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Abstract

Hydroladpic hydrdubdoabuting methods can be used to predict the f
influences on a flood wave as it pa¥dde aAlargudicivehtigchses
the equation of continuity and theteqgdeadscombedymamicrstwmh river
flowsthe simpler data regdriod ceghieist iangakes it useful for prelimin:
estimates of the time amdd wsdagp atofac Cleosssive poilhasapamper rive
presents a modified linear Muslkonging medholdogibere the floodpl
effectdloogleak attenuaftimowawne traveletimeladeauinng
parameters. Develapnggp dmametiaildyold’eouting hydiodgraphs
different flood peakthnaug bt amhieoms i moalle laodeneralinseerdreach

in whichhanggeofmetrical and resistance pr&cpaempiasiswarefvaried
upstream amdedndwiwnstream hydrographdnfweseigatech,nditoaved tl

attenuation and srtavalgetimek@Ehnatand®ndskingum routing) of the fl
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wave to be es$Stmatdadd Muskingum routing was then used to dev
hydograpdrs efakchal Uegetherawstthnsecdrage weighting faogang (

from O toF0Oobd peak attenuations were again determined througtl
upstream and routed downstream hydrographs andtwaeln these, i
antthesetenuaihemevelopfedtual weightingcbacdep®nding to storag:!
constawmeése subsequentlyuderngrimmiensed relfotadh sahipsuations
determined fidmmemesimmalel simulations.-vdseitegreguldssion
analysis, the compuKaddwmadue sc ofrelated to catchment and hydro
properties and expressions flameenetmrimisn @ fbttdhse properties wi
developledenodifiddskingum routinoa sredatloode gesesed expressions
foKandwas applied to a case study of theh®rivego8Sdiagnekrmleand

between measured and routed hydrographs was observed.

Keywordsverbdhkw; Flood mMdusikniggum relytdngylic and hydrologice

meitods; floodplains; ModelEngndnaq Satimotns.

1 Introduction

Hydraulic or hydrological flood routing techniques are comi
and hydrologpseslict the temporal and spatial variations of a floq
rea¢@houdhaitryal., 2082)methodologies that hawarbyeem ttheveloped
complexity with more analytically rigorous methods having incre
accommodate the dynamics and influences of floodplain behavic
flood wave in a natural channel. The Muskingum method of hyd
approathe popularity of the Muskingum method derives primaril

requiremmeKinowledgeoafraphical catchment cegditeansoare not r
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understand the propagation of dyfamidcwaawe asptiesdchtadion a
carried out usindadbhsE@aldiitaione, 19A@)Muskingum approach
represemntédral degfiilomod roteicihgniques anadsetdeorquation of continuity
and a relationship that describesAsttdrea @@ postihe spdtemihe spec
fulsécale dynamic wave mod&dsn¥asadtosaquladioras npooeide
sophisticated myelaaslod flood rout9@&H ydimagu,lic routtimeg uses
equation of yamdmwirmhentuahance eque&Siaoimt Venant spagmudtion
involstéienumerical sosunigphinite difference or characteristic met
Simplification of the momentwern apgpadkomgptrodotutions (e.g. mor
wave, convective diffusion) that are easier to calculate and ma
Advantages and disadvantagesedistofgirc alls angd bhoytdhraulic flc
routing techAigluesgh Whlydreouting techniques can more adequate
dynamicsnete élbwi®mh canals antheisweetiods are more demanding in
information inputs and require data to accurately represent the
characteristhesmain channel and floottiplaidarylcidnallitions are al:
required. Cohnlwé@mragalynputs and computational procedlimrges for hy
techniques are censpderall@iyngand $B83e methods are useful whe
preliminary estimates of the time and shape of a flood wave at ¢
are required, or where budgetary constraints may.not facilitate
A modifim@éar Muskingum ainodurta hayg nes thicachd él odbplain
flowis presented in Thies mapleoldased on the standard Muskingum
However, rather than determining the rondiggémabaareteds throug
upstream and downstream hydrographs for givestiflatess, itttse prog
routing pardnoentieempirical relationsfthops glaso relfiogide a k

attenuatidhoawave travell hienmethod therefore has similarities w
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Musking@Giumge mdwrdge, 189a®pt flood romeitregspara determined

from geometrical and resistance properties of the channel, thus
calibration pDevebspment of the method involvedna rcommahation
hydraulic modelling and standard MwskKHetguminleo sdorag€ nogpphstar
and storage weighxinfgrfactang,e of catchment and hydrograph pr
variate regression analysis was used to corKaladéothlrsgecomput
properties and expressiomg H®amkbbtermideveloped. The modified
Muskingum routing method based on theskamedwas sempkixprégsaot
case study of the RivewBeaie igoorklagreement between measured
hydrographs was Thlesmrevdddd offers a simple and inexpensive me
estimating the time awe rdolddgkedowave as it progreiyeeschbhome |

of low to moderate sinuosity and in which backwater and inertia

small.

2 MuskingbBlmoRouting
The Muskingum method o§M tdoad trioyy tlr@BSB8Jdaoni mplterage

discharge relanioinvelripysexmensiively used in rié&riléngbn/eering

Thenethpdrfosmestivesrystenhenmertia tesffaecd backwater influence:
smadind wheoe el parameatepsoareahelsyen to represent the hydrauli
behaviour of the system GChhaediedaskidi®@B8m mxedselcontinuity

and storage relationships expressed as:

Contiryuigd—?ézlté-q (1)
Storage S 8=kdk | 58{5- 0D (2)
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whegkhan@areimultaneous amounts of storage, inflowtand outflc
given ttiiKiesastoraogponstarnpressing the ratio between storage and

river raaadhs @dimensiowkagfing factor that varies between 0 and
riverghis weighting factor describes the relative importance of |
storadgde storage timg, coqusd g, cltdisee Fyodw df meh r o utgie

river réMaciCuen, .11I9R8&8Nadare known, routing is performed using:

Q08=C 184G ls5o0+G bin (3)

in whiGhGands;are routing coefficients given by:

0.%MO-K x

Ga%(é-)ﬁ)(éﬂﬁil] (4)
_ Ky8+0.5D

G O%to- Bk o+0.50 (3)
_5-0.5056{5- 0K

GO 0f5- 0K 5+0.5D (6)

where parameters afreE@f definaeddfhschhe time g5 &pd
are the inflow and outflow R c Kan@ecse fti di@retich sum tHo unity
are determigBeds used repeatedlg oatdedwrdiis@hatgaersy time.
Values Kandthadescribe the storage charactenisgiosuaflly rive
derived from observed upstream and downstream hydrographs e
recordhesetmodswell rewed antrapnaly represented in five classi
(a) graphical method; (b) least squares methmdithi@d mfethod of n
cumulan(ta) direct optimisation; and (®)hesanbaespudabonthdSingl
anMcCann, 1MB0gecen¥lgoan®admanabhanidéfBid3led a further
three methods for linear model parameter estiméadrovrardTdrede al
backward sagiomiusshatitstmutliers filtering estimaaion method ar

guadratagrpmming algorithm.
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Graphical methods are cofredtalnydapgdingdror graphical
approacklly McCarthy (1938) for the lineanw lws&snglomtimgdel

6&}66{6-)6915, known as the weightedadisialed @ppc uenruiated storage fo

differassumaduex ®fifferent valinEggagdroduce a family of curves t
vary from being heavily looped to being reasonably linear. The
the narrodowegridan be fbegdtwith a strasgborisneered the best estim
X. The inversefstbpselimthge/puiveadueKoAlthough the graphical
method is generallyGlaovefalcabdy Linsleywedsalmad9etbal., 1972
Wilson, 1i®998 me constmiapgplyFurthermore, noebdjeiotnveriteria
exists for choosing the appaoghreartee vladdet lvé gafioces, a level of
subjective interpgrettartmdneta value thaltirogarinrisslasi@lmesshgenis
and Sere®d0d¥ oon and PadmanaGhameg 129938 8)uskingum routing
parameters have also beea lestgiimated scshregne based on minimisi
sum of squares of the deviations between o®btoearaved forogagenand
inflow and outflow hydrographs @idl mileds7, 8 1A90i 1 krhceandld
Esen, 2006meda@rlyiniggipdé tlygeaphical and-stquearhedbsake the
samend both methods shawmlidmaradiedes siehle method of moments
antthe method of cumulants abassidnelartiagdtiaeefiostdand sec
moments or cumuliasts moifa ve@tushydro(dibHpf the Muskingum reach
to the Muskingum routiKgnaDaom gegrd) I he method of direct
optigmitioosbased on minimising the difference between observed .
hydrograglesermdirectly the routingotdb éfiMiuesktisn g uw t maouwte |
explicetdyimakKiagad(Gelegenis an®@®@0rano

More readmances in computer technologies have allowed th

Muskingum routingonbethiondked with hydrodynamidosotfflhware packa
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analysis of surface water drainagEer hatueadnep kel himzemd & C
TOPMIELhydrological mddelse are basmedYenatite efjuations that ar
derived from the principles of conservation of massilkand momen

theirdilmensionabhdorm

%y 6+y6—1v 6+Vﬂ 0=

Y "o%  oX ()
OV 5y 5. OY i
51 6+V6‘ﬁ<c 8+g Aﬁ( 5+ 8-S0p=C (8)

0] (n (1) (v
whewyes the flowWdepttthe flow vgilsothtey,acceleration &uie thegravity,

river bed Slepidne slope of thexisnehgyldnmgetudinal tdissthece and
timelLhesequations are simuiliaeaoudidspuasartial differential equ
of the hyperbolic nyggemendtelege nanallytical soThE ofmisst(term

in Egisthe loima&lrtieer mhe sedoinsthe conveectivia it ,thilrdi)s

the pressure differenteafot@efid cccrodintshéofriction and bed slopes.
Numerical methods thoSasdfle nrait equartbomadly classified in two
categofagespproximate mambixdsnplete numericaAppedkodate
methods are based on the equation sfganoitimmtltyibedyequu @t oan
of momentum.

Kinematic and weffesimadels can beocco&ien cated Eoxy 8
assuming thatitlhemcaegmfifsome terms is negligible cOvihguesreal to th
an@8ocquillon, Wod@)s that neglecrtmindgntdiaie known as diffusion
wave moealsge, IBDHachan@arry99Mousaadocquillon,ah@09)
modelthat neglect both inertial alndl)arssefeobaddmenihtic
mode(ISmith, 19he)full -Banmint equations have db3oMwuedknngalmed

routiagplicatusimegumerical techniques in channans witédgayaimdrice



10

11

12

13

14

15

16

17

18

19

20

21

22

23

crosectional geometries witbompliigimgeaddfomptions (Amein and
1970; Dooge et al., 1982; Wang et al., 2006)

Cunge (1969)ded the effects of geometrical and resistance
reach in thal dMugikingum methothto Mevlki@pugd 84C )model.
Cungdoweldat the Muskingum formula for solving flood routing p
a fintdtidference approximation of the linearised diffusion wave e
beingided fridhhneatn¥ enaequatdloy neglecting the inertieadlterms.
flood routing prloeedacessity of calibratiomhth Muclkamgane risetdhrod
isnot required and the rouamg, paegambdbene,d froomphgdeatiles of
the reasimg:

K6=6—|2( (9)

and

13m Q
X5'2§§% B§@D§ (19

whergarameters are as describedd sabfdw e dawed weh éBésritye

longitudinal disdaanek incQéesnemd disah#rigetha®eragewbhdedtdhf
the channel

The timed®teped inMtGeoutipgocedure is appropriately chose
define the shape of the inflow hydrograph. dah@i@emd&ncy exis
routing procedures and the tshiosictd exrfefoce éom@ms tadRtb atot
significantly smaller than the distance travelled by tdfe flood v
Thidinterval cimbis&rCroutimgthodhiesreflbaseddda Q the channel
top widthhenlbrigitudinal ch&nihélk sflomel waveccelebitgined from

theslopef the dischaeggecurwe dgfioren disQh®rgtails of-Chmevdhod
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are@liscusiged/olume IlIl of the FloodFStR()NE R ®Reporangt al
(1999a) investigated the pr&€peneithoodoffoamhefldbd routing, using
hypothetical flood hydrographs in a prismatic channel with sig
indicatedhtdWla@ methgdffefrom loss of outflowhvohudespends on bec
slope Hoddpllamimghness. Furthermore, it was observed that an i
and trailing edge oscillation occur in the rising and recessit
respectively. These oscillationgandcasiéhmorrceu ghgreiss of the fl
increases, but gradually disappear with decreasing bed slope.
The standard linear Muskingum routiKgnmeé¢moad nassmsiteaant h:
and these are detemmliynsidhddsured inflow andlrogtdpiws.hy The
method therefore, does not accommodate changes in these pare
accurately the routing of storm sequences in the river reach
(Kundzewn®trupczewski, 1982). Morentscenttideveédpadk howev
do allow for parameter variability with changing characteristics
for exanPEleumal, gl ¥ PRahgandSingh, 199y mollachdEsen, 2006).
Peumal (d9€82veloped-lanmartMuskilogumrduting method based on
distribution scheme. The physically based Muskingum method
model in this method and the parameters are varied at each
prescribed flow zones in the irdLuevechyndogragh (1992) proposec
versions of the linear Muskingum method with variable parame
reach travel time (which depends on the storage, channel chs
obtained from a sinipthfed&¥Yieomawt egesatldumoud and Esen (2006¢
proposed two approximate methods for the estimation of linea
parameters. The first method requires the computation of the s

hydrographsrapotimé¢ of intersection, and the computation of tfr
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within the rhachlkecond method requires the computation of the
hydrographs at two specific points.
Although the current paper is based ocnodhHnredathMuwskiimpgum

betwefpsdfd-xdNfan@isusuallylimemr and Gill (19%B§ foolposiad

storage relatiaghsehMud&irngum model:

§ 6=Kk0k | 5:8{6-,0p3] (11

whemneis an exponent that defines the benwieemracelamniwladbd stor
and weightedhil®svexponenbedarrercdaty determined from inflow and c
hydrograplkstherafteenative parameter ekssiavatimamemettessented (s
for examGplk978und98%¥oon PaddmanaghB8Bohah99Kim et al.
200G ee,B00E&NhR009GIIl (1978) paopwtsed schelmeeohdrnear

model basthdeogmented curwehmreshcoke fficients abg adelteamtined
squares meltdwevieréechneqgsomewharltitraiypimocess of selecting
three pomtse segmented scalmimgultangothhe contkEmdityarid
storaggldequatiofts@onlinm@th¢buny985). Tung (1985) proposed
procedures usingeelve HHdk pattern ¢e mtrinppwesbBimple linear
regression (LR), the conjugatehgrBaiechlie (Cie)y, Radwgll (DF
techniques and used the state variablles aegphoigouhesodopwaoading.
with Gimlesdology which shdw€@ Ghand HteicDRPgues phedteaed
estimations of the routvhagopaaad Ptedmanabhan (@3 )neraorposed
leasfuares regression technique which directly fits the nonline:
procekes iterativeayifroams sumpaifothe parameters using the Marquar
algoritMmagardt, 196l addition, tlhhas meehodhado gpiseslythe data

andompset@sonably avaltuaetethe parameters toThhs estmMeated.

-10
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expedite the optimisaodrarm r(ddeasis). suggested a cdbbration tech
determiKjxa@gndbasedaganetic algthrdathawoids the need to make ini
assumptiwims et(z22001) propolsa&rdnony a&lggarrd flom e stimaft itdre

same paraaredeabserved that tuépeadbnmeuweeotbtieuriaind
mathematical algorithms, evolgtiommdmyoprbgeammprogramming. G
(200pesentdBdaaydEhetciCexldfesibanno (BEG)idque for parameter
estimatnoonlinear Muskidhegun meoBFGS algorithm is a branch of t
Newtorethbdsedmathematical ghasteandbers@aptiseid soludfon
thenconstrained nonlis€drue@@O9) redambzizy Inference System
(FIS)mplemented in an adaptive wid bwa rikofnNiursdanmogiy m toode |
estimate the outflowHoywlepoghepbalilpraottedure for finding the cor
values of the thre&, pamdmettkersnine this outflow shyhrplge a ped

(Kim et al., 2001)

3 Methesd

A mustiage proEiggsshat incllidliedensiBE®&RAS modelling of a
generalised river reach, staodtand) Modkiaegues svid$ ad@pysdsfor
develimg expressions for st&)aaged cweaigtlan ngy)(ffoatasse (in the
modifiddskingum mleahpdesenfenk. process begins with implement
generalise@ AE G odel using input flow hydrographs and geometr
detenine travel times and relative attenuations which are then il
to develop equations for estimating Muskingum model paramete

explain the process in detail.

Fig. 1

-11
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3.1 HEGRAS Model of Geneeral BeacRiv

The HR@AS model of the generalised rivier dgaamiwamoabeecut
for an extensive range of geometrical Hhb@&R AGHyOaaueéi@roperties
Engineering RewnereAnalysisiSysliilmmnsional link andordede river
developed by the US Army Ctdrapts dasstemgameles®lves the-dynamic
Venant equations using an implicit, fliheteretifcalemycder oge alpdics. o f

varyipgak ahglohydrogodpharydonpgatwere key topthte model

3.1. Hydrographs of Varying Peak Flow
Hydrograpmsrangpeafowsergdeveloped using a fFeitho2lplogy
and associatedrodftord®reckage 3.1 of the Irish Flood Studies Up«

programme (O Connor adtOGabwiamiibidoerscalhrecord of flow data.

Fig. 2

Any gauged lwhkabrercoofl good quality data was available wo
therefore be suitable and aanenguedrdsiite owst flowarsecboden.
Hydrograph develojpmdnthen¥ollowing:

(1)The annual exceeddémheeasemi®@®mod evernhe foelectwdssite
identifiedrécomdlad@a hown for a&wenglim Fig. 2 (a)

(2)Annual exceedence flood hydrographs were isolatkichgrom the
the complex segments on each sidesofgbeatyedabgtapkiing the
componéng. 2.(b)

(3)The isolated flood wegddoegrtamidardosbdve a peak value of unity

-12
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dividing all its flow ordinates by the peak flow.

(4)Thignti peak is assumed to represent ama hO/Q rpayriddisile flow
weregetermiantepdercentiles of 98, 95, 90 &. 10 and 5.

(5)Widths corresponding to these flow percentiles were average
exceedence series and theahresireditad bhygf tcngraph was
approximated bypdiditfiinregd dorm of the Goamneaecwivddhs. The sh
of the full unit hydrographheaadabtamnnedfploynential recession c
drawn from the point dhemidefceidrtGamma cu(a)e (Fig. 2

(6)The requydedddgraphs were geanaratexd thhy derived urfidrhydrogra
peafkowof different return periods (2, 5, 25, 50, 100, 500 and

Abase ffowthe particular retusrmpeedacdsordinatédliFig. 2

Fig. 3

Annual maximum filmwnestibrssh catchme®hdeaefiodlosed Extreme
Value (GEV) Type | distribujaord (NeBRIEidilsA7iD utlioond Guantiles
for thedrograpghg.imar(fl Dary from 9Pls4fbomthea? event to 153.90

m/s for theyéapdlood.

3.1.Hydrographs of Varying Duration

The hydrodreaywel®ped usmeghoidhgiyave the same base length a
therefore flood volume is deherlioced [Haod krlg/l oty athehegore,
between flood volume and flood peak is not fully defined. Floo
processes and to fully account for the random nature of their g¢

included if flooid Wwoduaceurately relatddtho ygealdtedepedop

-13
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relationships between volume and peak of direct runoff for catc
have been madexase@®dgers, 1980, Mimikou, 1983, Singh and Am
no validatetdoneship exists for Irish catchments and an attempt t¢
relationship in the FSU was inconclusive (O Connor and Goswat
In the absence of a validated miatred stddblicaditdsts the
would usually be aslsdtoatlsdow longer duration, a simple approa
duration is included independently of flololde paemkr aveacsh i nmylcel meah t
developing a triangular hydrograph of thyedmmeogobaprhgei s the 1

(Panelabfinking ubisme to the hydrograph characteristics by:
1. ..
VqumeZB:TB&SQP (12)

whefgis the hydrograph b&skes whkthlaod p8aX0sin The duration

of the y®®0 hydrograph corresponding to ahedyvabbmieoisr sapplbixg
durati®n Wwas linked to the Tamey ttheedbod StuNiER R epDFH (
relationship:

T, 8=25 17, (13)

By further scalingetlrenyd0®graph, the approach facilidated the d

secosedt mydrographdsfferend dtaoidig2(e))

3.1.3eometrical and Resistance PRp® Miedein HEC

The basicRIABCmogleametry (Bigcllideadsic banBgfualn(
floodplapnwidths of 25 m and a(fahkfulIndeistbankfull depth
produaebankfull flowWdod thyedrograph of the me@pamafloatiraving .
periathd ensured that floodplains in the generfolisleadgrmeodedowsul

The main channel side fllopeslaimdbthundaries wWeariiimmgclined at 4

14
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trapezoidal geometries in both the in@Gdmhkaaicdhyde aludick recnetan
of thmeain chamRean(d floodp)awsx(pressed in terms wdndanning s
assigrnatsef @Wand 0.25 respéheivieigph basenywhasechfosen to
ensure that measurable attenuations were oblserwva&sianmmdde! si
length) was 50 kmlamgitaslinal slope of Spe whoso dp trad & hin.

todl, 65 variations of these based gnopeghiesews roefdssmud éaltion s,
by A to H and inpvbixdrtoyneas varied at a time (Table A1l). Casc
the effect of chahheCasmegBhifvestigated ltdregetfifécrtad ffitdm@dplain
slop&y)( Case C varied thgdtaotiglaesigta®ase(D the floodplain
widthp)Case E, thesteafhsodplaidgahadp € gsbeFmain channel
hydraulic resytdrhoe iffluefntbel p&Q)and flood d(lgpwicosn

explored by ttoautimg sets of hydrographs (Fig. 2 Batthebibghnd Fig
the generalised model in the Case G and Caker H sein wlfations re
simulations, the effeca spehidhgesoimerty on flood attenuation art

was examined by comparing input and output hydrographs.

3.2 Standard MuskRogtmipdel

The travel time of the peak of the flood wave determined fao
input and odtrpgtraphs in -RAeSHE&Iel was assuimedsteoqgagleto t
consta&ntin standBmdskingum routingign.ethBdneEAtimation of
corresponding weighgiwgadamboesivolved. F&r imach nwhinatioofn
with assumlaie x(ofhcreasing incrementally from 0 to 0.5 where lo
high attenuation and vice versa), standard Muskingum flood rou
hydrogravmsepeatedly performed using Eq. 3, together with Eqns

a siers of outflow hydrographs. Peak outflows were determined .

-15



10

11

12

13

14

15

16

17

18
19

20

21

22

23

24

with the peaksfbdwheydrogigp(By)(alleaweeries of relative attenua

to be determined, from:

% Relative att:e%l%agim'ho (14)
1

wher@,an@.,are the peaksfbdwheend outflow hFidgrogrBphsl(A
Linear relationships between these relative attenuations from tl
assumed weightimgwarcdodeveloped. These relatdenshipsevere u
actual weighting theectl@ritsvieomatteaalectubaated by comparison of the
and outflow hydrogrdpth@& A ®iachl@E@ign 1l PanellhBy produced a
weighting factor for each of the 65 sinounlditignstdoagwehtcom sct@nrtess
were directly determined, covering therdéls ratggeo@ ¢ rd eecsmtentaic a

were assessed for the different inflow hydrographs

3.3 RegresApalysis
Usinguiwariate regaessysns, the compuikedheastiorage constar
and weighting factors were correlated to catchment and hydrogr

expressions for detd&ramiaciimgebotdest throperties were developed.

4 Results
Estimavadue Kanhdfrorhoth the-RHAEEL tivauhodellinghaend

standard Muskingamhowmnhagble aAll variatibhmesseliting

parameters with catchment and hydrogrdpbdandfpgities are show|
respectiValniations in both@)oaddptrak fvedpdain &3 oper ¢

shown to have only a small influence on storagelwdkadhftiom factc

the analysis.
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Fig4

Figbs

Resuldenfithhanhcreasing floodplain length (Case A) and widtl
noted by Wolff and8urgrecsrdda99es the capacity of the overbank z
and delay the propagation of a flood wave alon( asehdhnel. Lo
alsiaonportan3teep catchments have the capacity to convey floods
thaareome mildly gnaldiééedncreased conveyantadd uecddedteid e
(Fig.(B)and atten(Fagidb)) Thestrends are conshg¢tedingyW¥ oFf
and Burges; (L8&0¢ Rl (19 b havaeietl(ROO@hetarge attenuations
witBharpducsionthe variability of the cumwkata veb d eslitaedl uitno n
gradieatchmehdsgt al (1999b) reported that the Muskingum Cung
method suffers a certain amounépdndsl wometheslonigatudinal slope
channkdcreashreglateral slope ofCfdegdielsaiits in a geometry in wh
overbank flow is continually redirected back towards the main c
with steep laterakshovmgsawiihcreased proportion of the flood vo
channel. Furthermore, floodplain resistance in the generalised
that inmtdien chaihelredatteduationseawmdvieigpwetdeduced
travel t(ffigsk(e)in geometries with increasing éexaacewdreste & lgpiyven a
that a diminishingofthepodtadwsbeing influenced dxil ad@phagrn
roughness vYatuesisiemain ch@ashnd floodplain vasugeGanse

C)produce incredsedeghaation and travel time
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The full influence of floodplains on flood wave attenuation
influedlty flpwarkagnitude QCase nhxeulting overbamtkl deptéturn
period/pically less that 2 years), flows will not significantly inu
will not be affected by the addidoacnatealt tidiab dttileigs (Q)
indicateshtsnave speed is heghtivelyhesekventst flows that
produce low overbank deptbs l@eddErhyeka dilodbd phélimences
increaseenuation and tiGaed Hnsemulations assessed flood durati
attenuation and flood w&whee tr @wer Hlionedl.,pepkafduratith (
define the flood-hoods @oiwhvollhm@rogrhphbarp pamadstisaert
duratierperience significantly higher attenuation than those wit
that are characterisedsbynhtilgé wviglimmdimb of the hydrograph wil
occupy floodplain storage that is available and once occupied;
available for the remainder of the flood. The attenuation provii
casesghus lidniten contrast, hydrographs with ladwspisiag mmdbt odlu
the flood volumeatnd sconagi® ute tidh ecroehraer,ati vreel lya hmgeh

downstrattmnuations

5 Development of MudédreBaurameters

The influences ofrikalgeemiestance and hydrofeamhnproperti
Figdandighweriemcluded in-aamatei regression analysis to generat
for these rpartamgetémes. floodplaintyidn tithe bankfud) wiedteh (B
expresagda single parametgy/Bh¢timeetdodrysistent wioblvea braerk

floweseafoeXample Knight and Shihoexefelss®aies
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n?pZ‘l n(:nélcz gggo T007
K=0.7 9-4 02 (15)

06

LO.OS S).lS TO.39
x3=0.0 35 " (16)

S AR

Applicatigglbfequiregath@tand therefore horizontal floodplai

represented fzero nveaddee &fimilarly, the equation assesses floodp
therefpeak flolvsuld exceed bankfull discharge capacilties in a gi
should be noigqibtla&idlare based solely on the influences of the
paramedarselative attenuations and delays bithleddR@eSaks deterr
modellintgpaedriatiimhlse generalised river reach. The values of pa
aréherefore based on the simulated data only and as with regre.
parameters that may intuitively be considered to be important d
fore in the ahlaéyesgative influence of floodpliaifk gqdddhrcase (n
pointt would be expected that significant floodplain roughness \
large storage and yield low storage weightingRfAa®tmiosde lHogevet
increasing floodplain resispamnper riioneasdtdothdeing conveyed in
channel for all flows investigated, with the result that simulate
performance of theskownHigésvhere the routing Wamdmeders,

plotted on linagrasttthese calculBydd a6

Fig6
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Figeindicate&EdbhatakBdlereproduce reasonably well the simul:
for most of the geometrical, resistance Howelvedroggamehl ipwot@eirad i
exist. Simudadbting f&caagesslhown to vary most significantly wit|
durati®n.( The poor fit nmayreisuctta floenassumption of independenc
between the flep)damaelakhé floodTglahatioas made when including
duratioa @arameter in the regimre sagiditim,dede crirysaeuersgiof
Figaindicates the low infpuepeenotfth&uitsng paralmedaemsned using

the equations

6 [llustratidvhodifiBMldsking&tmodo®Rtingethod
Theoutimgethpdesemtadpplied tRivbe $nGo. Tippdratgnd.
The River Suir is typical oifnnesin $ricsfharsdertslédow main channel
floodplain siMu@6i8y km reach between the New6B80Bj)gan@dStation I
Caher Park (Station 16009) gaug(hig stRAdithnstatas nte,stadaddition
a third station at Killardry (Station 16007), whéRavtdre flow of tf
Aherlowegt joins the Suir Beidgeeane@akas fheasured, are
characterised by good qu-alinhwytelifd otwseelchbds fromOL®&EL to 2007
lessignificant tradsoajiaess river between these stationlshbut are nc
catchment areas to the New Brgdggingds G heersPaarkdl 1802k m
kmMirespectively and the area to Killardry on th®h&hfdolmdve River

history of the river in this area also indicates that significant f

Fig. 7
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[llustratingtthhaed vwo lveepdp licatitdnenofdifidMdskingum nmuesihgd
Eql5 aBdl6torowet selection of myelasgraghsBatdidewhrough the
River Suir reach antheaimm@aheag®holse obtfaomedoth measured
data &madma HERAS model of the riveHEgRAdBmoddlhwas developed
from 35 recently obdactieoh € rloestswBrad gdeand Caher Park that defi
the main channel geometry and floodplains tm &reundtheof approx
channel bbdnke Suir and AherlDlwies daeaswas augmented by LIDAI
further define the floodplain topography to widths of approxima
main channel. Longitudinal distances éettiwasn meeceuead hc vosis
approximately 400 m and this resolution in the modadetliomnas incre
interpolation. The lower reach of the River Aherlowe was inclu
85% and 70% of the Suir and Aherlowe catcahdiytgrresssgiaatvely
pasture and thisdl@amdnase iirs the flod dpdamsegleae of 0.05 for
grassland pasture with areas of brush described the hydraulic r
a coefficient of 0.04 that is typicailghdr aleaasomambhyl at full sta
some obstructions and marginal vegetation defined the main ch:
1956; Chow, 1959; Hollinrake and Millington, 1994).

The majority of natural hydrographs are comprikgs and are ct
multiple peaks that reflect both the temporal variability of the ¢
heterogeneity of théalthowalgmheintis theoretically possible to resol
hydrograph into a series of ghepieultsdgnedhaypliegraphs from
isolated stormxenescrtesd from long flow nactdridsswadyu sleglsleating
evemnwasa laboriousntlask assisted by FSU hydrograph processing

facilitabedidentificaitmpieohydragralpshshree gauging stations for

21
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specistorm events. These events related to periodS,in Decembe

August 1986/ Septamdb &eclt®BGOIHNemBO O Fi@Q3).

Fig8

Measured outflow hydrographs tanCiahler FPearkft@eanped by a
numbeftributarifowsigi)for which no flow datd heiaviani palxites. on the
peak and timihlgpod htyelrographs in the main RBuner Sdin,. therefor
ensre thameémesuoeaedflow lgydpat CaherwrRrarekt unduly influenced by
these tribabharithsat measure cbdoastia teefd eirtbggnodifilmdth,0d
measured hydrogradBrhdg atntldwll&rddywere routedthiidrBE&gh
RAS model of the r(itMeat sepsdleudes the tribartarioletonveo rdkata is
avabland compared to observed hydro dhagpdca@ite€ mreart Park.
betweerhydeographsimotintee HREAGG moaredthoseeasuaedaher Park
for the three evehnddgFriglesnidjaates that the contribution of the t

other than that from the,iAhetriogeiR caert.

Fig9

Paramet&rglbnakdléapply only to a single reach and cannot
extrapolated to a rivenclugsitesnathaeibutary networfkthdor validatic
modified mtétdred Creeher Park hydopadeaplhree storinadvexdlude
the contribution from the Aherlowe Rhes e awere x ey eeld
routing the obseraphshadrikghaodmgh aRFAESCmodel of the river fron

this location to Caher Park and subtractingmaaseabgdalographs f
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ParkKi,he resulting hydrographs adpusédgrdeagtdpdisaugh this
procassscewhat artificial and backwater effects from interaction
floodplain of the main channel and tributary ,ateddiettina@alneded in
likely to be local and in the context of a 16.8 kmdreach, the apyg
accepta®oenparisonadfutsheydirographs with those determined by rq
measured hydrographs at New Bridge using the modified Muskin
performance of the approach to be illustrated.

Theéesting of the Musthiawggunygh5 aBgl6éwas based on assignin
appropriate values to parameters that describe the geometry an
channel and floodplains together with the characteristics of the
Geometrical podthertmeasn channel anveféoddpdamnned from survey
and where necessary, averagedTbeefrldbdpriavi@p)sagued ¢ h)gth (
ar&SU catchment descwipitcdrannumerical values ardaismadily availa
channed #dloodMamming s resistances were estimated to be 0.04
and flood peaks and durations werasdipgfdomihgdrorgmaphs at New
Bridge. ThisumtearssEabilfothe 1954/ 5&ndl2864 flobd eve
For the initial testing ofloloe phaith oyl titiiea f leve reomputed by
averagifog 400 m intervals over thhee 1f608 dmhaieawihdthrompredicted

the HBR@S model when routing the measurid dhya togCagles &#ta Nkev

Tablke

Caher Park hydrographs using the modirfeéer Muskongam met|

Muskingwmth these averagewdidibsdprilaishownwihhFtage udted

-23



10

11

12

13

14

15

16

17

18

19

20
21

22

23

24

25

26

Caher Park hydidgr&paitse h yPaarrckgrap hsh értidR@ S mo(deferred to

as HRG@Sare also shown for comparative purposes.

Fig.0o1

Although strong correlatiMoskbetanede H-RI®S routed
hydrograpé@sidenkign0,1the usefafintbdespropestead as piesented
limited that the floodplain widths are derived from hydraulic rou
predictive capacity dfoiteéphaebhatienuation indicators (FAIs) tha
developed for the Irish Flood Studies UlpAbadeatdUpowegenstilise
that detfipeactive riverifhldoibhl aiatdlom éméysd 86, ) ,thda0gear
(Qopantthda 009e a@QoopflOoOodsom normal depth modelling at FSU nod:
(approximate intervals of 500 m) on thappaomchsesdboatwibek. Th
assumption that the @Qwedviidh &loedyrn ppeiod effRivalidret to
bankfull flow in @ivernweéhsat bankfull recurrence intervals in man:
order oBylears (see for exaathp,led Re3eamPatquet, 1997gn@dastro
Jackson, 200k slyimpg assumption isTrieasoaaiale.flood is determin

using an FSU re(lanveasbypand Murfohryy2galllged catchments givel

Q.07 123MTAREANBFI””SAAR FARLDRAINDSLO8S
0p+A R T DR AJJ} (1y

whe®eREAKM is the catchment area of the river to the outlet poi
S108&,/kmg the average slope of the river betwpgth 1f0 Bmanhde 8 5 %
OUtIStAARMmMIsS the annual averatges r@aand affeitrit,is a flood

attenuation factor for reservoirs and lakesRMBINDig)the dbaseflow
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simple index that relates the length of the (lpm)rtéeemahgadrofiogic:
the gauged catc®hmedt ARMDIBAAN indtévantferial drainage extent
defined as the percentage area of boanteofithregtbant € at cthmreerstpar e

Simple multipliQathynappropriate growth curve factors defin
magnitud@&s @Qfan@oooFlo@daifrows were determined @Qu¥gsubtractin
values from these flood quantiles and corresponding floodplain
iteratiaelsll nodes using the Mmaasedgoegibhatiggenometry at that not
resistance colaticmiastconsistent waah the hai@casporating these
depths into a Digital TerrdarciMoateld(thleMproduction of flood pol
Qo Qoldan@iooéor the drvelh network

The return periods for the d 294/4 blw,0d 9886 &ame River Suir v
between 5 and 10Qye&aAbk .wish ee ftdre mossltevant polygon from whict
estimate floodplain widths and Jah0 awmaes adgect@ ryraillueed offrom the floo
extent at all nodes Bretwaered Qewe r Pyalmto.graphs developed from t
modifiMdskingum approach using this flo@adplahpwnditthl of 100 m

withhose generated from hydraulic routing and those developed

Fig.11

6.1 DiscusoifoResults

Visllacompasodotrthe hydrogFapb&nithig.l,1lalthough somewhat
subjectprvevide a quick and simple means of assesedifieatde perfo
Muskingum routing method presémsedpinstamiglypEpber Park
hydorgraphBigOtorrelate closely whtdhotdhidddedskingouethod in

which floodplain widths were extratitt@® ArDorutriegu it b daher,

25
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given that floodplain widths are based on outpajgprens afhydrat
[imited use. More meaningful assassan@mnédicft ah e fmeu tféadw
hydrograpésshowmngihl Hegeqga@dgreemsnadgain obsetwean
hydrographshéromodified Mus&ithgdmn which floodplain widths are
detmined from the FAIl catchmentHERA pridd,j ashdydhegraphs.
Thgoodneffsbetwetdhhe Muskingachjasiydrogrammegualitatively and
less subjectivebynte ddedegobdn-esfscriterecommendleedvbty and
Schulze (1®®®Jne&st statistical tests meavndra shmudaveationtput
from an observed iapdtdd &fter sett tests are applied to assess diff
componeRo®t mean squabtRdMEHeternmtime magnitude of error in the
computed hydrogwaepdseatmthated using the relationship by Schul:
given by:

!‘/ 553@0 m(p)é'Q b(s)&)
R M Sag/ &

n

for i =1, 2, 3,&&n (18

whei@ompan@oe)are the computed andhabgesvad abismfierent
time stepsven thabptdakw is important inhgdsiongyrepdeé,nt
percentagersomputed and observed peak flow rates, peak timini

determined using the foll(@vieegn &qephieomsdH) 19

Epea(j:wa'lo (1p
Eimgmi—ylo (2D
E,0|uné_vcom§_V0b%,lo (2)1

obs
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wheBgea&imantoumreercentage errors in peak flow, timing and h
volumes resp&¢bivenhonareompuaad obsereveldwWdd comgnd
bobfAilre computed and osbseryedlkanianands,are computed an
observed hydrograph volumes.

Even though thg BRWNS&ENdEFunstatisticassags model
performance efdefdevengbhe ipeaf computed and observed hydrogr;
not be accounteddooviarldpme thairs® Nakilife (1970) proposed a

dimensionless coefficient oE)ngowasefficiency

_Ro-F
R

Ed

(2P

in wh iE?Er?n?{gobm 58-Q,.,0 an diza:?n?{)obm 5-Q,0).

The coefficient ofnEif2@peacydes a well accepted measure of fit
computed and observedthywadograpdre,asing toward unity as the f
simulated hydrograph progreéesslivetythmp exwcet@réeh and
Stephensonark98énsidered to reflect a gooth e ard pd atean amat wiee n
Muskingum aprRIABEydrographs i.nRRemsisltsstwodythese statistical tes:
thdMuskingund HRG S ydrograp hahrairrk-igl lare compared to

adjushgdirographs developed frame odblsewvadibed ata
Tablz

TabPshows thatothéiddskingum method produces outflow hydrogr
compare favourabdyjwstiydhegraphszomenparaliheose developed
throudBEERASnodelling.ifffdrerdces tihatveaest both the Muskingum

HEERAS hydrographs and the adpuetdikdlydtograsuis from the sim
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assumptions indoedhe metfiodreealimyain channel and floodplain mom:
exchanigeshe River Smecremmayg flood wave attenuation and decreas
Howevéenodifirediting parameters were develorpate faonml yas nsudti
data fdebnmodeldifng gemsedalkchamnehich the energy losses from th
interactaoeanot incfudeldermore, the influences of geometrical, re
hydrograph properties in this analysis werrehassexss&ld/sadepende
Similarly, main chl@aond@lleaimdinteractions are unacec®RABted for in
hydrographs devel®dpeddedmny of the River Shie smypdajctreach.
these interlcwiensr, dpwearthe relatiolbBghbpakdlbare
considergrovodasonable estiaatekisn ftdre presented method. The
satisfactory performadcfem@ftitbed further implies that the storage
Muskingum routing methods is a substitute for the momentum ec
approaahegpical Irisihdivleesefore it is reasonabledoanedéaeesthe
to channel and flow characterbytics (Perumal, 1992

It should be noted however that the Ilimitations of the apprc
hydrological or Mbuoskdnmpwmidig methods and therefore, the result
should be confirmed if applied to river reaches where backwate
significant, where floodplain sinuosity is exces$aigedy high or wt
momentumnegxech®detween main channel and floodplain zones are
method however, does provide a simple and inexpensive method
estimates of the time and shape of a fsoodehpdnkgahpmgas ntverra\

reach
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7 Conclusions
Amodifilemdear Muskingum routing m &ltchcodp Edoinvasbie for

presented in tiMaskapgum flood routing methods disclhasgd on st
relationships in river systems and can satisfaghgrihyrpveduce ou
systems where inertia effects and backwater influences are sme
routing paraxaetkershat describe the storage characteristics of a
usually derived analytically from obsdread upstrea@ma pansd edkd wancst
from historical flow peopodweathldde s expéiaittionshKpasn @#or
decribieddterms of standard geometrical and resiwtéince propertie
floodplains together wishapmodoferivesy dfosgrdplte relationships wer
based on regression analysis of computatidnmérdsitenglnerated t

modelling of a generalised river reach. The expressions are:

060

n?p“ ng4czggg° 100" o5 2o o
Op x8=0.0 3 -

st BB

Applicatiobmeebhhaequiredath@tand therefordlbodiglaibhasl are

K&=0.7 9

IIO°

represented fzerao rnvemdfiseFurthermbeeodified madbesises floodplain
effects and tHewsfomast be sufficient to produce Agputlicfabimmk con
of themethod in a reach of the River Suir, Co. Tipperary, Ireland
outflow hydrographs that compared f@eaufadhmy me atwrsed deé¢ovelo

records.
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