoefficientsofCoandC;.
Inthenumericalsimulation,Cy(0.494)andC,(7.315)w
ere

predetermined by fitting the experimental data to
the logarithmicformula, Eq. (11), with R®5 0:92. The
numerical model was setupaccording to the
laboratory conditions and the downstream
watersurface level is adjusted to achieve the
measured flow depths
withRMSerror55:9310%°m. Allsimulationsusethesa
memeshwithdx520cm,dy522cm,andrunwithdt50:0
1s.Slightlydifferenttime spans are required to reach
the steady state for various cases,ranging from 548
to 903 s. Table 4 lists the laboratory data (dis-
charge,flowdepth,watersurfaceslope,anddeflectedpl
antheight)and model results. Good agreement is seen
for cases of large
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relativesubmergence,whereasunderestimationofthes
urfaceslopeoccursforcasesofsmallrelativesubmerge
nce(#1and#2).Thissuggeststhat the KL-extended
method is wvalid for a large submergence
butgiveslargeerrorfornear-emergentcases.

TheSS-
extendedmethodisnotappliedtothistestcasebecause
nodragcoefficientwasprovidedinJarveld(2005)andth
eCpof

1.05 used previously may not be applicable for the
experimentalmaterial (wheat seedlings) of a fairly
flexible form, and further-more, the experimental
plants  field of a fairly large stem
density,N512,000=m?.

1. SUMMARY AND CONCLUSIONS
The paper has extended and unified

resistance formulations for rigid,flexural rigid, and
flexible plants under both emergent and sub-
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mergedconditions. Threeapproacheswereexaminedi
ndetailandimplementedintoa stormsurge model.
First,theflowresistanceformulationsforrigidplantswe
recrit-ically reviewed. By introducing the plant
deformation relations, theformulation for rigid plants
developed by Stone and Shen (2002)was extended
to flexural rigid (or unyieldingly flexible)
plants,namely the SS-extended approach, in which the
deflected vegetationheight substitutes the erect height
of rigid vegetation. Both the rigidformulation and the
SS-extended approach are valid continuouslyfor a
wide range of submergence from emergent to
submergedconditions. The formula for rigid plants
was tested against laboratorymeasurements while the

SS-extended approach was only
checkedanalyticallyowingtothelackofobservationda
taforunyieldinglyflexible plants. As the plant stiffness
parameter becomes
sufficientlylarge,thesolutionconvergestothatoftherigidf
ormula.InFig.2,thefrictionfactorfordeformableplants
(dashedline)predictedbytheSS-extended will shift
upward and approach the solution of
rigidplants(solidline)forlargeplantrigidity.
Another flow resistance formulation directly
derived from sub-
merged,yieldinglyflexibleplantsbyKouwenandLi(19
80)was

Table3.LaboratoryMeasurementsandNumericalModelResultsofUniformOpen-ChannelFlowoverRigidPlants

number (a, h(m) Q(m®=s) V(m=s Averagedsurfaceslope h(m)  V(m= Averagedsurfaces
m? s) lope
1
)
1 1.0 0.335 0.179 0.587 0.0036 0.334  0.589 0.0035
9
2 1.0 0.229 0.088 0.422 0.0036 0230 0.421 0.0036
9
3 1.0 0.164 0.046 0.308 0.0036 0.165 0.306 0.0037
9
4 1.0 0.276 0.178 0.709 0.0076 0274 0.715 0.0075
9
5 1.0 0.203 0.098 0.531 0.0076 0202 0.534 0.0075
9
6 0.2 0.267 0.178 0.733 0.0036 0.262 0.746 0.0032
7
7 0.2 0.183 0.095 0.570 0.0036 0.182 0575 0.0035
7
8 2.4 0.391 0.180 0.506 0.0036 0.393  0.503 0.0038
6
9 2.4 0.214 0.058 0.298 0.0036 0220  0.289 0.0041
6
10 2.4 0.265 0.180 0.746 0.0160 0273 0.723 0.0163
6
11 0.6 0.311 0.177 0.625 0.0036 0.305 0.638 0.0031
2
12 0.6 0.233 0.181 0.854 0.0110 0223  0.894 0.0107
2
R2 0.994  0.995 0.995
RMSerror 0.0050 0.014 0.00027
9
Percenterror 195% 260 4.56%
%
Experiment
Plantdensity
Experimentalconditions  Modelresults
Table4.Model Setupand Model Results
Experimentalconditions  Modelresults
Experiment Deflectedvegeta Deflectedvegetat
number  Discharge(m3=s) Depth(m) Surfacesl tionheight(m) Surfaceslope(%) ionheight(m)
ope(%)
1 0.040 0.3060 0.15 0.205 0.12 0.191
2 0.100 0.3084 0.36 0.155 0.32 0.132
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3 0.040 0.4065 0.05
4 0.100 0.4041 0.13
5 0.143 0.4070 0.20
6 0.040 0.5044 0.02
7 0.100 0.4950 0.06
8 0.100 0.7065 0.02
9 0.143 0.7037 0.03
RMSerror

Percenterror

0.230
0.190
0.160
0.245
0.220
0.260
0.215

R2

0.05 0.248
0.13 0.169
0.19 0.145
0.02 0.280
0.06 0.204
0.02 0.279
0.03 0.235
0.993 0.937
0.017 0.0210
15.00% 10.05%

alsoexaminedandextended,namely,theKL-
extendedapproach. Thisapproachessentiallycoversonl
ysubmergedconditions.How-
ever,toavoiddiscontinuityandnumericalinstability,near
emergent

. Step 7.Convertf,to the bed friction
coefficient Csas in
thequadraticlaw(t5rCqV)byinvokingEqs.(16)and(1
7)

tofullysubmergedconditionswereconsideredusingth
elinearinterpolationinthetransitionzone. Thedegreeoffu
llsubmergence

(S
Jisrecommendedtobel.5accordingtoNepfandVivoni(2000),
Cia

frdl21p

2012 1hpb

lZBpN 2

pii,  (18)

above which a logarithmic nonvegetation
flow starts developingbeyond the mixing layer.
Both the KL-extended and SS-extendedapproaches
solve a set of two equations, that is, a deformation
re-lation and a resistance law, iteratively, in a similar
fashion. The threeapproaches have been implemented
into a storm surge model as threeoptions. Good
agreement with laboratory measurements has
beenfound for the approach of rigid plants and the
KL-extended ap-proach.TheSS-
extendedapproachanalyticallytestedispromisingbeca
use it accounts for both the flexibility of natural plants
and a
fullrangeofsubmergence.However,furthertestsagain
stobservationsaredesirableforfutureresearch.
Insummary,thisstudyhasdevelopedaphysics-
basedproceduretoincorporatetheeffectsofdeformable
vegetationintoanumericalstorm surge model and
unified  formulations for emergent, near-
emergent,andfullysubmergedrigidorflexiblevegetati
on.Asub-
modelofvegetalstressanddeflectedvegetationheightwas
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developedand tested against laboratory experiments.
To improve the
predictionofsurgereductionbywetlandvegetation,quant
ifyingthespatialand

temporal variations of deflected vegetation heights
and
equivalentManning’scoefficientunderrealisticfieldcon
ditionsisofsignificanceandwillbediscussedinanupcom

ingpaper.

Appendix.EstimateofBedFrictionCoefficient

The flow depth, depth-averaged velocity, and bed
slope are availablein the experimental data sets. The
bed friction factor is estimated byusingthe method
providedinStone andShen(2002).

. Stepl.Initiatethechannelbedfrictionfactorfy

. Step2.CalculateC,using

TheaveragevalueofCrisestimatedtobe0.0072  iff
P
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