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Preface

Theselproceedings(areltheproductioftheNCRdays2004,held 46 November2004inWageningen.
TheNCRIdays(arelalyearlyconferencelatiwhichmainlyyoungscientists presentitheiriongoing
researchion(awidevarietyoffluvial'subjects.[Since2000, theINCR[dayslhavebeenlorganisediin
rotation’bydifferentlinstitutesrepresentediintheNetherlandsCentreforRiverstudies(NCR).Withthe
NCRIdays2004,0rganisedbyAlterra, the(firstlustrumofithisieventiwasreached.

Thelconferencelcentre ‘DelWageningse(Berg’, hostingthe[NCRIdays(2004,is[an[excellent
location(forlalconferencelonlrivers:lit sits(on(top of a steep hill offeringamagnificentviewon(the river
Neder(Rijnland!its[floodplain({seePhoto).(In(this(inspiringsettinglwewelcomed(141participants, (the
greatestnumber(since(thelstart[ofthe conferencelseries.[Amongthem(were[22(participants(giving(an
orallpresentation. Additionally, 24 postersiwerel presented.[Forthe first[time, four[workshops/were
organised, with[thelobjectivetolinitiate [discussionlonhowfomatchsupply@ndldemand’[of fesearch
on(differentlissueslof[presentlinterest. Thelideafolinclude workshops(inthe¢onferenceprogramme
wasanloutcomeloflthelevaluationlof(theINCR[days2003,(éndorsedbythe (5lyearévaluation0of(INCR.
Afteritwoldaysloflpresentationsfandworkshops,[afieldtrip[tovarious[fecentprojectsfonlimproving
environmentlandsafetyonithelriveriNeder(Rijn((Fig.1)wasapropericonclusionofitheconference.

Thel46contributions{orallpresentationsandposters)tolthe conferencelresultedlin(the(43
paperslinithisproceedingsivolume. TThepapers havelbeenlarrangedlintosectionsthat basically
representithevariousisessionsofithe(conference.(Inithelreviewprocess,wewerehelpedbymembers
of(the[NCR[Programme[Committee: Eelcovan(Beek, Gerard(Blom,Ipo[Ritsema, Rob(Leuven, Jan
Ribberink, [EriklMosselman (replacing[Kees[Sloff)land[Remko(Uijlenhoet.[ Theylare(thankedfor(their
carefuliwork.

Welalsolwish(tolthank[TinelVerheijlof(the conferencelagency(Routine, Jolien[Mans[of(INCR,
thelchairmenlof(thelsessionsFreek Huthoff,[Nadine[Slootjes,[SaskialvanVuren,lvo[Thononland
Menno[Straatsma, thelworkshopspeakersPeter Glas, AlmarOtten, Jan[Al,[Udo[Boot and[Henk
Verkerk, andlour’keynote[speakers[Pavel[KabatandlJoost de Ruigh.[Funding[bythe Netherlands
OrganizationforiScientificlResearch((NWO)iis gratefullyacknowledged.

Duringthe(firstfive[yearsloflitsCexistence,[theTNCRdayshavelproventolbean attractive
platformforfexchangeloflideaslandldiscussioniservingthe[community[ofl developersrandluserslof
expertiselon(rivers. Thelchallengelforithe hextlustrumwill lbe tolmaintain thelintimateandlinformal
atmospherewith[possibly(stilllincreasinghumbers(ofl participants. Given[the[positive experience of
2004, weforeseelalbrightfuture fortheNCR[days(and¢onfidently(lookforwardtolthe 2005 [editionithat
willlbelorganisedbyINITGITNO.

BartiMakaske, [Henk Wolfert &AdvanOs




Ativariousrighthandpagesyou will find(photographs(givinganiimpression(of the INCRdays2004

De Wageningse Berg—

Figure[11.CAnl"obliqueaerial view lon(1'De[lWageningse[ Berg’, the[ Neder RijnUand(lits[ floodplainbetween Arnhemand
Wageningen({viewllooking horth éast). The arealshown((12.5x[20(km)(alsolcovers(theldestinations of(thefield trip after the
conference. (based|on(the(GeomorphologicallMapof'the Netherlands, scale(1:50.000 by Alterra).
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Abstract

NCRIisthelabbreviationforitheNetherlandsCentre forRiver(studies.ltlis[alcollaboration ofninemajor
scientificlresearchlinstitutesin(TheNetherlands, wWhichiwas establishedonOctober8,1998.

NCR’s(goallisfolenhancelthelcooperationbetween themostlimportantiscientificlinstitutes’inthefield

ofriverirelatediresearchiin(TheNetherlandsby:

o[ |Buildinglaljointlinldepth knowledgebasel onlriverslin[The Netherlandslinlordertol adequately
anticipatelon(societallneeds, bothlonnationallasiwell aslinternationalllevel;

¢[IStrengtheningthenationaliandlinternational’positioniofDutchlscientificlresearchiandleducation;

o[ |Establishmentioflfalcommoniresearchiprogramme.

NCRiIstrivestolachievelthisigoal by:

e[JCommittedcooperation,iniwhichthelactualicommitmentiofthe(participating[parties(is[expressed;

o[1Offeringlalplatform,whichlisexpressed bylthelorganisation of meetingsfwhereknowledgeland
experienceslareexchangedlandwherepartiesoutsideINCRare warmlywelcomed.

Thelcommittedcooperationfand(collaborationlis[basedlonlarprogramme.[This[programmelwas first
publishedlinOctoberi2000andwaslactualised(infAugust2001.
Theplatformfunctionlisfexpressedlamongstiothersbythelorganisationofthesolcalledrannual /NCR[
days.Thelpublicationat/handi¢ontains(thelproceedings(ofithe[NCRIdays,lorganised(TonINovember
475,12004.

ThelproceedingsLof(the(NCR[days[2004 [are[subitled fResearchforCmanaging(rivers: present.and
futurelissues”.

Thislis[subdividedlinthe themes((i)[Flood[Managementland[Defence, [{ii)[Hydrology, [{ii))(Ecologyland
(iv)[Sediments, HydraulicsCand[ Morphology. Theytoverltoallargeextendtheresearchwhich(is
performedin(TheNetherlandsinowadays.



Samenvatting

NCRIstaatvoor[Nederlands[Centrumivoor[Rivierkunde.Hetlis(éen[samenwerkingsverband datop[8
oktober998lis/opgericht/doorinegenwetenschappelijkelonderzoekinstituteniiniNederland.

Hetldoellvan[NCRishetlbevorderenvanisamenwerkingtussenldebelangrijkste 'wetenschappelijke

institutenfophetigebiedvanrivieronderzoeklinNederlanddoor:

o[ lhetlopbouwenvaneenkennisbasisvanivoldoende breedte en(dieptelin(Nederlandomtrent(rivieren
waardoor[ ‘adequaat kan[worden[ tegemoet gekomen[‘aan[ del maatschappelijke behoefte, zowel
nationaallalslinternationaal;

e het[versterken(]van(]het]wetenschappelijke[TonderwijsC]enlonderzoeklaanl]dell1Nederlandse
universiteiten;

e hetvaststellenivan’eenigezamenlijkionderzoekprogramma.

NCRwildit/doellopfweemanieren(bereiken:

e[ lvia gecommitteerdelsamenwerking;hierin(komt het daadwerkelijke(commitmentvandeelnemende
partnersl(tot(uiting;

e[ lvialhetbiedenvanieen platform;dezefunctieuitzichlin(het'organiserenivanibijeenkomsten, waarop
kennislenlervaringenworden(uitgewisseld;@anderepartijen(zijndaarbijivanhartewelkom.

Delgecommitteerdel samenwerking[ geschiedt op[basis[ vanleen programma.[ Dit  programmarlislin
oktober2000ivoorhetleerstiinthetiNederlands(gepubliceerdienigeactualiseerdlinlfAugustus2001.
Delplatformfunctie(komtonderianderetot(uiting/in(hetjaarlijksorganiserenivanidezogenaamde NCR[]
dagen.Voorliggendepublicatielbevatde“proceedings”vanide INCR[dagenidie[gehoudeniwerden(op4
enbmovember2004.

DelproceedingsvandeNCR[dagen[2004[dragen(delsubtitel*“Researchforimanagingivers:present
and(futurelissues”, vrijivertaald“Onderzoektenbehoeve vanrivierbeheer: hedenentoekomst”.

Delverschillendelthema’sivande [ INCR[dagen(12004, (i) Hoogwaterbeschermingllenbeheer, [(ii)
Hydrologie, [(iii) Ecologielen((iv)[Sedimenten, HydraulicaenMorfologie,[dekken[eengroot gedeelte
vanlhetlhedendaagselonderzoek(datiin(Nederlandoplrivierkundig/gebied iwordtuitgevoerd.



NCRI[days2004;Introduction

A.G.vanOs

Programming(secretaryINCR, [Netherlands[CentreforRiver studies,P.O.[Box177,[2600IMHDelft, TheNetherlands;

ncr@wildelft.nl

The[NetherlandsCentrefor/Riveristudies
(NCR)lis[alcollaboration(ofthe (major
developersiandusers(ofiexpertiselinthe
Netherlandslinithelarealoffrivers,viz.the
universities(of(Delft, Wtrecht,Nijmegen, Twente
andWageningen,[UNESCOIHE,/ALTERRA,
TNOINITG, RIZAland WL[]IDelftHydraulics.
NCR’s(goaliisiobuildajointtknowledgebase
onfriverslinitheNetherlandsiandfopromote
coloperationbetweenthemostiimportant
scientificlinstituteslinthe(fieldofriveristudies’in
theNetherlands.

NCRIhas(twolkeyfunctions:

o Networkloriplatform(function:thisfunctionlis
reflectedlintheorganisationofimeetings at
which’expertiselandlexperiencelare
exchanged;otherpartiesiareverywelcome
tolattend.

¢ Researchlorientatedlandleducational col
operation:iniwhich(alreallcommitment(ofithe
partnersl(isreflected.

Tolperformiits(firstikeyfunctionINCR@imsto
providel@aniopenplatformforiallipeople
interestedlin/scientificiresearchfand
communicationfonfriverlissues.
TolthatlendINCRIorganisesioncelalyearthe
solcalledINCRIdays,wherelontwolongoing
consecutiveldays(scientistspresenttheirriver
studies,linlorderito/maximisethelexchange of
ideasland(experienceslbetween(the
participantsiand(io(provide theresearchers(a
soundingboardiforitheirstudyapproachiand
preliminary(results.[Basedonlthesecontacts

theylcanlimprove theirlapproachiandpossibly
establishadditionallcoloperation.

NCRorganisedthese NCRIdaysforitheffifth
timelon November(4™and'5",2004 inDe
WageningseBerglin(Wageningen,the
Netherlands.

Inithepublicationiatihandthe [presentations
and(posters(presentediare summarized.

Theistatistics(ofithe(2004(days(are(very
satisfying:(wereached(anallltime highlas(far
asnumber ofiparticipantslisiconcerned:[some
140(participants(distributedevenlyoverthe
NCRIpartnerslandlotherlinstitutesand
consultancylagencies((Fig.r).
Theldevelopmentiofitheparticipationoverithe
yearslis(giveniin(Fig.2[(next(page).
Alsoithepresentationsfandiposterswere
reasonably(distributedloverNCRIpartnersiand
nonNCRparticipants

Initotali27 [oralpresentationsiwere(givenand
25[postersicouldbeseenland(discussed.(ln
factimuchimore(presentationswereproposed,
butlthelorganisersihad(tolimitthe @amount(to
20((plus(7 keynote[presentations)fo(givethe
participantsiopportunityforithelpostersessions
andidiscussions.

TheNCRProgrammeCommitteedecidedlin
2003 tolestablishithe NCRIdaysPresentation
and[Poster/Awards.Theybothiconsistiofia
Certificatelandithe refundinglofithe
participation/costs(forthe[NCRdays.

20
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Figure[1.[INumberofiparticipants/perlinstitute
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Figure(2. Developmentiofiparticipationioverithelyears
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2000 [02001000200200020030002004

Thelparticipantsideterminedithewinners.To
thatlendleach(participantireceived(four
evaluationformsI(twoforialspecific
presentationianditwo(for(aspecific/poster)at
thelregistration/desk. Theylwere(selectedat
random.
Thelparticipantsiooktheirfevaluationljob’very
seriously. Thisladdedconsiderablytothe
liveliness(ofltheldiscussionsiduringthe
intermissionsfand/posterisessions.
Thelposterisessions(are(averylimportantipart
ofithe[NCRI[days.Weuse/the‘HydePark
Cornerlapproach’iwhere(the [primary/poster
authors(are(givenithelopportunitylinftwol]
minute(talks’[tolgivelthelparticipantsian
appetiteltolcomeland seelthelpostersand

discussithelcontentiwiththelauthors.(This
workediagainiverywell.

Thewinners(oftheINCR[days/Awards(were
announced(atithe(endoftheINCRI[days.

TheNCRIdaysPresentation[Award 2004 [(Fig.
3)waswon(byRoy(Fringsforherpresentation
‘Supplylimitedtransportiofibedloadsediment
atthelUsselkop’(seelpage94).
ThelNCRIdays[Poster/Award2004 (Fig.4)
waswonby[PaullAalders(forlhisposter‘A
3,000(yearidischargelsimulationlintheMeuse
basiniwith(astochasticiweatherigeneratoriand
the(HBVmodel'[(seepage(56).

Figure(3.INCRIdaysPresentation Award 2004

Figure!4.INCRI days|Poster Award(2004




Relating(riverichange, biodiversityandlandiuse
consequences:theTaquarilRiver,[Pantanal, Brazil

R.H.G. Jongman ! B.[Makaske 1,&3.R.[Padovani Z,EM.Wan[Eupen 1[&B.A.M.Wan[Rooij !
! Alterra,(Wageningen(Universityland Research(Centre, P.O.[Box(47,[6700l/AA IWageningen, The Netherlands;

rob.jongman@wur.nl

2 EMBRAPA[Pantanal, CaixalPostal109,(79320:900:Corumba, Mato GrossoldolSul, Brazil

Introduction
ThelTaquarilisattributaryloftheParaguay
River(insouthlwestern(Brazil (Fig.(1).[Onelof
theproblemsthathas(developediin(the(last
thirty(yearslis[the/permanent(flooding/ofithe
savannahoveranareaof11.000 km?onithe
Taquarialluvialfanlinithe[Pantanal.Intthis
area,anlinterdisciplinaryresearch(projectiwas
carriedlout{withintheframeworkofithe
PartnersforWaterresearchprogram), which
focusedon: (1) the@analysisiandimodellingof
thelongoing(process;(2)thelconsequencesifor
biodiversitylandlland/use(ofthellowerTaquari
floodplain;((3)capacity buildingforithe
organisation(oflintegrated(riverimanagement(at
thelbasinllevellincludingirelevantistakeholders.
0 Thelupper(parts(ofitheTaquarilcatchment
representonelofithemajorierosivelareasofithe
highlandslaroundthe[Pantanal, consistingof
sandyIsoils.[According(fothelocal
stakeholdersthisierosivecharacterihas
resultedlinthelihundationsiofithefloodplainof
thellower[Taquarilbecause ofisiltinguplofithe
riverichannel.
Erosionlintheuppericatchmentiisbelievedto
havelstronglylincreased(as/alresult(of(clearing
ofthenaturalvegetation/(Fig.(1).

National
colonisation

BRASIL

200km

Figure(1.[The TaquarilRiveriandthe/Pantanal basin'in
southlwestern Brazil.[Forest(clearingfollowing“national
colonisation’ of the Upper Taquarilcatchment was
hypothesizedito haveenvironmentalliimpaction(thellower
Taquaril(increasedflooding).[Hydrologicalimodellinglin(the

oflland uselchangesionlTaquarildischarge.

presentiproject, lhowever, demonstratedionly limitedlimpact

Projectiapproach
Thelprojectiapproachiwas(iolcarryout(joint
BrazilianDutchresearch(onriverrmanagement
focusing(atiunderstandinglthe(Taquarilsystem.
Modellingofithelriversystemandlits landcover
andand(uselinvolved(construction(ofiaDigital
ElevationlModel (DEM)and(alriveridischarge
model.[Geomorphologicali@analysisiofiremote
sensing/datalandicollectionofinew field data
(sampling(for 14C@ating [andigrainfsize
analysis)yieldedaniimpression(ofiriver
dynamics(ativarioustime(scales.[The/DEM
was(constructed by the(lnstitute for(Geo!]
Information’Scienceland(Earth[Observation
(ITC)landwasused by WL [J[Delft(Hydraulics
aslalbasis(for(ariverflowodelforithe
analysis(ofitheriverichanges. Thewaterlinput
fromthePlanalto’'wasiconsideredasialgiven
parameteri((‘blackbox’):theTaquarifatCoxim
(Fig.M)listhelonlylinputiofisurfacewaterlinto
theplains.TheDEMrandithelhydrological
model, withlimportantiecological knowledge of
EMBRAPA[Pantanalimadelitpossibleto
developiscenarios(ontheconsequences ofithe
ongoingprocesses|foriecotopes, landluseland
species.

[l Tolprovidelriverimanagers(and
stakeholders(withlinsightlinlthe consequences
ofplanningfandimanagementoptionsforithe
riverisystem,itwasinecessarytolanalyseboth
thelsocioleconomicandithelecolhydrological
consequencesiofithelchangesiinithelriver
system.[Forithe@analysis(oftheselimpacts,
socio’economic/andlecological’scenarioswere
developed foridifferenthydrologicaliand
climaticlchanges/affectingthelriverisystem.

[l [Thellast,landforlalllinstituteslinvolved
most(difficult,[@aspectoftheprojectiwasthe
integration(of(socioléconomiclconsequences
withthenaturallprocesses.Usewasmade of
interviewswith(stakeholdersiand(analysisof
existingleconomicldata.ltlis[Supposedthat
datalandknowledgepresentiinthelinstitutions,
withifarmersiandcivilisocietyare(sufficientto
makelafirstistartiwith thelconstructionofithe
DecisionSupportSystem./In(alspecial
workshopithe(principles(of(decision(fnaking
anditheneed(for(aldecision(unitiwere
discussed(aswelllas(the(principlesof multi]
criterialevaluation.Threelscenarios((aldry,



average,andiwetscenario)werelevaluatedto
demonstratelthe[principles of(spatial multil]
criterialevaluation.

Results
Thelresults(ofthe(projectiarevarious./A
fundamental(productiisthe[DEMofthestudy
area, with[an(altitudelaccuracyo6f0.10m(Fig.
2;Maathuis,2005).

Figure(2. Thelfinal DEMof'the TaquariRiverifloodplain
inithelcentrallPantanal (Maathuis,[2005). Area'shown
measures(+300kmliniwidth;northlis(up.

Otherbasiclresearchiproductsarelthe
reconstructedigeomorphologicalthistory,and
thelgeomorphological'maplofithe Taquari
alluviallfan.(Thelgeomorphologicallanalysis
(Makaske,[2005)shows|that(the flooding
problemslinithearealarelassociated(withtwo
majorlavulsions:theCaronallavulsiononithe
middlefanfanditheZédalCostalavulsionion
thellowerfan((avulsioniisidefinedasla
diversionioffriverflowfromranexistingichannel
ontolthefloodplain,eventuallyresultinglinia
new/riverimain(channel).lInfadditiontothese
twolavulsions, many crevasses(existlinthe
levees(ofithe(Taquarilonthemiddleandlower
fan((Fig.[3).

(1 Ourlunderstanding(of(thehydrologyof(the
studylarealhas(considerablylincreased.A
groundwaterimaplandiafloodingmapofithe
riverbasinwereproduced.lLlongitudinalland
transverse’hydrauliclmeasurementsiwere
carriedloutiandraidischargemodelwas setup.
Itwas/demonstratedthatlincreased(discharge
oflthe(TaquariRiver, leading(tolavulsions/and
flooding, mostlyresultsifromlincreased
precipitationlandfolaimuchiesserextentfrom
changeslinllandluselinithe¢catchment(Querner
etal.,2005).

(1 Aslalresultiofresearchefforts(invarious
fields,therelisimowlanuptoldateecotopemap
forthelstudyrarea. Muchlexistinglecological
knowledgewaslorganisedlin[suchlaformatithat
itcouldbelincluded.Theseldatawereusedfor
scenarioldevelopmentionitheTecognitioniof
changeswithimpactianalysisforbiodiversity
usingtheOSIRISLEDESSmodeliand[LARCH
speciesmodels.Decisionsupportscenarios
wereworkedoutlinlalspeciallworkshoplin
August2005andthelresultsiwerepresented
and(discussedlinlNovember2005(with
stakeholdersiandTesearchers.

[0 Researchi¢éanionlyhavelanimpaction
societywhenlit(presents(alcoherentvisionion
thefuturelofitheriverbasiniandiifitherelisia
structurefor(decisionmaking,anda
management/organisation.[Thelobjectiveofithe
projectiwastoldevelopbetteriunderstandingiof
thelimpactioffhumanlinfluencesonithe
Pantanalbasinfandtobelablefounderstand
thefunctioninglofithe WpperParaguayRiver
Basin[(UPRB)@asamwhole.Thisimeans(that
therelhadtolbelalstronglinkbetween(research
oflecological’andlland uselaspects,
technology, i managementiand(policy. The
projecthelpedtolidentify(@opportunities(for
economicallyfeasibleuse(ofithe[system,and
forlitsimanagementi{Jongman,2005).Three
importantiiessonsicanbellearnedfromthis
project.

e[| Thelerosioniandsedimentationprocesses
inlthe(basin(aresolintense(that/technical
solutionswithoutlalriveribasin
managementiorganisationattacking
erosion(and(sedimentation(processesiare
useless.

o] Flood(pulseslarelessentiallecological
processeslinfiversforiproductivityland
biodiversity.[Thelcomparisonbetween
disturbedrandundisturbedriversidelivers
important(knowledge(alsofor(river
management(in(Europe.

e MakingWwaterimanagementiworkand
sustainableldependsioniregional(col]
ordination(andpoliticallcommitment(at
supralregionalllevel.[Coloperation
betweenisectorsiandistakeholders(appears
sometimesIdifficultlas@ach(grouplis
engravedlintolitsiownlissues, prioritiesfand
views.[Thislisinotionlytrueforipolicy
makers(andresearchigroups,butalsofor
civillSocietylorganisations.
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Figure(3./Alsmall'crevasselinthelnaturallleveeofthe TaquarilRiverroutingwaterfrom(the mainichannel((left) to the(floodplain

(right).[Notethelremains of sandbagslon(thelforeground, which(werelused by thellocallinhabitantstoclose thelentrance of
thisismallichannel.
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Abstract
EnvironmentalFlow/Assessmentmethods,
developeditolassesswhatpartofithe flow
regime(shouldbemaintainedlin(alriverto
protectithelriveriecosystem,donotlinclude(the
importance (ofthis riveriecosystemforlhuman
welllbeing. This[paper(discusseslal¢onceptual
modeltotakehumaniwellbeinglintolaccountlin
Environmental[Flow/Assessments,and
presentsitheresultsoffapplyingtheimodeliinia
caselstudylinBangladesh.

Introduction
Waterlresourcesidevelopmentimayichange(the
flowregime(ofiatriver..(Changesiolthe flow
regime affectitheriverlecosystemiand
subsequentlythellifesiofithepeopledepending
onlit.[Thenegativeleffectsiof flowregime
changeswererecognised(inthe950s.Since
then,methods(iolassessEnvironmental [Flow
Requirements(arebeingdeveloped.

00 Environmental FlowlAssessmentsiwere
recentlyrecognisedbymanylinternational
organisations/as(altooltowardoff(social
conflictiandenvironmentalldegradationdue(io
theloverexploitationlof waterlinriveribasins(of
theworld[(IUCN,2004). [Environmental [Flow
Assessments(irstfocussedionispecificispecies
andldevelopedtowardsiconsideringitheentire
natural’ecosystem.Peoplewholdependionithe
goods/and(services[providedbytheriver
ecosystem(didnotreceivemuchattention.
How/(totake(the needs(ofithepeoplelinto
accountlinlassessingEnvironmental [Flows(is
thelsubjectlofthe research(presentediinithis
paper.

[ First,[alconceptualimodeliwas(developed
whichdescribesthellinksbetweenhumaniwell[]
beingfandmiveriflows(Fig.1).. Thesecond(step
was(fotestithemodellinfalcaselstudy.The
resultsiofthisicaselstudy,carriedoutlin
Bangladesh,arethemainopiciofithisipaper.

Conceptualimodel
Thelconceptualimodelistartswith thefotalwell ]
beingofithestakeholders, whichimaybelpartly
relatedfolwater.[Thewater(related(aspects
relyon(certainriveriecosystemigoodsior
serviceswhich(requirelalcertainflowregime.
Thelrequiredlinternalflow(regime(can(consist
ofldischarge,wateridepthiandflow(velocityat

thellocationiwherelthelgoodsiandiserviceslare
available.[ThelexternalflowTegimelistheflow
regimelatiallocationiwherelthisicanbe
controlled, forlexample atialdamioraweir./At
allllevels(thelcontext'shouldbeconsideredito
understandthelimportanceofalcertain flow
requirement(forpeople’siwell’being.The
blockslon(thelrightisidelrepresentithelvarious
peoplelin(differentroles.Alriverimanager
shouldtakethewellbeingofithestakeholders
intolaccountlinariverbasinplanandidirect
actorsito/maintainialcertainflowregime.
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Figure(1.[Conceptualimodel

Caselstudylarealandmethods
Thelcaselstudywas(carriedloutlinthe
NortheastofBangladeshialongitheSurmalriver
(Fig.2).[TheBarakriveriwhichoriginatesiin
Indialbifurcateslat/theborderiwith(Bangladesh
intothe(Surmaland(theKushiyara. Thelarea
betweentheliwolriversiisilow(lyinglandlis
flooded(everylyear(duringithelmonsoon(season
(Fig.[3).[Thelrecession(cultivation(ofriceland
thefisheries, which(arelimportantiincomeland
food[provisionisectors(inithelarea,@refadapted
totheriselandfalllof the water(level.lInthe
selectedfloodplainiarealofi400 ‘km?llive
approximately2851000(people.

00 Inithelcaselstudythreeimethodswere
used:((1)(interviewslinfourvillages(alongithe
SurmalRiver((Fig.(2);[(2)study of(reportsiabout
the[SurmalKushiyaraibasin;((3)linterpretation
of(1[DIsimulation.
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Figure'2.[ Locationof thel ‘casel study( arealland
selectedvillages

Caselstudy(results
Analysisofithelinterviewslidentifiedrecession
agriculture, fisheriesland[domesticluseofriver
wateriasithemainigoodsandiservices
providedby(thelecosystem./Alsolimportantiare
thenegativeeffects/ofiflooding:[damageto
crops/and(settlements.Incomelgeneration
basedlonlecosystem(goodsiandiserviceslis
importantfor4080% ofthepopulation, 2577
70%(ofthelpopulation/depends(entirelyonthe
naturallecosystemforiincome. Offthislast
grouplofipeople,80%/ s ¢onsideredtolbelpoor,
accordingtothelstandards/ofithevillagers.In
total, thevillagersiconsider’50% ofithe
populationtobelpoor.

(1 Upscalingltothefloodplainiarealas
indicatedlin(Fig.2[resultedliniminimum(and
maximum waterdepthrequirements(forithe
boththefloodplainlanditheriverlitselfforievery
month. ltiwas@assumed thattheobjective for
definingflowrequirementswasfomaintain
currentluse(oflecosystemigoodsiandiservices.
The Disimulationresults werelised to
calculatefolwhatlextentithe floodplainfandriver
arealmettheselrequirements.

[1 Tablel1showsl(thelresultiofithe[1[D
simulationsforthefloodplain(area.Forithe
year(200012001thelrequirementsion(the
floodplain(aremetforiallpurposes except
Aman(paddycultivation.[ForlAman(paddy
cultivationionly20%ofthefequiredlandwas
available.Thelmainrestrictionwhich(causes
thislow availabilitylistheminimum(requirement
of(5lecmwaterdepthlinfAugustiandiSeptember,
whilefallargelarearemaineddrylinitheyear
200012001.
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Conclusions

¢[] Thelmainlecosystemigoodsandiservices
oflthefSurma’Kushiyarafloodplainiarelthe
enablingloficultivationfandithelprovisionof
fish, whichigeneratefoodandincome(for
thepopulation.[Floodinglisthelmain
characteristicitolsustainthelcurrent/use of
thelriveriecosystem,direct/uselofthelriver
isllessimportant.[Although(floodinglis
importantforagriculture @andfisheries,
most(ofthepeoplepreferiohavemnolflood,
becauseldepthfandimingloffloodinglare
unpredictable.

o1 Concerninglthemethodsiuisediinthelcase
study, litican(beld¢oncludedthatlinterviews
helptolunderstandwhatpeopleluseland
how(importantithislis(fortheir'well(being.
Tolunderstandthelrelationshipbetween
thel(internal)riverflowregimeland(ihe
availability[oflecosystem(goods(and
services, éxpertiknowledgelis, however,
required.

o[1 Thelconceptualimodeliproveduseful for
understandingthelrelationshipsbetween
people,thefriveriecosystemiandithelflow
regime.Forlalthorough/understandinglof
thelimportance of the[riverflowregimefor
humaniwell(beinglitlislessential to¢consider
the(differentlevels(ofithe(contextias
indicatedlinthelconceptualimodel.




Figure[3.[Cross(sectionof SurmalKushiyaralriversand

floodplain
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Tablell. [Comparison of floodplainbequirements|and|simulationresults.

Function Period Available/area Required area Percentagelof
(ha) (ha) requirement thet

Auslpaddy April[[June 28,389 8,996 316

Aman paddy July[November 3,174 14,171 22

Boropaddy December[[TApril[]]| 4,358 4,316 101

Vegetables Alllyear 21,039 1,258 1,672

Overlwintering(0f | OctoberIMay 4,030 18 22,389

fish

Spawning oflfish[] | June[September 13,968 1,463 955
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Introduction
Impactsiofiglobaliclimate/changelimpose
pressurelon’humanienvironmentisystems.The
agricultural’sector(is/particularly vulnerable.(In
response(tolchangeslinwaterlavailability,
farmersimightichangetheir(activities.[The
researchfocuslision(agriculturallanduse
changesthatiinfluencewater[demands.
Systemidynamicslarefepresentediinia
simulationmodelthat’helpstolexploreleffects
ofl(water'managementistrategies(inithenear
future.[Subjectiof’studylisithelpubliclirrigation
arealofllcéLimaCamposlinthelJaguaribe
RiverBasinlin(Ceara,Brazil (Fig.[1).Inlthis
research,complexity theory(Axelrod,[1997)
and(the¢onceptof CommonPoolResources
(Ostromletal.,1994)areguiding principles(for
theldescriptionofithecomplexhuman(]
environmentsystem.

Irigaedara
O fegeruoll

Figure[ 1. LowerLright:[Cearalin(the world. Lower left:
Icé[LimalCampos!larealand|Orés(reservoirifrom(space.

Methods
Thelresearchlmethodologylisidividedlintolthe
five(stepsidescribedbelow.

1.0 Collection(oflquantitative [data. Both
remote(sensing(techniquesiand(statistical
methods(arelapplieditolanalyselsystem
dynamicslinirecentlhistory.

2.[1 Collection(ofiqualitative [datalinthe[casel]
study(area.[Farmerheuristics withrespect

toldecisionmaking@oniandusechange
arefformulated.

3.0 BuildingraiMultirAgentiSimulation[{MAS)
model.[Inithisresearch,/Agent(Based
Modeling((ABM)forlland uselandicover
changel(Axelrod,1997;PahlWostl,[2002;
Parkerlet(al.,2002; Hare&[Deadman,
2004)adds(valuetothelassessment/of
agriculturalivulnerability fo[droughts by
confrontinglindividual farmerheuristics fo
anlenvironmentithatlisevolvingthrough
systemidynamics((Fig.2).

4.7 Modelrcalibrationfandvalidation./Altime
serieslof remotelsensinglimagesiand
interviewswithlexpertsiareused./A
comparisoniofithe¢aselstudylareatoithe
MoradaNovalarea(upperrightin(Fig.(1)
will’alsobeldone.

5.01 Exploring(future(developments. The
resultingMAS [fool will be [Used(folexplore
possiblefuturedevelopmentsiinilanduse
andlevaluatewaterimanagement
strategies.
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Figure 2. )Farmerldecision\makingon(landlusellchange
underlinfluencelofisystem dynamics.

Results
Trendslinlcrop(cultivationthat'suggest
adaptiveresponses/to/droughts/werefound.
Theselchangesimightbeldirectlyorlindirectly
triggeredby(drought. Between(1990and2002
somelinterestingchangeslinlaggregatedilocal
waterdemandlemerged. Figure(3ishowslocal
effective(precipitation(a), waterivolumesiina
regionallystrategicireservoir((b),[changes(in
locallcroplcultivation((c)@andthecorresponding
changesliniwaterdemand((d).
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Figure(3.[RecentichangesliniMunicipiollco
(fromwww.sidra.ibge.gov.br).

Conclusions
Aldrasticldecreaseliniwateridemand(emerged
recently.[Theunderlyingsystemidynamicsiare
relatedfolindividualfandcollectivefarmer
decisionmaking.This[justifies takingStepiwo
andmodel’systemidynamicsithroughMultir]
AgentiSimulation.
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Abstract

The(paper(studiesithe lUsefulness|ofithe
resilience(conceptfor(flood(riskimanagement
ofthellowland(partofithe MekongRiver.[The
paperiarguesithatapplyingresiliencelisuseful
becauselitresultslinimorelinsightlintothe
relationshipsbetween(floodsandithe’sociol]
economyandlinimoreandbetterisolutionsfor
floodmisk'management.

Introduction
Thelapplicationlofithelresiliencelconceptito
floodriskimanagementlis(expected(ioresultiin
newvisionsfandlimprovedstrategies.
Resilience,[andlits/opposite,resistance,are
bothisystemicharacteristics./Applyingthese
conceptslinifloodriskimanagementithus
requiresiaisystemsiapproach.FloodTrisk
managementsystems(areldefinediasia
combination(ofthellowlandriveriandithe
adjacent(flood[pronelarealwith(bothlitsphysical
and[socioleconomic(characteristics[(De(Bruijn,
2004).Thelresistance(ofthis[system
determineswhich(discharges(canstilllbe
dischargedithroughtheriveriwithoutcausing
floods, whiletheTesilienceldeterminesithe
easelofthelsystemtolrecoverifrom(floods.In
ordertolevaluatetheluisefulnessofithe
resiliencelconcept,litthasbeenappliedtothe
lowlandpart/ofithelMekong RiverliniCambodia.
0 Thelmain(question(ofthecase(study
reads: whatlisithelcurrent(resilience ofithe
lowlandipartiof thelMekong(RiverBasinland
howl(doldifferentstrategies|affectthe system
andlitslreactionslto(theldischargelregime?

0 InitheMekong(floodIriskimanagement
system,thelsocioleconomylandifloods/are
stronglyrelated.Normallannualfloodings’in
thefmonsoon(seasonidomot/cause/damage,
becausethelsystemlisisoimuchiadaptedtothe
annualiflood(pulse, that/floodscanibelregarded
essentialforithe(wellfunctioninglofthe [sociol]
economy.However,[extreme(floods((e.g.[1996,
2000,2001and2002)causedlotsof[damage
and(casualties.Inthefuturetheselimpactsiare
expecteditorise, becausethelarealis
developingfast,(populationfisiexpectedto
doublelinthemext50yearslfandralsothelflood
frequenciesiarelexpectedfolincrease.

Quantifyingresilience
Resiliencel¢annotbe measured, butlit/canibe
quantifiedbylindicators{DeBruijn,ihpress).

DeBruijn{2004a)explainsithatmesiliencerand
resistancereflecttheMeactioniofralsystemiio
peakidischarges. Thelindicatorstherefore
coverlthelthreelaspects/thatidescribela
reaction(ofithesystem(topeak(discharges:
amplitude whichlistheseverity(ofthe feaction
tolpeakidischarges,the gradualityofithe
increase of(reactiontolincreasinglysevere
peak(dischargesiand(the recoverylratefrom
floods.[As[anlindicatorforitheamplitudeofthe
reactionstolthewholeregimeofipeak
dischargesithelexpectediannualdamage
(EAD)lcanibelused. Thelgradualitylislassessed
bylalcomparisoniofithepercentuallincrease of
damagelandidischarge.[Tolassess[the
recoveryrate, therecovery(capacity(ofithe
systemlis@nalysed((De(Bruijn,lin(press).

[0 Toldeterminelthelindicatorivaluesforithe
Mekong(River, firstthe[peakidischarge
probabilitiesfandthepeakidischargevolumes
and(durationswerelanalysed.[Secondly,a
numberofidischargeleventsiweresimulated
withfalquasir2DMike11model(Fuijiitetsal.,
2003).Thirdly,laldamagemodulewas
developediiolquantifyithe([damage
correspondingwithitheseldischargelevents.
Finally,[alrecovery(capacitylanalysisiwas
performed.

Results
TheTresilienceloftheMekong(systemlisnotas
highlasexpected. The EADofthe(lowlandpart
ofthelMekong RiverBasinlis high:12[M€/yrior
1(M€/inhabitant.[(The[EADoftheNetherlands’
Rhinelis(5[M€/yrior0.28 [M€/yriperlinhabitant).
Thelgraduality(ofthelincrease0f([damage(with
increasing(peak(dischargeslis(0.79,however,
whichlisicomparativelythigh. TheLowerRhine
River,forlexample,hasiagraduality(of0.25.
ThelrecoverycapacityofitheMekonglisinot
high, becausetheleconomiclandisocial
characteristicsiofithesystemiimit’recovery.
Thelrecovery(capacityscoresaGionlylona
scalefrom(1(to(10, whilesithe(Rhinelin
contrast,(scores(al9.

Future
Inithefuturefeconomicigrowth,population
increaselandlanlincreaselin/peak(discharges
arelexpected.Becauselfloodriskimanagement
strategies/andeconomicidevelopmentsiare
difficultitolseparate, three(storylines ofithree



alternativefuturesiwereldeveloped,which
combine(socioleconomicldevelopment
scenarios/and(floodrisk[management
strategies:[(11)/continuation(oficurrentflood risk
management(strategy;[(2)agricultural
developmenticombinedwitharesilientflood
riskimanagementstrategy;[(3)rapid[economic
developmenticombinedwithfamorelresistant
floodriskimanagement(strategy.

0 Thefirstfutureresultsiinfaldecreased
resiliencebecauseitheEADI(increases
significantly.[Thelsecondfuturelinvolves
agricultural’development((Fig.[1),[animproved
floodlearly warning(system(and/alstepwise
improvement(ofiwaterimanagementlincluding
irrigation, [drainageandfloodimanagement.
Thislresultslinfanlincreased(recoveryrate,
whilelthe[EADand graduality(donotichange
significantly.inthethirdfuture, theworld’s
largeldonorsisuchiasitheJICA,[ADBrandithe
WorldBank(financefaFloodAction[Plan
consistingloflembankments.[Agriculture
changesitolalmoreexportifocused(agriculture
andlindustrialisationland(urbanisationloccur.

Figure(1.[About 80%! of the populationlis'farmer. Rice
islthelmostlimportant.croplinifCambodia.

Thisfuturelresultslin@nlincreased [EAD,
decreased(graduality,land/alreduction(ofithe
recovery(rate. [Evaluation/of(thethree(futures
showed(thatthelresilience(strategylisivery
promising:this(strategylenhances(sociol
economicldevelopmentwhilstinottharming
nature,landiscenerylorlincreasingthe
sensitivity(ofithe[systemfouncertainties.The
resistantfutureresultsiiniincreasedieconomic
opportunitiesbutlalsolinfaniincreasedflood
risk,fanditinegativelyaffectsinaturelandiand
scape.Besides,itihakesthesystem/more
sensitivefouncertainties.

Conclusions

o1 ThelcurrentresiliencelofitheMekonglisinot
aslhighfaslexpected.Thelgradualitylisvery
highlindeed, buttheamplitudelisialsorthigh
and(therecoveryratelisllow.[Because
frequentifloods(cause significantdamage,
thelamplitude(ofithelfeactionfothe
seasonableldischarge(patternslisthigh.The
low(recoveryfatelismainly [caused by
poverty.

o[1 Thelassessmentiofitheresiliencelofithis
systemishowedthatievenlinisystems(that
seem(whollyladapteditolannual(floods,
resiliencelisinotinecessarilythigh.

o1 Thelresiliencefuturelookspromising,lin
comparisontothelresistancestrategy.
Sinceltheresiliencelstrategycanibe
implemented(stepby step,lisicheaperithan
thelresistancelstrategylandihas
advantages(foriagriculture@andffishery, itlis
certainlylalstrategy worthiconsidering(for
thelfuture.

o] Adoptinglalsystemslapproachland
consideringthewholerange(ofpeak
dischargesl(resultedlin(albetterlinsightlin
thefloodriskmanagementiofitheMekong
River.[Becauselititakes(intolaccountimore
aspectslofialsystem’sreactionstolaiwhole
rangeofipeakdischarges,itthelpsto
identifymorelandotherisolutions.
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Abstract
Underlextreme(conditions(extreme(peak
discharges(can(developlintheRhine
catchmentlarea.Atldischargesbetween11000
m®/s[and16000m*/s/large scaleflooding
occurialongithellowerRhinelinlGermany.
Whendikesloverflowlorbreak flowsparallelto
theRhinewillldevelop,alsofesultinglinithe
floodingoffareaswith(alhigheriprotectionevel.
Inlcaselofllargelscalelfloodingalongithelllower
Rhinelthelpeakidischargelatillobithlisireduced.
Underlextreme(dischargelconditions/planned
flood(reductionimeasures(inilGermany(have
little (effect/on(the[discharge((and water(level)
at(Lobith.

Belgi=n

Frankreich

 Lischtdh

Figure(1.[Researchiarealandistudylareal(circle).

Introduction
Afterithe(floods(ofitheRhinelin[1993[and 1995
threelpartiesisignedalJointDeclarationonCol]
operationiinthefield offlood[protectionlin
1997.Theselpartiesiwere: (1) theProvincelof
Gelderland{TheNetherlands);{2)theMinistry
ofTransport,[Publicworksand Water
Management(TheNetherlands);(3)the
Ministry lof(EnvironmentlandNature
Conservation,[Agriculture,land/Consumer
Protectionof(North[Rhine =[Westphalia
(NordrheinWestfalen)(Germany).

[1 Tolihvestigateltheleffects(oflextremelfloods
ofthe[Rhinelin[NordrheinWestfalen(the[project
‘Transboundary(effects(oflextremefloodsat
thellLowerRhine’was'commissionediatithe
end(0fl2001.[Transboundary(refersiothe
boundarybetweenGermanyand(the
Netherlands.

[1 Thelprojectiwaslexecutedbythe
RijksinstituutivooriintegraallZoetwaterbeheer
en/Afvalwaterbehandeling (RIZA)lin[Arnhem,
the[ProvincieGelderland, the
Landesumweltamt{(LUA)(in[(Disseldorf,(and
theBundesanstaltflirlGewasserkunde (BfG)(in
Koblenz.Wnderthelprojectiitle‘Extreme(flood
andfflood(protectionfalongtheRhine (FAR)
thisiprojectiwas(colfundedbytheEUlnterreg
[IBINorthiWestEuropeprogramme
(Lammersen,2004).

Objectives
Goallofithisiprojectwasfolanswerithe
questionsbelow.

o] Howlmuchlwatercanlbelexpectedlinlthe
study( reach(1(Fig.00 1)1 fromJ the7 Rhine
catchmentllunder[extremel iconditionsI(at
Andernachlandilobith)?

o[1 Whatlis[thelldischargelcapacityJof(Jthe
Lower[Rhine?

o[1 WhatlhappensronithelLower Rhinelwhen
theldischargelcapacitylisiexceeded?

o[] Whatllarel thelleffectslof[ flood  reduction
measures?
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Figure[ 2. Discharge! at Andernachl and Lobith,[ with
andwithoutdike overflow, for theleight mostextreme
discharge'waves.

Researchimethod
ATlstochasticiweatherigenerator, developedby
KNMI, wasusediblproducelanartificial time
series(of(1000(yearofprecipitationand
temperature.Thelinputconsisted(of(30lyears
ofimeasuredimeteorologicaldataof(34
differentiweather(stationslinithe(Rhine
catchmentiarea. Thelgeneratedtime(series,
withithesame/statistics(as(the historicalldata,
wasthen(putlintolalfainfall funoffimodel
coveringithewholeRhinebasin(HBV)@and
was(fransformediintoldischarge.lAlSelection
wasmadelofthe16mostiextremelevents,
basediontheMBV Tesultsfat’/Andernachrand
Lobith[(Fig.[1).[These16extremeleventsiwere
theniputlintora rdimensionalfloodrouting
modelitolcomputethe16highestidischarge

wavesat/Andernachlinlaimoreaccurate(way.
Thispartofithelprojectiwas(carriedoutbythe
BfG.

[ Withthetwomostextremeldischarge
wavesat/Andernach(flood(simulationshave
beeniperformedusingthe2[dimensional
modelDelft(FLS.ADelfttFLS modelwasmade
ofitheRhinedownstreamof/Andernach
(Rhinekm(642)usingla100mx100miIgridion
top(ofadigitaliterrainimodel.(Inthisimodel
dikesland(floodwallsweremodelledlas(grid
cells.Whenthewater(levelreachestheldike
levelraldike¢ollapseloccurs.Incaseloflaflood
wall,or[alnaturallevee,the floodwalllorlevee
simplyloverflowsandnoicollapselisisimulated.
Twolsituationshavebeeniconsidered: thelyear
20021and 2020, withthedikeTevelsofl2002
and[2020(respectively.Thelinputiofithe 2D
modeliconsistedofitheldischargelat/Andernach
and(theributaries(ofithe[Rhine. Theoutput
consisted oflinformationaboutlocations/of(a
dikelcollapseloran(overflow, flowlintolthe
protected(area, floodpatternslinsidethe
protectediarea, effect/onitheldischargewave
andffinallytheldischargelcapacity(ofitheRhine.
Thispartofithelprojectiwas(carriedoutbythe
ProvincelofGelderland.

[0 Thefresultsofithe2Dfloodsimulations
weretheniransferredtoar1 [dimensional
SOBEKIodel.[Eachdike[collapselorioverflow
wasmodelled(as(alretentionbasin.[Parameters
like[surfacelarea,¢apacity, inflowandoutflow
werebasedonlinformationfromitheDelft(FLS
model. Usingthe [ SOBEKmodelthe effectof
floodreductionimeasures(iniNordrhein(]
Westfalenwas(studied.[Computationswere
made withtheleightimostiextremeldischarge
waves, withfandwithout dikecollapse or
overflow.Twolsituationshavebeen
considered:thelyear20021and2020, withithe
floodreductionmeasures(finishedlin(2002(and
2020(respectively. This[partiofithe [projectiwas
carriedloutbyRIZAandLUA.

Figure(3. Floodinglalong(theLower Rhine((situation2002)




Results

Underiextremelconditions(extreme discharges
canldeveloplinitheRhinecatchmentrarea, up
to[17800/m°/s(at/Andernachand(18700/m*/s at
Lobith,when(dikeloverflowslaremot
considered.When(dike[overflows[on(theWpper
RhinelandillowerRhinelaretakenlintofaccount
these numbers reducelto15300m*/sat
Andernachand 15500 m®/s atLobith (Fig.2).
(1  Atidischargesbetween(11000 'm®%/siand
16000 mn3/sE[arge (scalefloodingloccursalong
thellowerRhinel(Fig.[3).[Firstlareaslalonglihe
southernipartiofthelLlowerRhinewillbe
flooded((fromBonn/KdIn(to
Dusseldorf/Dormagen),landratihigher
dischargeslalsolareasialongithemiddlepartiof
thellLowerRhine{from{DUsseldorf/Dormagen
tolthemouthlofithe[Ruhr(River).[Further
downstreamno(floodingoccursiinithat
situation, [exceptforinear[Emmerich.Inlthe
presentisituationthefloodwall attEmmerichlis
toollow(andfransboundary(floods(¢an(occur(at
dischargesiexceeding(14000 'm%s.1n2020,
whenthefloodwallwilllhave beenraised,no

transboundaryflooding(¢an(occurlanymore.
Whenidikes[collapseorioverflow,flowsparallel
tolthe Rhinewillidevelop, [@lsoresultinglinthe
floodinglofrareaswithrathigheriprotectionilevel.
InlcaselofllargelscalefloodinglonithelLower
Rhinethepeakidischargelatillobithlisireduced
(Fig./4).[Atlsomellocations(thewaterflows
backlintolthelriver((bypasses;IFig.(5).

[J Thelplannedfloodreductionimeasuresiin
NordrheinfWestfalenrare mostleffectivelincase
of([floodslequalitoitheflood0f(1995(~12000
m®/s(at/LLobith), but’have little leffect under
extremelconditions((Fig.5).[Measureslin
GermanyIaffectthe waterilevelsiinithe
Netherlandsiand(the(otheriwayaround.
Measures(along(the lLowerRhinelin[Germany
reducethemaximumwaterllevelsiinithe
Netherlands/between0/and(0.06 meter (Fig.
5).[Themeasureslinthe Netherlands(have(a
decreasingleffectlinUpstream(direction((as(far
as[Ruhrort), with[@maximum Wwater(level
reductionof(0.30meterfattheGermaniDutch
border.
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Figure4.[Maximum!discharge withandwithout(dike overflow!(situation 2002, Situation with(dikeoverflowlon Upper Rhine).




Final'remarks
Coloperationbetweenupstream(and
downstreamareaslisicruciallinithefuture,Since
theriver(Rhinehasmoboundaries./Asalresult
offthisistudy(therelislaldiscussionaboutithe
possibilities forloptimizinglsomeofitheplanned
retentionbasins,lile.todeployltheseretention
basinslatimorelextremelconditionsi(higher
flood(levelsithan(in[1995).Presently,additional
large(scaleldikelimprovements(alongithe
Lower(Rhinelarelnoticonsidered.
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Abstract
Unbridledigrowth(of(shrubs/andforestslinithe
naturerestoration(projects(ofithe(regulated
MeuseRiverandRhineRiverfloodplains,
reducelthelwaterldischarge(capacitybeyond
acceptablellevels. Tolmeetbothhydraulicland
ecologicaliconditionsiamewfloodplain
management(strategywilllbefurther
elaboratediandiapplieditotheBeuningen
floodplain((300iha;WaalRiver).This
managementistrategy’isreferredtolasiCyclic
FloodplainRejuvenation[(CFR)andcomprises
new institutionallarrangements, [periodic
(cyclic)linterventionsiinithe morphologyland
vegetation(ofithe floodplainsiandithe
application(oflinnovative[management
techniques.[Thelresearchiprojectiis funded by
thenationalresearch(programLivingwith
Water'.

Introduction
Sincelthepublicationof(Plan©Ooievaari{De
Bruinietial.,[1987)thelanduseofimany
floodplainsialongitheMeuse@andRhine
brancheslintheNetherlandshasibeen
transformedfromiagriculture tonature
management.’Althoughthelimplementationof
this(policycanibelconsidered/asia’success,the
vegetationidevelopmentiinisome floodplains
causeslaldangerous/decreaselofithelwater
dischargelcapacity(Jesse,2004).

0 Withinthe BSIKresearchprogram(‘Living
withWater’ this[projectlisdefinedfoldevelop
andlapplylalimanagementistrategythat
combinesbothnaturelandisafetyobjectives.
Thelresearchprojectiisialsolabuilding/stoneof
anlinternationallandimorelcomprehensive
InterreglliblprojectinamedrFreudelam(Fluss’.
Thel'FreudelamiFluss’[projectifocusesion
changesiinllanduselvialocallinitiatives, new
marketimechanismsand(technicallinnovations.
Theselchangeslinlandusewilligenerateimore
spacelfor(thelriveriandihelriparianvegetation
butlalsolrequiresainewviewonmanagement.
Thel'Freudelam(Fluss’[projectlis(carriedoutby
French,GermanrfandDutchgovernmental
organisations,academiclinstitutionsand
consultants.

CaselstudyBeuningen(floodplain,

Waal(River

Since1991 thelshiftfromlagriculture tonature
restorationhasbeenicarriediout’successfullylin
theBeuningenifloodplain(300ha; Waal River).
However, sincethis[transformationithegrowth
of(shrubs(anditreesigraduallylexceededithe
standardvalue(of(hydraulicifoughness.Figure
1ishowslthelincreaselin(hydrauliclfoughness
dueltolvegetationldevelopmentbetween(1985
and2003./As[alconsequence,themaximum
water(levellinkedfothelstandardmaximum
wateridischargelinthis(river(sectionlincreased
by5.5[e¢m((Mannaerts,[2004).This[causesan
unacceptablesituation.Infcooperationwiththe
riverlandnatureimanagers, ittwas(decidedto
furtherlelaborate/and(applylanew
management(strategytotheBeuningen
floodplainfo(compensate forthelincreased
hydrauliciroughness(withoutaffectingthe
ecologicallvalues. Thisinewmanagement
strategylisilnamedCyclicFloodplain
Rejuvenation.

RS eVl EL)
Figure1.lIncreaselin'hydrauliclroughnesslinithe
Beuningen(floodplain, 198512003

LS

Thenewmanagementistrategy:

Cyclic/FloodplainRejuvenation
Inithisiresearch‘Cyclic/Floodplain
Rejuvenation’((CFR)lisconsidered(asithe
system(ofinaturalprocesses/ininonregulated
rivers(thatlisfesponsible forbuildingupland
breakingldownmorphologyandivegetation.
Thelmain(processeslarelerosion,
sedimentationandvegetationsuccession.



Ininaturalriversithe[combined action(ofithese
processeslresultsiinicyclicirejuvenationof
morphologyland(vegetation,andthereforelinia
naturalregulation(ofthe[dischargelcapacity
(Smitsretral.,'2000).

[ Inlregulatedriversl(like theRhinebranches
thesenaturallprocessesicannotiactfreely
because/ofthelpresencelofforiinstanceldams,
weirs,[dikesfand/groynes.[As[alconsequence
thenaturalrejuvenationicyclelisbroken,and
vegetationitends(toldevelopioithelclimax]
stage/(forest). Thelresult/ofthis/developmentlis
anlincreaseloflhydrauliclroughness,and
subsequentlylanlincreaseloflthelriskof flooding
(Duellet(al.,2001;Baptistiet(al.,2004).

[0 Thelbasiclidealofithe[CFRI[strategylisto
‘repair’thebrokenrejuvenationcycleby
humaniinterventions. Therefore welhaveto
understandhelnaturalrejuvenationprocesses
andiiffpossible,imitatethem.Inlpractice, this
meansI(settingback/successionstagesitola
pioneerisituation((e.g. removalvegetation,
lowering(floodplains(oridigging(sidechannels).
[1 ThelCFRIstrategy/canicontributelforel]
establishitheldischarge(capacity,because
normallypioneeristages/havelallowerhydraulic
roughnessi(VanVelzenletial.,'2003).[The
CFRIstrategywilllalsoresultlinimore Variation
of(successionistages,landithereforeliniathigher
biodiversity.[Theselarethefwolmainreasons
thatithe[CFRIstrategylisapromisingsolution
forithelrealisation(oflalsymbiosisbetween
safetylandinature. Besides, the(CFRIstrategy
providesialsolopportunities/forisandlorigravel
excavationswhichican(reducelthe
management(costs.

0 Inilsummary,applyingithe CFRIstrategyto
naturefestoration(projectsiinifloodplainsimay
realiselalsymbiosisibetweensafetylandmature.
However,manyknowledgegapsstillimeedto
beffilledbeforethisinewmanagementistrategy
canbelappliediandiscaleduptolentireriver
sections.[Themostimportantiknowledgegaps
havebeenlidentified@andlincorporatedintolthis
researchiprojectihamed(‘Symbiosisbetween
SafetylandNature’'.

0 Thelplannedresearch(activities (2004 ]
2008)addresslthefollowinglissues:[{1)
institutionalarrangementsoffloodplainand
riverimanagement;[(2)Spatiall@andtemporal
application(ofthe [CFRstrategy;((3)cost[]
effective, linnovativelmanagementitechniques.

Institutional arrangements
Duringlthellast/two(centuries(the
responsibilitiesfandmanagementitasksiofithe
floodplainsiin(TheNetherlandshashardly
beenichanged.However,becauseoflarge
scaletransformationoflagriculturalluselof

floodplains(tonatureimanagementiandithe
upcoming[measureswithinthe [contextofthe
nationalflooddefencelproject‘Roomfor
Rivers’,[alnewlandldynamic(situationhas
evolved.(Thislfequires(althoroughianalysisiand
possibleladjustmentsofithelexisting
institutionall@arrangementsibetweenlinvolved
stakeholders.

Spatiallanditemporaliapplication(of

theCFRstrategy

Becauselthelstrategyimplies(periodic/(cyclic)

interventions at(differentlocations, thelspatial

and(femporallapplicationof([CFRmMeasureslis
important.The(preliminary(studyactivities
focusedontheBeuningenfloodplainiand
demonstratedithat(variousiscalellevelsneed(to
beladdressed:

o[] studyingthelecologicalaspectsishould
involveltheriverisectiononbothsides(of
theriveribetweenNijmegeniandTiel{ca.
40(km);

o1 consideringthehydraulicleffectsof[CFR
interventions, solutions(for(solvingthe
problemsiintheBeuningenfloodplainican
belsearcheduptol¢a.15kmdownstream;

o1 anlanalysisiofithelinstitutional
arrangementshas(tobelcarriedout/atithe
local,regionallandinationaliscale.

Costleffective,linnovative

techniques

Aslstated, withinthe (CFR[strategy
interventionslarenecessary(on(alregular(basis.
Thereforetheldevelopmentioficosteffective
techniqueslisicrucial forfalsuccessful
implementation of(thisistrategy. Thelcasel]
studylofitheFloodplainsBeuningenfocusesion
CFRIinterventions(realisedbyapplyinglcost(]
effective,linnovativefechniques.[Forlexamplela
combinationbetweenisubisurface’sand
excavationechniqueslandiremovallof
floodplainvegetation(will(belinvestigated.
Anotherpromisingtechniquelisithe(use(ofla
transformed (agriculturalimachinetoiemove
youngtreesleffectively.

Deliverables ofitheproject

Thel‘Livinglwith[Water' [research(project

‘Symbiosisbetween(SafetylandNature’(will

generatelthefollowing/deliverables(in2008:

o1 handbook[CFRIstrategyforfriveriand
floodplainfmanagers, focusingoniconcrete
interventionsimeasures,[planninginispace
anditimelandiorganisational’andiogistic
recommendations;

o[] designland(realisation(of[CFRI]
interventions(inthe Beuningenfloodplain



whichiwillresultiinfalriver'rmanagement
permitideliveredby(thelriverimanager;
o[] alserieslofiscientificlfeportsfandlarticlesiin
peerireviewed(scientificjournals(dealingwith
natureanagement,linstitutional
arrangementsfanditechnicallinnovationsiin
floodplain/management.
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Introduction
Thelhighwaters[of(1993(and[1995(gaveriselto
alnew(policylofitheDutch(Rhinelbranches
‘RuimtevoorideRivier' [(‘(Roomforithelriver’),
consistinglofimeasures éreatingmore
dischargelcapacitylinthelriverisystem.
Staatsbosbeheerhasidevelopedlanother
optionforithis,LonkendRivierenland’,iwith
Rijnstrangen/Lingewaardeniasiacentralpartiof
thelplan.Thisiplaniconsistsoflainewl‘river’[{i.e.
anfembankedfloodway)lalongaformer
channeliofitheRhinebetweenthe German(Tl]
Dutchborderiand(the[PannerdenschiKanaal
(Rijnstrangen).[Thelsecond(section(ofthe new
riverlislalonglthelriverilinge, (startingat
DoornenburglonithePannerdenschKanaalland
endinglat(Druten(on(the(River(Waal. The
presentiresearchlaims(atlinvestigatingthe
effectsiofisuchiamewriverbranchoniwater
levelsianditheldischargeldistributionlinithe
DutchiRhinelbranches.

1D Model
Welapplied(alonedimensionalimodeliofithe
Dutch[Rhinebranches,theso(called
‘Rijntakkenmodel’.[Thenewlrivers
Rijnstrangeniand(llingewaarden(werelincluded
with(Several(cross(sections. Thebed(levelof
thelcrossisectionsifollowsthebedilevellinithe
area.Thelshapes/ofthevarious[crossisections
infRijnstrangeniand(llingewaardeniwere
derivedfromisketchesmade by Bureau
Stroming.’Atithebeginninglofieachisection(a
weirlispresentwithlalcrestllevellequalioithe
floodplain(level.[As(boundaryconditions, the
currentidesignidischargelatithelupstreamiend
(16000'm%s)and Q'hirelationships atithe
downstream(ends(havebeenlimposed.

Results
AkeyTesultiisithatthedischargeldistributionat
PannerdenscheKopcaniberegulatedwithinia
largerange.Itlis’possiblefoldivert'more water
towards(thelsouth((i.e.the[RiverWaal), but
alsofothenorth((i.e.NederRijn/lJssel),
dependinglonthelweirllevelslinithe
Rijnstrangenfandlingewaarden({Fig.).
Besides, themewfTiverdecreasesthewater
levellinivariouspartsiofithe[Rhinebranches.
Figure2ishowsthatleffectionthewaterievels

canbelupto®B0cm.[Thisdrop[contributesio
theaimiofthelprojectRuimtevoorideRivier .
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Figure11.Effect lon(the dischargeldistributionUin[the
Rhinelbranches. Thelnhumberslin(thelboxeslreferto(the
newldischargelin'éach(section.

Conclusionsiandioutlook
Includingthenewrivers(Rijnstrangeniand
Lingewaarden(results(in:

o[1 alregulation(possibilityfoldivertimorewater
towardsithemorthern((i.e.thelJsselland
Neder(Rijn)orthelsouthernbranchesi{i.e.
theWaal);

o[] alsignificantloweringlofithe waterilevels.

Effectsionthe morphology will besubjectof

furtherresearch
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Abstract
Partlyduetolurbanizationlinithe[Rhine[Meuse
delta,fitlis(oftenlimpossibletfoladjustithe
existingldikesandthusralternativesolutions
areneeded.Improvingthefloodidefencelisino
longeriaiwaterimanagementiandihydraulic
issuelonly,butlitthas(alsolbecomelaniissue of
spatiallplanningiand/design.(Goalofithe
planned(researchlis(tolfind/almethodtoldesign
multifunctionalflood/defenceslinfurban(areas.
This(researchiwill focus(onithe(designiofinew
floodldefenceslinlnewwaterimanagement
systemsthatlhavelalsurplusvalueforthe
spatiallstructure(of(city[andlandscape.

Introduction

Traditionally, multipleluseof(spacelisiapplied
initheDutchwetlands.Adike, forlexample,
was(oftenbothafloodidefencelandraroad./A
dikelcan(therefore belconsiderediasianiaxis of
urbanism.Mostisettlementshavebeen
founded(nearriversbecauseloftheltransport
possibilitiesandthe@occurrence of(Suitable
soils(forfagriculture. Gradually, theselearly
settlementsihaveldevelopediintourban(areas.
Theldevelopmentiofismartwatermanagement
systems/(is[alcharacteristicielementlinithe
process/ofiurbanization/ofthe Dutchlowlands.
Theselsystems(play multiple(roles(inithelurban
patternsiwithrespectto:floodprotection,
drainage, (militaryldefence, transportation,
drinkingiwaterisupplyandrecreation.

(1 Partlylinlresponsetourbanization, natural
riverfloodplainshave beenlreclaimediand
quay(walls(havebeen(raised. Anticipated
increaseslinfloodwaterilevels,dueltoclimate
changelandiseallevelfise(Ministerielvan
VerkeerenWaterstaat,2000,[p.12)have
causediamewI(challengelinifloodidefence.
Inlpresenturbaniandscapes/itisoften
complicatedtoradjustithetraditionaldikesand
therelislalneed forialternativelsolutions.
Improving(flood(defencelisinollongeriawater
managementandihydrauliclissuelonly, butit
has/alsolbecome@nlissueofspatial(planning
and(design.Variouslinterestshaveiobeltaken
into/account.

Floodiprotectioniinurbanized/areas
Inigeneral,thelsolutionforlincreased(flood
waterllevelslis'soughtlinfwoldirections: (1)
‘room(foritheriver ' [e.g.dikerelocationlor
‘green’riversi(embankedfloodwaysparallelto
presentirivercourses)]and((2)strengthening
thelcurrentflood(defence(structures.Whereas
thellatterlapproachlisthel‘classic’[solution,
‘room(for(thefriver’lis[anlalternativelinithe
Netherlandsthatlis[presentlylinvestigated.(In
response(tothefloods0f(1993and1995(Fig.
1)ithelgovernmenthaslencouraged
development(ofithisinewlapproachfowards
flooding, becauselitiwas/doubtedwhether
strengtheningofithelcurrentfloodidefence
wouldbelsufficientonithelongierm.Withinan
urbanicontext,[strengthening((raising)the
existing(flood(defencelis(often(considered
problematicland(harmful forithe(city view.(On
thelotherihand, howtoapplythe‘roomforithe
river’ [@approachfourbanareaslisistilllaimatter
ofdebate. Welfeelthatbothdirectionsishould
bedombinedlinlorderfolobtainfaniacceptable
solution.

Figure(1.[Floodinglin'thelcityloffRoermond,1995.




Figure(2.Dordrecht: flooddefence withinthe contextof alhistoric(city centre.

Itlshouldlalsobelrecognizedthatwater
management/systems(iniurban(areas,are
multifunctionallandfloodi¢ontrollisnotitheonly
aspectithatlhasitobeltakenlintolaccount.Many
other(difficultiesloccurfatitheurbanriverfront
suchaslconflictsibetweenirafficldemands,the
desireforihigherbuilding[densities[and better
livability.tlshouldbelstressedalsolthatthe
currentihistoricalcity view[(e.g.[Fig.[2)lisa
resultioffalconstantlychangingrelationship
between(thelcitylandherwaterfront. This(is
dueltolthelchangingleconomicirelationships,
changingviews(on(therelationshipbetween
cityland/water,land(changingopinionsiabout
flood(defence.We [feelthat(placingthelcurrent
demand(forfalnewurbanfloodldefence
strategylintolthisperspective,imayllead(tola
usefullextrapolationlintothefuture.(The
challengelisitoldeveloplonelintegral
multifunctionalisolutionforithelcurrent
problemsofithelurbanwaterfront.

Plannedresearch
Thelgoallofiourresearchlis(tolfindaimethod(io
designmultifunctionalflood/defences iniurban
areas. Thelresearchfocusesion(thedesign(of
new(flood[defences(innewwaterimanagement
systems, which(havelalsurplusivalueforithe
spatiallstructure(oficitylandllandscape.Inthe
designiprocess(thefwodirectionsiinflood
defence,"room(fortheriver'fandistrengthening
offtheleurrentflooddefence structuresiwillbe
explored.[Solutionsmaylinvolvenew types(of
urbanisettlementsrandibuildinglconstructions
inlwetlands.Questions[aboutiweighingofithe
interests, [decision/makingandorganisational
aspects/willlalsobeladdressedlinourresearch.

Theyplaylinfailcomplex(fieldwith(various
actors,inlalgovernment(policycontextlas/well
aslin(alprivate[context.[Anlintegrated(approach
willlbelused, whichcoversirelevantaspectsiin
theffields/offlooddefence, trafficicirculation,
aesthetics/ofithelcity view, Tandscape’
architecturerandivability. [Futhermore,
probabilisticidesigniandriskanalysiswillibe

takenlintolaccount.

Current/activities

Presently, rivers(] in[J theJ Netherlands [ and

severallcitiesfon[the[Rhinelbrancheslandlthe

Meusel] arel] investigated,] with(] the[J main

researchiquestionsigivenibelow.

o] Whatlarelthel¢characterizations(ofitherivers
initheNetherlands?

e[| Howl(werelthe[cities foundedlandlin[what
way!(didthey(develop?

¢[1 HowIldidlandidotheycopemwithfloods?

Albroad(referenceworkwill[bethe outcomeof

thefirstiphase oftheresearch, whichwilllbe

thelstarting/pointiofffindinglamethodioldesign

multifunctional flood(defenceslinlurbaniareas.

Updates/ofithelresults(oflourresearch(can(be

foundat:

www.waterbouw.tudelft.nl/public/stalenberg.

Reference

Ministerielvan(VerkeerenWaterstaat, 2000./Anders
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Introduction
Theffloods(thatioccurrediinitheNetherlandsiin
1993and1995confrontedthe Dutch
governmentwithitheconsequencesiofia
changingiclimateland(spatialidevelopmentsiin
theRhineland[Meuselriverbasins. Peak
discharges/ofithese rivers(are/expected(to
increaselinithefuture.Theltraditionaltechnical
protectionimeasure(of(dike re[enforcement, is
no'longericonsideredlalsustainable(solution.
Alternative ways(ofreducingthedischarge
peaksiarespatialmeasuresl(likeldike relocation
orlloweringthe(floodplainioriaicombination(of
technicallandispatialimeasures.Sincelthe
governmentistartedtheproject‘Roomforithe
river'lin[2000, [possiblemeasures(fortheRhine
andithellowerMeuselhavelbeen(studied.
Examples(aretheOverdiepse polderiretention
basinlontheMeuselandthe dikerelocation(at
Lentlonithe[Rhine.

Intheframework(ofthe [European‘Freude
am(Fluss’[project,laresearchiplanihasbeen
madeforfalcomparisonofithecases
Overdiepselpolderiandllent/concerningithe
communication(strategieslofigovernmentiand
inhabitants, with thelobjectivefoldeterminelthe
factorsithat(¢ausellocallcommunities(iobepro
orlagainst‘Roomforithe river’(plans.iInthis
paperithelfiwolcases arebrieflydescribedland
theloutlinelof thelplannedresearchlis
presented.

Overdiepselpolder
The[Overdiepsepolder(Fig.M)measures550
halinfarealandihas94(inhabitantsiand19
enterprises, mostlyfarms.(Sincelthe
governmenticonsideredtheOverdiepsePolder
aslone(of(theoptions(for(afloodiretention
basin,thelinhabitantsiorganized themselves
anditook(thelinitiativelin(preparinglaplan.The
reason(fortheirfactivelparticipationwasthe
notionthatlaprolactivelandcoloperative
attitudewouldhelpiolclearfawaythe
uncertainty’concerningtheirfuturefiving
circumstances.

P
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Figure(2.[ The[Overdiepse! polderiwith(the {Terp(plan’
measures.Arealshown 7 lkmwide; northlislup

Figure(1.[Thellocations of the[Overdiepselpolder’and
LentwithinthelcentraliNetherlands.

Various(optionshadbeenexploredofiwhich
threelplansiwerelelaborated. Finally,lin[June
2004 governmentidecidedthattheOverdiepse
poldericould(startiwith therealizationofithelsol]
called[Terpiplan’[(Fig.2).Thisplanfincludesla
combinationiofitechnicalsolutionsiandispatial
measures,such@asidikeheighteningonithe
south(sidelofithepolderland(therelocation(of
housesland(farmslinthe polderiolelevated
locationslon(the(dike. Thelplaniwouldreduce
floodwaterllevels(inthelriverby @approximately
30icm.[Thelinhabitantsarenow(discussing
howl(tolexecutethe planand(ioldecide who(¢an
staylandiwholmightbelrelocatedoutside(the
polder.

Dikerelocation/lLent
ThelWaalkadeof(Nijmegeniandithe(dike of
Lentonitheoppositelriverbank((Fig.(1)form(a
bottlenecklinthe Waal River(duringpeakflows,
affectingithesafetyofllocallcommunities.Since
2000, themunicipalityofiNijmegen, the
provinceof(Gelderland,the waterboard



RivierenlandiandRijkswaterstaathavelcol’
operatedofind(alsolutionforthisproblem.
Afterlanlinventory(Rijkswaterstaat/(part/ofithe
Ministryof(Transport, [Public’WorksandWater
Management)proposediorelocate theldikes
nearlllentlinland(Fig.(3). Thelihhabitants
protestediagainstithisplans.Sinceltheyhad
notbeeniihvolvediinithepreparationphaseland
theldesignioftheplan,thelinhabitantsidecided
toldeveloptheirfowniplan.Withsupportiof
expertsitheyprepareditheplani‘Lentse
Warande’((Fig.[4).Inithisplanithecurrentidike
willlbemaintained(and(the floodplainwill be
excavated.Thelarealbetweentheldikelandithe
Waalsprong,[annewly(builtiurban(quarteriof
Nijmegensome[350mIiinland,couldbe
developedaslalpark, partially with(temporary
buildings.finecessary, thisarealcouldprovide
roomiforitheWaallinthefuture.

Afterthepresentationiofithisialternative
plan,themunicipality(ofiNijmegen,the
provincelof(Gelderland, waterboard(Rivierland
and(Rijkswaterstaatisignedian(institutional
arrangement.Theyagreewiththelexecutioniof
an(Environmentallmpacti/Assessment((EIA)(of
thetwo(plansand(theestablishmentofia
projectiorganisation(including:((1)alsteering
committee, [(2)[alprojectgroup,@nd(3)@lgroup
ofrepresentatives(ofllocallcitizensandtheir
organisations.Afterithe(EIA, thelsteering
committeeWwillladvice thelStateSecretarywho
willldecide whichplanthastoberealized. /After
thisidecisionithe EIAlwill bepublishedand
inhabitants(of(Lentlhavelaisaylon(thelresults.If
theselreactionsiareljudgedlas(relevant,they
will(belincluded(initheelaboration(ofithe
definitive[plan.

Researchloutline
Theffollowing(stepswillbetakenlinthe
investigationofithecases/describedlabove.
Thelresearchiquestionlis:Whatlarethe factors
thaticausellocalicommunitiesfobeprolor
against‘room(forithelriver [plans? Thefirstistep
isltolgetlinsightlintoltheperception(ofieach
stakeholder(ofithe(project,especially
concerninglthelcommunicationbetween(the
actorslinithelprojectlandbetweenithelactors
andTthewiderfaudience.Before¢onclusions
canibeldrawnaboutthelstrategiesused,itlis
necessaryfoluinderstandithestartingipointiof
each(stakeholderanditherelationships
betweenthedifferentfactorsiintheproject.[The
secondsteplisithelanalysisiofithelproject
structureland(project/processlitself.[Thethird
steplis(the formulation(oftheoretical
recommendationsbased(on(alreview oflthe
relevantlliteratureliniorder(tolcreate a
framework forithesubsequentianalysisiand
comparisonlofithe(¢ases.

Theresultsiofthese(¢aselstudiesimay
helptolgetiinsightlintothekeyfactorsiof
participationiand(supportiofliocallcommunities
infRoom(foritheriver’ (plans. Thelresultslare
expectedtorevealunderlyingmotivesfor
stakeholderipropositioniandopposition.The
resultsiwill(beused(for(developing(aljoint
planninglapproach(for(Freudelam(Flusslriver
projects.

Figure(3.[Overview!oflthe Lent dike(relocationplan. Area
shownlaproximately 2lkmwide;view(lookingnorth

Figure[ 4. Overviewl of thel Lentse Warande’ plan.Area
shownlaproximately 2lkmwide;view!lookingnorth.
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Abstract
Mostiwaterimanagement(problemsaremultil
levellandmultifactorproblems(characterized
bylalhighidegreelofisubstantivelandistrategic
uncertainty.[Forisociallscientists/itlisian
interestinglquestionwhichlinstitutionslare
neededforisolvingltheselproblems.(Inithis
paperlitlisfarguedthatinew(practices|of
networklgovernancel(interactive, [participatory
orlopen(planningprocesses)arelalpromising
alternativeltoistatepower, (but/thatimore
researchlisineededon(sourcesiofimetwork
governance(failure.[Basedlonlobservations
made/ofitheroomforithe riverpolicyprocess, it
isiconcludedithatwelarelinineedofian
intelligenticombination(ofistrategiesofnetwork
governancelandstatepowerforisolvinglour
waterimanagementproblems.

Introduction
‘Institutionsmatter’lislafamous(statementby
theNobel(prize winnerforieconomicsNorth.
Institutionsare,linithewidest’sense, rules.
They(canleitherbeformal, suchiasiActsiand
theDutchHouseof Thorbecke’,orlinformal,
suchlas(theDutchiconsensusidecisionmaking
culture.[Anyonewholhas(ever(participatedlin
anlinternationalresearchior(policy(projectimay
havelexperiencedWwhy institutionsmatter
(Meijerink,1999).

Institutionsioften’show(considerable
inertia.Nevertheless,'somelinstitutionsicanbe
purposefullyldesigned(DeBruijnletral.,;2002).
Welmayforlexampledecidelonithe
introduction(oflalmarketforiwateriservicesioria
‘watertoets’[fordecision/makinglonilandiuse
policies[(Wiering(&de[Rooij,2004).Inthis
paperweaddress(thelissue oflinstitutional
designifor(solvingwicked water(management
problems.

Wickedwater'management

problems
Mostwaterimanagementiproblemsiarewicked
problems.Characteristicfotheseproblemsiare
thatmultiplelgovernmentallandmon]
governmentalipartiesatimultiplefevelsiof
governmentiarelinvolvedlin/problemisolving.
Theselpartiesigenerallyhave(different/problem
perceptionsiandipolicypreferences. Moreover,
resourcesneeded forproblem(solving,Suchlas

legal, financiallandpolitical resources,are
distributedlamongstithem.Finally, wicked
policyproblemsiare(¢haracterized by
uncertainty[(Koppenjan&Kilijn,:2004).[The
‘RoomiforitheRiver’lissue, forlexample,lis
characterizedbybothisubstantive{river
dischargesiexpected)andistrategicuncertainty
(e.g.[aboutlstrategicbehavioriofregionaliand
locallparties).

Markets, hierarchies'andnetworks

for'water'management
Itlis(usefulitothinkaboutthelinstitutions
neededfor(solvinglsuchwickedwater
managementproblems. Basically(welcan(draw
on(threeiypesofiinstitutions: markets,
hierarchieslandnetworks(Thompsonet(al.,
1991). Marketslarelvery[goodatiproviding
privategoods.Wemightithinkabout
possibilitiesforiorganizingamarketforidrinking
waterisupply, Sewerageland/orwastewater
treatment, thoughiwelshouldbelextremely
carefullwiththat,[and itlis(necessarytoprotect
publicivalues,suchlas/wateriqualityoriequal
accessliowater(services.[Forthe provision(of
publicigoods,(such(as(dikes,ori[common
goods,[suchlas(cleanwaterresources, therelis
alseriousfriskiof marketfailure.Intheselcases
markets(doleitherproducenegative
externalities,[suchlaswateruseor(pollutionto
theldetrimentiofiothers, (orfreeriders,ile.
partiesthat/donotpayforiaigoodoriservice,
butineverthelessienjoy/its benefits.
Becauseloftheselmarketfailures
governmentiplays/an(active(roleliniwater
resourcesmanagementiinimosticountries.(In
thepastidecades,however, the waterisector
has(experiencedthat(state poweror(hierarchy
isinotiverylsuccessfullinisolvingwicked
problemsieither.[Stakeholdersithatfeel they
areworseloffiwithinewlydeveloped(policiesas
comparedtolthelstatusiquoloftenitryto
frustratepolicylimplementationisuccessfully.
Hierarchylinvokesistrategicibehavior,iandlin
policycontroversiesiscientificiresearchlis(often
used!strategically.Ratherthanlaldisinterested
search(foritruth,thelpolicy(process, then,lis
characterized by partisan(use(offesearch
resultsfand(reports.(Thelriver(dike
strengthening(controversyofitheleightieslisa
clearlexampleiofisuchrardialoguelofitheldeaf



(Sabatier&JenkinsSmith,1993),7and
therefore(of governmentfailure.
Forithesewickedpolicyproblemsnetwork
governance/((orlinteractive(decisionmaking)lis
alpromising(alternative, [mainly(aslitaims/at
conditioninglajjointllearning(process. Welmay
distinguishbetweenprocesses of[substantive,
strategiclandlinstitutionalllearning[{Koppenjan
&Klijn,[2004).Substantivelearningisilearning
aboutlcauseleffectrelationships,policy
alternativesland(impacts(ofitheselalternatives.
Strategicllearningrefersitollearninglaboutithe
perceptions(and(preferences(oflothers,andthe
need(totakelintolaccounttheselother(parties’
perspectivesbyldeveloping/more(cooperative
strategies. [Finally, institutionallearning(refers
tolthedevelopmentlofishared normsland
expectations,andithe [developmentiofialculture
ofltrust.[Thelprocessesiofideliberationiand
negotiationaimed(atthepreparationiofia
regionalladvicelinthe DutchiRoomforithe
Riversiprojectiarelanlinterestinglexamplelof
suchilearning. Thelpartieslinvolvedilearned
aboutthelmanyIpolicy(alternatives, thelmany
possiblelcombinationsiandtheirlimpacts.(They,
however, alsolearnedlaboutpossibilitiesto
combine(different(policyobjectives(inimulti[]
purposelplans,andbythatitoladdressdifferent
problemsiatthelsameltime.ln(spiteoflthese
substantiveand(strategicllearning(processes,
thelrelationshipbetweensomeparties
remainedratheriense,andlarcultureoftrust
hashardlydeveloped./Among(otherthings, this
may(belexplainedibythelrathercoercive
strategiesitheDutchinationallgovernmenthas
usedlinlthe(controversy(overithedesignation of
emergency/(floodinglareas/(Meijerink,2004).

Network/governancefailure
As[moreexperienceshavebeenigainedwith
thenew(practiceslofinetworkimanagement
now, policyscientiststhavebegun(ioladdress
thelsources(of networkimanagement(failure.(In
spiteofthe(rather(positive 0bservationsmade
oflthe[Roomforthe[Riverspolicyprocessso
far,lit'shouldralsoenotedthattherehasbeen
alpermanent(riskthatproblems[andicostsiare
passedioniolotherparties(orievelsiof
government.[Thisparticularlylconcerns(parties’
willingnessotakepolicy measuresforithe
benefitloflareasandparties(situatedmore
downstream.[Moreover, notlinall(cases!itwill
bepossibletolreachalconsensus(or

negotiatedlagreement.(Inithelend, welmaywell
needstatepowertolsolvethesedilemmasiof
network(governance.

Hierarchylor(state powerishouldneither
beUisedfolsimplylimpose(policiesinorishould
interactivelpolicymakingbeUsedtolcreate
publicisupportforipoliciesthatlalreadyhave
beenidecidedupon.Hierarchy,’however,/may
beuisedfruitfully tocreateasenselofiurgency,
whichlimpliesithatideliberationsiand
negotiations(takeplace withinthe['shadow of
hierarchy’:(if[parties will notbe(ableltoreachian
agreement,(centrallgovernmentiwilllhave to
takelaldecisionlinithelend.Finally, state[power
may beUsedtolimposelconditions(that
safeguardicoordinationiatihigherilevelsof
scale.[ThelsafetylobjectivesforitheDutch
riverslimposedbytheDutchnational
governmentiarelalgoodexampleiofithat.

Conclusions
Whilstpolicy(scientistshavelgivenample
attentiontolsourcesofimarketfailurefand
governmentfailuresincellong, theyhaveonly
justibeguntoladdressisourcesofinetwork
governancefailure.[From(recentexperiences
withmetworkigovernancelinfDutchriver
managementwemaylearnihatistrategiesof
network/governancelhave(been(rather
successfullsolfar, butthatthere/are[some
dilemmas/ofinetwork/governancelas(well,[and
thatiwemay(welllneed(statepowertoisolve
theseldilemmas.
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Abstract
Thisresearchistudiestherelation between
mentalimodelsand(the(decision(process
outcome,linthespecificlcaselofthe(Zwolle
stormisurge barrier. Differenceslinimental
models[between stakeholders(willresultlin
differentllines/oflargumentationileading(to
differentisolution(alternatives.The(final
outcomelisiconsideredsubloptimalfrom(a
purely(fechnicalscientific[point/ofview.
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Alternative
selection

Solution
space
aeneration

Alternative Weighting Choice
analysis benefits&dosts
Effectodel
predictions

Figure(1.[Framework oflanalysis((Kolkman
et(al.,2004).

butiwithidifferentlinterpretations, folarrive @at
differentleffects.

[1 Theseleffectsiaresubsequentlyevaluated
initheframelagainstifivemajoriperspectives
(Courtney,2001).[Perspectivesidetermine
whatistakeholders(seelastheirlinterests.
Perspectivesdifferibetweenistakeholders,
influenceevery(stepof(the [decisionmaking
cycle,[andwillresultlinithelcreation(orsupport
of(differentialternative(solutions.(The
perspectives(arelrelatedtolastakeholder’s
(professional, linstitutionalandipersonal)
positionlinthedecisionimaking(process,and
arelindicatedwiththelettersT,O,P,E,A..

Introduction
Amentalimodel{(Doyle(&Ford,[1998)¢ontains
thelelementsiand(relations(alstakeholder
considers(relevantfor(hisipositionlinithe
decisionimakingprocess./Amentalimodel
restrictslinformationflowstolonlythose
aspects(thataffect’him.[Restrictionsmaybeon
thelscalel(geographicalboundaries, time
horizon,leveliof(detail)landon(the[processes
andrelations(consideredrelevant((including
physical, biological, legal, financial, [Social).
Thementalimodelrepresents(alcausallchain(of
argumentation(that(startsfromtheoriginal
problemiand(containsselectedidataland
interpretationthereof, folpresenticonvincing
evidence(forfafavouredisolution.[Themental
modeli¢aniberrun’fosimulatetheleffectsiof
intended(actions. Different/stakeholdersmay
usethelsamelstartinglpointlandithelsameldata,

Figure[ 2.[ Selected! part| of the  mental_map! of al T(type
actor.[Ovals(represent elementsidisputediby onelor'more
otheristakeholders.

T:0 TechnicalMAfunctionaliandrational
orientationwith regardfolsystem
behaviour.

O:[00rganizationalMA manager’s(interpretive
orientationwithregardtolinstitutionalland
legalresponsibilitieslandconsequences.

P:Personal A politicallandlindividual
orientation(withregard(to[positionland
power.

E:[J] EthicallTAmoralorientationwith regard(io
codesoficonductiandvalues((e.g.
environment).

A:[7 AestheticlMAn orientationionithebeauty
andharmony/offaidesign.




00 Feedbackifromithelframerinfluencesithe
mentalmodel(loopllin(Fig.1). Thislisan
iterativelearning(processthatoccurs
continuously(during(thedecisionimaking
process.[Decision(disputes(are(resistantito
resolutionbylappealifofactsiorireasoned

argumentation(presentiwithinthe imentalimodel

becauselstakeholders’iconflictingframes
determine whatcountsfasfafactiand what
argumentslarefaken(toberelevantiand

compelling.lAlmental'model’sigeneralistructure

canbelexplainedbylalstakeholder'sidominant
perspective.[Weexpectitolfind/categories/of
mentalmodelsthat(differ betweentypes/of
stakeholders.Each(category has/its(preferred

typicalialternative(solution. Thelactualloutcome

ofltheldecisionimaking(process, however,
cannotbelpredicted from(thementalimodels.

Results’and/discussion
Whilelalllactorsigenerallyistartfromithelsame
understanding(ofithelsystem,SomeIcrucial
detailsdifferibetweeni{groupsiof)actors.
Theseldetailsiconcerniassumptionsiand
uncertaintiespresentlinimodel(¢alculations
[MHWs(Designhighiwater(levels),[frequencies
andlinundation’severity],landtheexactnature
of(historicalldatal(onfloodingofipolders).
Interpretations(ofidatalexhibitimuchmore
variation,e.g./onthe[questionsibelow.
o[1 Doeslthe'WWK’96[inevitablyprescribera
closedidikerTing?
o[] Canlinnovatingiconcepts(likealrisk
approachandnormdifferentiationbe
applieditoldikering53?

Disputed |Observationsfromihterviews Scores[d |100|20|30|4 50(60 (7080 |90|10011012 (13 |14
element
20 |Dikelding [MustBelphysicallyldiosedl.vs...M8an|Closed |GO|OOGOGO |GOGO|0OG G, |GO|GOI(G)
principle |havel@nldpenldischarge@analldn |(G), (0]
conditionfhatfhelSafety[@orm Open
remains[duaranteed. (0)
1600|Province |Provincelmustldissociateldndimit |Distance |RO|MORO|(M)OMCJR |O (R [R M |O R
WWK to[@ssessingfhelfeasonability [dfthe |(R), *
approval |EIAlfeportldontentsCl.vs...[danlfully (Involve
participateldnldontents[@spects[dlso [ment
fromdhelStartldffhelgroject (M)
330|Water Dischargelpeaksfromheldver Differ sO|iO0 (O (sON |S N [S |¥F |O|O|S
system Vechtl@ndfhelSallandseWeteringen|(N),
discharge |do[@otldoincidell.vs...h[fhe[fast Coincide
peaks theldischargelfeaksWerel@lways (S)
observedbldoincide

Figure( 3.l Examplel rows![ of thel analysis| overview( grid, showing!relevant generalized! disputed concepts| with( stakeholder
scores.[ Thelscores(tanlbe!related tol al stakeholders’ dominant(frame(perspective. Thelstakeholderslinterviewedlarellisted
across(thelheaderiofithe table with'alcodenumberi(1.14).

Materials'and ' method
Theltheoretical frameworkis(appliedfothe
Zwolleistorm(surgebarriericase.Thelcase

concernsthelimprovementofisections1and2

of(dike(ring(53, [@s(required bythelact'Wetiop
deWaterkering(1996' (WWK’96).The
researcheriwasbootstrapped(usingitheEIA
(Environmentallmpact/Assessment)(project
and(relatedidocuments,@ndipreliminaryialks

with(selected(stakeholders.[Mentalimodelsiand

framelelementsiwerelelicited from14
stakeholdersiusinglsemilstructurediinterviews
(Kolkman(&(VaniderVeen,2004).(Interviews
were[processed(intolmentalimaps((Fig.2)./A
totallof 67 [disputedmapelementswere

analysed(infanioverview!(grid[(Fig.(3).[Themain

mapelementsiwere(processed intolal¢causal
decision(explanationimodel((Fig.(4).

o[1 Howllis[Jthel[distribution[]of(7 institutional
responsibilities” andJ  accompanying
expertisebetweenWater Board, Province
andMinistry(to(belinterpreted?
Canlthe(citycentreof(Zwolle be flooded by
waterfrom(theTriverVecht?
IsithelgitycentrelofiZwolle’safe forflooding
when(thelstormisurgebarrieriis¢closed?
MentalmodelsiofisSomelactorsishowelements
oflcarefullconstructionfowardialdesired
outcome,oriarelreconstructed(atlallateritimeto
legitimiseltheoutcomelandtolaccommodate
new(events.[Remarkablynone ofithelactors
supports(the originalldikelimprovementiplan.

o

o]




Conclusion
The(Tperspective@apparentlyhaslost’ ithe
argumentation‘battle’fagainstitheO0
perspective. ThePTandEperspectives
explainithelprojectidelay.Thelresulting
approachlto/separatewaterprotectionand
waterlcontrolldoesnotisolveltheflooding
problemsiiniSalland,upstreamofithelZwolle
barrier. Thelcaselresults(confirmithe
theoreticallframework. Differentstakeholder
perspectives(¢anberelated o different
(groups(of)imentalimodeliélements.[An
overview (gridlis(suitabletolanalyseldisputed
concepts.Thementalimodelsreveal
assumptionsfandiinterpretationsiimplicitly
presentiinithe variousralternativelsolutions,
identifybarrierslinicommunicationand
information(flow,@and(canbeusediolexplain
theldecision[processoutcome.
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Introduction

Futurelandimanagementiinithe Upperpartiof
theRhineldelta,[TheNetherlands, will facetwo
problemslinithenearfuture. Theurbanifringes
oftheltwolmediumisizedIcitiesof(Arnhem(and
Nijmegenwilllexpandistrongly,andurban
sprawlmaybelalthreatitothequality(ofithe
environment.Atithelsametime,more(spacelis
neededforithelsafeldischarge(ofiriverfloods,
whichlarelexpecteditolincreaselinthenear
futurelduetolclimaticichange.Sincethe(River
Rhinefloods0f[1993[and1995, thisfis(a
politicallissue(ofhighurgency.

[0 Welihvestigatediwhetheranew, largefriver
bypass,¢alledfloodwaylinthe[USAlorigreen
riverlin(TheNetherlands, will(providealsolution
tolbothproblems(mentioned(Wolfert(et/al.,
2004).Ourlexamplewas(theMississippildelta,
wheretheMorganzalandithe BonnetCarre
floodways werel¢onstructed(followingthe
Great(Flood(0f(1927 [fopass(floodwatersfrom
theMississippiRivertotheGulflofiMexico,
thusisafeguardingthe(city[of INew[Orleans[from
flooding.

landscapeland((2)to/demonstratethelimpact
onlthelwater(levels(inithelriverisystemiduring
floodlevents. Thelresultsiwere(comparedwith
theleffectsioflretentionipoldersiinithelsame
area,whichlisianotherioptionofiwhich
exampleslexistfalongitheWpperRhinelin
Germany.

Planidesign
TheGreenRiverlllingewaardencomprisesitwo
reaches[(Fig.1). TheupstreamRijnstrangen
reachlis’surrounded(byolddikes(aslthese
3200haroflandwereregularlyfloodeduntilithe
1960s.[Theldownstream, new(LLingewaarden
reachiis’plannedlinitheformerfloodbasinfin
betweentwolembankedRhinedistributaries,
theRiversiWaallandNeder(Rijn.Inthelowest
part(ofithisfloodbasin, 2900 halof(green(riverlis
designedwith@aminimumwidthof/500(mmear
importantihighway/and(railway(crossings(in
orderffolreducelconstruction(costs,butimuch
widerwhereltherelarenobuiltupareasiat
presentioriénvisagedinitheverynearfuture,lin
ordertolallowsomelbackswamprestoration’in
thislarea.

measures(+45kmliniwidth;northlisiup.

Figure(1.[Thelgreen'river, plannedialong(the present/Rhineldistributaries' (present'embankedfloodplainiin'blue). Arealshows

01 Thelplanningofisuchraigreenfriveriinia
culturallfandscapewilllinvolvemajorilanduse
changesiandmanypeopleWwillibelinvolvediin
theldecisionmaking. Therefore, @aims(ofithe
study(were:((1)[tfolindicatepossibilities forinew
typesiofllandiuselandtolvisualizethefuture

[0 Forleachioflthetwoloptionsiwaterilevels
and(dikesheightsrequiredwere calculated.
WaterldepthiwasIcalculated/usingidatalon
presentiwater(levels+-lassumingtheigreen
riveriwilllpreventimaximumWwaterfevelstorise
—landidatalonlaltitude.In[caselalgreenriverlis
preferred, mew(dikeshavetolbeup(to8m




high,whilealchoiceforitheloption(ofiretention
basin(requires(dikes(ofimorethan10imhigh.
Aslalgreentlriver,thelarealwill'dischargewater
as(soonlas(thepresentiembankedfloodplains
areffloodediandithuswillfunction
approximatelyloncelinlonelorltwolyearsias(a
floodway./As[aretentionbasinpartofithe
dischargeloflextremefloodsleventslis(storediin
thelarea,andreleasedlas/sooniasthewater
levelsinitheriverisystemigetlower,@nlevent
whichlislestimatedto/occurionlyoncelin
approximately600years.

Futurellandscapes
Futurelandusewaslexploredbasedlon(the
qualitiesiofthepresentllandscape,Spatial
developmentsiinfTandiuse, andfutureflooding
frequenciesandwater(levels.lt'waslassumed
thatithefrequentipresence ofiwaterlinfalgreen
riveriwilllinducellanduse(changes, butthatithe
rarelinundation(of(a(retentionbasinwill(not
leadtolchanges.(Thus,theoption(ofiaigreen
riveriwilllenhancefunctions/suchlasnatureiand
recreation. Thefrequentpresenceof water
mayattractbuildinghigh[quality residences
alongithemew(dikes. Thenew dikesmaybe
usedforinewiypesiofrecreationlinfrastructure
suchrasllong/distancefoothpatsiandicycle
tracks, that’enablecitizenstolenjoy their
surroundingsmorelthanibefore.

0 Baseduponithellocallqualities[ofvarious
partsiofithelarea, newllandusecombinations
wereldescribedtoloccurlinithevarious(parts(of
thelgreenrriver((Fig.(2).lInthe[Rijnstrangen
reachlemphasiswilllbelonagriculture with
nature,(inithe@asternipartiofithelllingewaarden
reachldevelopmentiplanswithiurbaniparks
may(belanticipated((Fig.[3,seepage19), while
inlthewesternpartiofithelLingewaardenifeach
continuation(oflagriculturaluse willlconserve
thelhighlylesteemedopenness(ofithepresent
landscape.

inlthedownstream(riverreacheslinthe(delta,
aswouldbelthecase whenretention(polders
werelconstructed.However, thatloptionwould
onlylleaditolal35(40cmIdropliniwaterlevelslin
thelstudyrarea, Wwhichlismotisufficientiinthe
longlrun.Thenewdesignidischarge would
requirelalfetentionbasin(of8[10times(thesize
ofthelarealinvestigatedihere.

[1 Thelconstruction/offalgreenriveridoesnot
changeftheldischargeldistributionoverithe
various(Rhine(distributaries/profoundly, (but
morelresearchlis(neededonithis.[An
advantage(ofithe [0ptionof(agreenl(riverlis that
itldoes(notrequirelanyoperational
management/duringtherise ofthewater
levels.(In[¢ontrast, [aretentionbasinmustbe
openedlandclosedwithprecisionionthelright
moment, otherwiselitwillinoteffectivelyreduce
thefloodpeakiwaterlevellinithelriverisystem.
Theldecisionlonwhetheritoopenthe basinior
notlare(seenasialgreatriskoffailure.

Conclusions
Compared(iotheoptioniofretentionbasin,
constructioniofialgreentriverwill bethebestin
orderitolstopthelpresentprocessiofiurban
sprawl,(because(oflthefrequentiihundations.
Theselinundationswillialsolinducenewitypes
oflland(uselcontributing(totheenvironmental
quality(ofthelurban(areas,and/willlenhance
development/planswiththighiquality
residences.Realization(of thellatterimay
contribute(fothefinancingofltheconstruction
oflnew(dikes.Besideswelarguedthatiaigreen
riverlisinotlonlyaisufficientutlalsoiarobust
solutionfothelincreasingriveridischarges,aslit
relies’onmaturalfunctioningwithout
managementprocedures, resultinglinfaimuch
lowerTriskof failureduringfloods.
Welconcluded(thatialgreenlriverlisialrigorous
solution, (butideservesthelattentionofldecision
makers, [becauselit’providesilonglasting

Figure 2.[INewl(land usecombinationslinithe \various parts(ofithe(greenlriver

Riverimanagement
Whenthelsolcalled/design ischargem\/ill
increasefromlits(present16.000[m"/s[ioa
future18.000/m?/s, [the new green(riverwill
discharge(2000.3000 'm®%s, whichwillllead toa
dropliniwater(levels(offapproximately 60100
cmlalongithepresentidikes.Inthecaseofla
greenfriver,therelisnolimpactioniwaterlevels

opportunitiesforianenvironmentiwhichlissafe
andipleasantitolivelin.
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Introduction
Recentlpeakidischargesliniseverallarge
Europeanfrivers,isuch(as(thelriversMeusel((Fig.
1),[Rhine,landthe[German(Elbe[River(ledtolthe
awareness/thatfloodisafetylisistilllakeylaspect
in(strategiclriverimanagement.(However,(this
aspectiisisometimesiconflictingwith(other
functions,[such@asispatiallplanning,ecologyland
agriculture.[Tradeloffs(havetolbemade
betweenthevariousiobjectives.[Thisproject
aimslatlimproving(strategiciriveriplanningby
providing(aflexiblelandlintegrated framework
forfriverrmanagement.

Figure(1.Peak!dischargelinthe(Meuse, Geulle[2003.

[ Integratedwaterimanagementirequiresia
methodthatlallowsforiquickliterationlin[case(of
changingiconditionseitherlinthefieldof
climatologicichange(oripolicyoriend user
requirements.[Furthermore,folcope withblank
spots,theimethod(shouldbebasedonminimal
datalrequirements(andrelatively(simple
calculations.Finally,[qualitativelandquantitative
modelaspectsishouldbelintegrated. The
ongoingntegratedExplorationMeuse((Fig.(2),
onelofthelargestrriveriplanningprojectsiinithe
Netherlands, servesiasialcaselstudyforithis
research.

Problemlidentification
Various(toolsapplytoimake therequiredtradel]
offlinlriverimanagement(Nieuwkamer,1995;
Schielen’etral.,'2001;Matthiesletral.,2003;
MinisterieivanVerkeerienWaterstaat,
Rijkswaterstaat(DirectiellLimburg,2003).
Decisionsupportisystems,differentimodelsiand
qualitative(studies¢anbelusedtfoassesslriver
strategieslinlaniintegratediway.Although
considerableresearchleffortthasbeen(spenton
theldevelopment(oflintegratedtoolsithe
practicallapplicability[oftenremains(limiteddue
tolamumberiofireasons:((1)theoccurrencelof
blankspotsiwherenomeasureswereoricould
belassessed;(2)falackof flexibility folcopewith
changingfuture’conditionsiorienduser
requirements;((3)(difficulties withlintegration(of
qualitativelandiquantitative(modellconcepts.
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Figure(2. LLowerMeuse; study arealforlIEM(Ministerie
vanVerkeerlenWaterstaat, |[Rijkswaterstaat Directie
Limburg, 2003).

Researchmethodology

Thelresearchicomprises(thefollowing[steps.

o1 Qualitativelsystemsranalysis:¢onsulting
endlusers,stakeholdersiandiselected
expertsitolmakel@nlinventorylofrelevant
indicators, measures,[and’scenariosfor
futurel@éonditions.Modelingleffects:




collectingldatalandtheoretical'conceptsito
model(toldescribe the(relationslinithe
qualitative(systems network.Thelavailability
ofthe[PlanningKitMeuse, developed by
WL Delftiandlinvolvingthehydraulicleffects
ofimeasures, allowsforicalibrationof
results.

o1 Evaluationiofiriveristrategies: testing
robustness(ofiriveristrategiesformulatedfor
thelprogramiintegrated[ExplorationiMeuse
(IEM)under(theformulatedscenarios(and
ranking(the(strategies.

o[] Verificationofthemethodology:(testingthe
genericlapplicability(ofithemethod by
means(offalsecond(¢ase study.

Integrationfofiqualitativelandiquantitative

aspects(takesplacebyusingfuzzylsettheory.

Thisfapproachloriginatesifromisociallscience

and(williallowforlintegrationofiqualitative

knowledgelinthelmodel,resultinglinia
genericallyapplicablelapproach((Fig.3).
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Figure(3. Applicationof thelRAMiapproach.
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Abstract
Inthisresearch(theldamageduetollow
dischargesionithelMeusehasibeenanalysed
tolgetabetteriviewionthelscopelofithelow
flowlproblem.Theresearchlarealconsistsof
theDutchlandtheFlemishipartiofitheMeuse
upstreamiof(Roermondlandithelcanalsfedby
it.[/Almodelhasbeen(developeditolassessithe
totalldamageland(thedistribution(over(different
regions(andleconomiclsectorslinamumberof
situations. Total/damage(variesfromafew
million(Euroslinfalmedium(drylyear(ioltentimes
thatitnuchlin@anextremedrylyear.[Mostofithe
damageloccurslinthe[navigation(sectoriand
thelpowerigenerationisector. Climatological
andleconomicalldevelopmentwilllincrease
futureldamage(substantially.[Onitheother
hand,muchicanibelgainedibyapplying
appropriate[managementistrategies.

Introduction
Thelmainlaim(ofithisiresearchlistolcreate
insightlintolthe(damage duetollow(discharges
ofthelMeuse((Fig.[1).[Thislinsight(canihelp
waterimanagers((e.g.Rijkswaterstaat)to
evaluatelinternational, mationalfand(regional
agreementsiconcerninglthedistributionofliow
flows.It[canralsolgivedirectionlinthe
developmentiofistrategiestoralleviatethelow
flowlproblemmowrandlinithefuture.The
researchlarealconsists(ofithe/Dutchlandithe
Flemish(partiofithe[Meuse Upstream(of
Roermondiandithel¢anals(fedbyiit((likelthe
AlbertCanal,JulianalCanalland/Zuid]
Willemsvaart).

Figure1. Lowlflows(onthe(Meuselin'2003

Damage/model
Amodelhasbeendevelopeditoassessithe
totalldamagelandithedistribution(ofithe
damageloveriseveralregionsiandleconomic
sectorsiinfainumberiofisituations.[Themodel
calculatesitheldamagethatiwould/occurlinithe
currentisystem, [iflitwouldbe confronted with
certainicharacteristic/discharge(series,linithree
steps. [First, thedistributionofthedischarge
overthemainbranches/ofithe watersystemlis
determined. Theniwatershortages(are
quantifiedforleachleconomicisector, by
comparisonofiwatersupplyandidemand.n
thelaststep, thefinanciall[damagelisiassessed
forthelrelevantieconomicisectors:mavigation,
agriculturefandipowerigeneration.[Damageto
navigationlandiagriculturelisicausedbywater
shortages, [but/damage(to/powerigenerationlis
caused bylhighitemperatures(ofitheriver
water,(whichlis(usedforicooling/purposes.

Results
Theldamagethatcanibelexpectedlinthe
currentisituationhasbeencomputedforia
number(oficharacteristiclyears, basedonlthe
yearly[cumulative[dischargeldeficit.[The
damagevariesfromabout®million[Eurosiinia
50%[dryyearitolover30million[Eurosiinia %!/
drylyear((Fig.2).(nla%0% dryyearfalmost
90% [ofithe[damageoccurslinthepower
sector, butlina1%dryyear(thatfractionlisonly
about30%.In[al1%[drylyearmostiofithe
damageloccurslinthelnavigationisector.(The
damagelis(causedbythelincreasing(delay(of
ships(atllocks, whenmoreleconomicallock
proceduresiare(applied.Theldamageio
navigation(isiparticularlythightontheAlbert
CanalliniFlanders, where=lin[contrastiolinithe
NetherlandsTnolpumps(arelinstalledfopump
backthelockingiwater.Inithelagricultural
sectorisubstantial waterishortages/doloccur,
butthe/damage(causedbytheseshortageslis
negligible.

[1 Toldeveloplinsightlintothelpossiblefuture
increasel(of[damage,thelmodellhasbeen
applieditolaimumberiofiscenariosfor
climatologicallandleconomicalldevelopment.(In
themostiextremelofithefwolapplied(climate
changelscenarios,theldamagelinfa0%/dry
yearmnearlydoubles(in(100yearstime.(A
substantialpartiof thelextraldamagelisicaused



bylanlincreaselinthewateritemperature. The
scenariolforleconomicalldevelopment(predicts
anlincreaselinl[damageoflabout20%(n10
years(time.Thelincreaselinidamagelisimainly
causedbyaniincreasedlintensityofshipsion
thelJulianalCanallfandithelLateralCanal.llflthe
economicalgrowth(will continuewithithe[same
rate, thelincreaselinwaterdemandwillladd
moretolthellowflowproblemthenithe
decreaseloflthewaterravailability[dueto
climatelchange.

01 Finally,thelmodellhasbeeniusedito
identify(beneficialsolutions(tothelow flow
problem, byassessingthedamagel(thatloccurs
underiseveralimanagementistrategies. The
damagetopowerigenerationlisnottaken(into
considerationlinthe [evaluationofimanagement
strategies, because the(strategies/donot
influencethewateritemperature.Sincelthe
damagetolagriculturelisfalreadyverylimited,
thelstrategiesiaremainly@imediat/decreasing
theldamage(tonavigation.

(1 Thelappropriate[managementistrategies
leadtolaldecreaseoflthetotall[damagelof
nearly(20% tolover50%linfa10%/drylyear.
Firstloffall,much/can(belgainedbyadjustment
ofthewater(distribution(overtheeconomic
sectorsianditheregionslinitheresearchiarea.
Toldecreaseltotall[damage, morewaterishould
bemadeavailableforinavigationiatithelJuliana
CanalfanditherAlbertCanal.The(distributionof
waterioverthelriverisystemicanhowevernot
beladjusted(without((political)effort.[Beside
operationallmeasures, @coupleoflappropriate
strategicalimeasuresican belidentified,lamong
whichithelihstallationlof([pumpstopumpback
thellockingwater.

Discussion
Thelpossiblefaultiinthe[¢alculated(damagelis
causedbyvarious(sources.[Firstiofall,[afew
economicallsectorsiand/processesiare
excludedfromihemodel.[Secondly,themodel
schematisation(isalittlelinaccurate/duetothe
fixed(discharge(distribution(andthesimplified
damage(functions.Finally, theuncertaintylin
thelinputianditheimodelparameters(=mainly
theparameters(forithe power(generationiand
navigationsectoricauselquite’[some
uncertaintylinitheloutput.Therefore, thetotal
uncertaintylinithecalculatedl[damagelis
substantial.

Conclusions/andirecommendations
LowflowslonitheMeuselaremainlyalproblem
tomavigationiandpowerigeneration.Partofthe
damagelisiunavoidablelandhastobe
accepted.[Nonetheless, thetotalyearly
damage(can(beldecreasedisubstantiallyby
applyinglappropriate[managementistrategies.
Especiallywithregarditothe [expected

increase 0f(the lowflowproblem(due folclimate
changelandleconomicalldevelopment,fit’Seems
tolbewisefolimplementialcombinationiof
operationallandistrategical measurses.(To
establishiawidelylaccepted/packageof
effectivelandefficientimeasures, fitlis
recommendedolconsideriallfinancialland
non(financialeffectslfolthelinterestedparties.
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Introduction
Floodllossesluseditolbelassessed!statistically,
based(on(therisk@analysisiapproach(CUR,
1990; Vrijling,[2001).With the[development(of
remote(senseltechnologyand(drivenby(the
rapidiclimatelchange,the/physicalbased
approachibecomesmorefrequentlyrapplied
(VanidelSande(et(al.,[2003).Bothlapproaches
appearlimportantiinidecisionimaking:the
formeriindongtermflooddefense/planningiand
thelatterlin'shortitermflood mitigation
management.

[1 Thelstudylofinaturalsystems(calls/forian
integrated(approachliniriskiassessment.(In
Europe,shiftedfromistructuralimeasuresto
non(structuralimeasures, modernifloodrisk
managementhasmoved(towardslimproving
floodmitigationthroughthelimprovementof
floodiwarninglandimodelling(systems
(PenningRowselllet(al.,1994).[However,linh
denselypopulatediriverbasinslinicountries
such(as[China,[structurealimeasuresiremain
important((Yin(etial.,[2001).Thus, risk
assessmentlisirequiredtobelabletolanalyze
thelpossible/outcomes/of any(plan,(strategylor
project,(at differenttemporalandispatial
scales.[Inthisistudy,attention(shalllbelpaidto
thelissuesmentionedbelow.

o[] Previousluncertaintylanalysis(ofifloodrisk
assessmentfocuses(onlinternal
parameterslinvolvedlinithelriskimodel(e.qg.
NRC,2000).Externaluncertaintysuchlas
uncertaintypropagationthroughhydraulic
modelslisrarelyreported.

Methodologyandicaseistudy
Keylcomponentsand(processes ofthe
integratedfloodldamagelandrisk[@assessment
systemlarelshownlinFigure(2.[A[caselstudy
hasbeenisetuiplontheriverreachnear
SandaulintheRiverElbeliniGermany.Monte
Carlosimulationpropagatesuncertainty
throughtthelsystem. TheldikeleffectlisStudied
withian(artificial'dikelbreaksimulatedwith
SOBEK2D.

Figure(1. [Floodidamage(caused by highiflow(velocity
(from BBC[2004:
http://news.bbc.co.uk/1/hi/in_pictures/3571748.stm).
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Figurel12.[1/Framework!( of Ithelintegrated!( flood(Irisk
assessmentisystem.

o[1 Mostiofltheldamagefunctionswereldepth(]
based.Improvementlisineeded/duetothe
neglectiofiquantifiedlinclusionloflimportant
variables/suchas(velocity[(Kelman,2004;
Fig.1).

Results
Thelsystem(canassessfloodriskwith:({1)
expected@nnualidamage;[(2)(damage
associatedwith(alcertainfloodlevent;(3)the
impactioffloodmitigationimeasures.Here, two
typicalresultsiarepresented.

1.0 AmiskTevelmap(Fig.[3) =Thisimaphas
beenlobtained by combiningthemapsof
percentageldamagelandithevelocity
distribution.(Thelidealisto[distinguish four
risk(levelslindicatedbytheindexes/of(R1
to[R4,whichlare(corresponding(tolactivities
tolbetakenforidecisionimaking. Thellevels
ofrisk/canbel(differentnationwide.

2.0 Theldikebreakleffect((Fig.[4)=+Thisleffect
wasassessedusingMonteCarlo
simulation(oftheleventbaseddamage



model.[Thelresultishowsthatidamagelis
always(higherwhen(dikebreakloccurs.
However, thisresultlonlyshowsthellocal
impact.[(Non(locallimpacts(¢an(belobtained by
enlarging(thelmodellinglarealdownstream
towards(thelarealoflinterest.ThisworkIisstilllin
progress.
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Figure(3.Riskllevelimap

Conclusions

¢[] Anlintegratedifloodrisk[@assessment
system(hasbeen(developed.lticanibe
used(tolprovidemultildimensionalaids(to
floodimanagementidecisionimakinglin
longlterm(planningfandishortiterm
operations(ofithe flooddefencelsystem.

o[ Inclusion(ofivelocitylimprovesthe/damagel’
driven(forces.

o[ 1 Integratediuncertaintylanalysis/assists
floodriskipresentationwithimore
comprehensivelinformation.
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Abstract
RiverengineeringlinitheNetherlands’now
reliestheavilylonidetailedgeographic
information. Information(ofn(dikes, elevation
and(vegetationlisigatheredlandimaintained’in
anlinstrumenticalled‘Baseline’.[Fromthis
databaselthelrequiredhydraulic,ecologiclor
morphologicimodelsiaredrawn. Thislis[done
largelylautomatically.(Recently(the Baseline
datalcontrollinglenvironmentiwaslextended
withthefacility tolincorporate/changestothe
database.[Thislextensionlis/¢alledthe MIXER.

Whatlis Baseline?
Baselinelisfa/GlSTorienteddatabase for
managingandprocessing(spatialdatafor1D,
2Dror3Drhydraulicimodels.tlisfanfautomated
switchbetween(groundtruthidatalandimodel
inputforimodelssuchlasfSOBEK@andSIMONA
(WAQUAandDELFT3D)models. Itprovides
structures(foridata/managinglandapplications
forlediting.

[1 BaselinelwasidevelopediiniArcinfo,mainly
usingthelArc[MacrollLanguage([(AML).'Some
partsihavebeenprogrammediinFortraniand
C++.[TheBaselinelapplicationrequiresieither
Arclnfol7(or/ArcGIS8,andrunsonWNIX,INT
oriXPplatforms./AtithelmomentRIZATis
workingonfaiconversiontoithelArcGIS
programmingienvironment.

Baseline/and/data
Theworkflow(of(Baselinelinvolvesithreedatar’
levels.

1.0 Primary(data[MTheBaselinelinput
originatesifromithreetypes/ofidata
sources:[depthiSoundingspointsieniines
with(heightlinformation, topographyand
files[thatidescribeecotopes. [Ifinecessary,
datalcanibe(pre(processedbefore being
savedlinltheBaseline/database.

2.(1 Derived(dataTiBaselinesoftware
applicationsprocessitheprimarydatalinto
derivedidatallikea/Digital ElevationModel,
Roughnessidata, WeirsfandSobek[]
sections.

3.00 ApplicationsmPrimarylandiderivedidata
servelaslinhputforhydraulicland
morphologicalmodels. Baselinecontains
applications(tolgeneratelinputfiles(for
SOBEK,WAQUAIandDELFT3D.

Relationswithprimaryand

secondaryprocesses

Calibrated WAQUA, DELFT3DandiSOBEK
modelsforithefmiverlRhinelandithelriveriMeuse
havebeenmadewithBaseline.[TheWAQUA
modelsiaretypicallyluseditolassesstheldesign
waterlevels.[SOBEKmodelsareregularly
used(foriflood(predictionlinithe lowerparts(of
theRhinelandMeuse. Becauselallldatalare
managed(inBaseline, itlis/easytolupdate
theselmodels(onlalyearlybasis.

Baseline MIXER
In2003theBaselinedatalcontrolling
environmentwas/extended with(thefacility to
incorporatechangesitotheldatabase. This
extensionlisicalledthe MIXER:.Iltlis[used[to
altertheldatabaselconform(proposedhuman
interventionsoriautonomouschangeswithin
thelprototype. Thelextensionlenablestheluser
tolincludelallarge numberiofichangestothe
datalmodelofitheprototyperautomaticallyfin
onelsimplelaction.

[0 Thisladditionlenables/ustomakestrict
distinctionbetweenitheactualigeometryland
riverimanagementimeasures.Measures(are
definedias(specificichanges ofithe(geometry.
Strict/distinctionbetweeniactuallsituationland
measuresnotionly(promotesthelintegrityofthe
databaseslitself, [itlalsomakesthelinformation
of[proposedmeasures(transparentiand
suitableforlexchange®ymeansoflemail.
Becausethelinformationlisientirelygeographic
itlis[accessibletolanyonelthatihasaccess/to
ArcGlISisoftware.(lt[does[notrequireanyprior
knowledgelofihydraulicimodels.

Baseline’andlarge(studiesforRiver

management
Baselinelislusedlinfainumber(ofilarge studies
forfriverrmanagement,suchas/Room(for(River
and(thelriveriMeuse project. Inltheselprojects
Baselinelprovediobelalsuitabletoolfor
modellinglanychangeliniriverigeometry.
Examplesiarewideningiorioweringithemain
channel,foweringofthefloodplains((e.g.[Fig.
1), femovalofibottlenecksiinthemiverfandithe
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(a) [ElevationModelllinlactualsituation.
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(b) ElevationiModel afteria possible(measure

planning(of(sceniclareas.Theluselof Baseline
in[such(projectslisverybeneficiallbecause
resultsiand’hydraulicimodels(arelreproducible
andlobjective.

0 Nowadays,bydevelopmentofithe MIXER,
Baselinelislaniéssentialtoolforhydraulicldata
managementliniprojectsisuchas‘Maaswerken’
and'RoomfforitheRiver.Measureslthat
increasetheldischargecapacity(ofitherivers
arelprocessedlin(Baseline,[andthenconverted
withitheMIXERlautomaticlintothelhydraulic
models. Withithesemodels, theeffectsofithe
differentimeasures(areassessed.

Forlinstance, when(studyingthe(lJsseldelta
arealinltheNetherlands, twolplan(alternatives
were[Mmade(forthesamelarea.Inonelofthe
modelstheproposediconstructioniofarsilt
depotlinithellakewaslincorporated,linitheother
modellitwasnot.Inorderfobeablefomake
calculationsforthelcurrentsituationiandithe
situation(aftericompletion, bothimodels
weremadelandimanagedbyBaseline.

Conclusion
Welthinkthelapproachofdatabaseland
MIXERIs(suchlalsuccessthatlit'shouldbe
extended(further. Untilmow soillcomposition
and(features(havenotbeenlincluded(inithe
database.Theselare(probablythenextitwo
characteristicstolbegatheredwithinthe
database.[More(challenginglare(otherfeatures
likeleconomicivalue,ecologicivalue,faunarand
navigationlintensity.[Becausethesystem(of
databaselandMIXERs[sowell fitted forral
kindslof(geographicinetwork/analyses, we
thinkfurtherextension(ofthedatabaseslis
probablythebestwaytolfulfillthe promises|of
truelintegrallriverimanagement.
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Abstract
Thelsubsurfacelplaysianimportantirolelinithe
necessary(subsequentistepsiwhenidealing
withthelplanning(ofriveriwidening. It
determines, togetherwithidesignandilocation,
thelqualitylandquantity(ofthe materials that
willlberemoved.Geological,
geomorphological,socioleconomicland
environmentallinformationthereforelis,
togetherwithirisk[assessment,(of(great/interest
forlplanners(andidecisionimakerslinriver’]
widening(projects.
Thislpaperipresentsithedifferent
necessary(subsequent(stepsiwhenidealing
withthelplanning(ofiriveriwidening:(starting
with[alphaselofichoosingwherelapreliminary
designed projectishouldorimaytake place,
followedbythel(sub)surfaceleffects(phase
(including@n(EIAIEnvironmentalImpact
Assessment)plusianiinsightlintheraw
materialflows,[andlalphaseoficollection(of
necessary@additionallnewihformation,
eventually(leadingltothelimplementationofithe
riveriwidening(projectlitself.[Knowledge ofthe
subsurface/¢ouldandiprobably’should(play(a
cruciallrole,especiallylinlcombination(with
othermore(superficial(dataland(sociol]
economiclconsiderations.

Introduction
Thelsubsurface(playsianimportantirolelinithe
necessarysubsequentistepsiwhenidealing
withthelplanninglofiriverwidening.Four
phasesiareldistinguishedwithintheriver
wideningprocess:[{1)thelinvestigationiof
geologicallinformation, togetherwith/several
otherlimportantithemes,tolunderstandithe
surfacelandithelsubsurface;(2)ithe creationlof
anEIA('MER’)(describingithe((interaction of)
surfacelandlsubsurface effects(ofthe(fiver(]
wideningprocesses;((3)thelcollection(ofextra
informationfonvarioussubjects;(4)afinal
phasethatleadsitoimplementationiofitheTiver
wideningprojectiandrestoration’ofitherarea,
oftenfafterrmanyyears(ofidiscussioniand
deliberation.Below, Speciallemphasislisigiven
tolthelimportantirole(ofthesubsurface within
each[phasementioned.

Phase(1:/geologicalinformation...

understandingtheearth
Inthefirstiphasel(choosingiwherela
preliminarydesignedproject’shouldiorimay
takelplace)idescribinglandiunderstanding(the
(sub)surfacelprovides/necessarylinput(forithe
decisionimaking(process./Aworld(of
informationlis(often(availableabout/the
subsurfaceland(thesurface, mainlyfrom
boreholedatalandvariousthematicimaps.
Combinedithey(providelinsightlingeology,
morphology, [geotechnologylandihydrology.
Using3rdimensionaligeologicalimodelling,
geologicallinterpretationtechniques,
geostatisticslandGeographicalInformation
Systems[(GIS)thesubsurfacelcanbe
describedlandunderstood((e.g.Fig.[1).lInthis
way(thelsubsurface(can(provide(thenecessary
input(forithe(decisionmaking(process.ltican
worklas(alsolidunderlay for(otherirelevant
thematicimaps.
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Figure(1. Depthlofithe toplof thelcoarsesanddepositsibelonging
tolthe Kreftenheyel Formation(in(theTiel areal alonglthelriver
Waal.

Phase(2:[combininginformation(

effectsiatithesurface
Inithenextphaselsubsurface(datalare
combinedwith(otheridemands regardingriver
widening.[Suchl(as,thelpreliminary
technologicallprojectidesign,flood ¢ontroliand
more(superficial[datal(environmental(data,
pollutionidata,Socioléconomicldata,lawsand
policy,etc).Inthisiwayamwell’balanced
assessmenticanbemadewhereibundertake
riveriwidening.




Many of(theselitems are/dealtiwith(infan
Environmentalllmpact/Assessment((EIA)lor
‘MER’(in[Dutch.
Importantlitems(arealcareful(planning(of
materialflows,[¢ombinationand(clusteringlof
differentiprojects,anddealingwith(land(use,
nature@nd(mineralplanninglinfalSmartiway.
Togetherwithlinsightlinithe releaseof
economicallylinterestingraw[materials,@nd
sustainableluselofreusablematerialsithese
arelalllimportantaspectsofithelassessment
andimay help/makingawelllbalancedichoice.

Phase(3:[getting(extralinformation
Intthis(phaselaldecisionfaboutthelexact
locationifortheprojectiandthefinalidesignwill
benarrowed(down.[Gettingcloser(tolthephase
oflimplementationitiis(often(considered
necessaryltolcollect/extralinformationi(e.g. Fig.
2).[Informationthatimay influencelthe choice
forithelexact/location(ofthe newby(passes
and(dikes.Informationthatimaylead(to
possiblebenefitswhentheremovaliofipolluted
soillcanbelavoided,@rithatcreates
possibilities formature(restoration(in
combinationwithTminerallextraction({e.g.Fig.
3).Wellldocumentediinformationlisi@specially
importantiasienvironmentallandiplanningiaws
are(strict.[Aswelllasfoladdressmaturefand
environmentallgroupsiinlalproperway tolavoid
slowingldownunnecessarilythedecision(]
making(process.
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Figurel[13.[1[Examplellof IthelIcalculationlof Ithe\quantitylof
extractable( coarsel sand( beneath( allayer of finelsand (after
Rijkswaterstaat,(2004).

Figure('2.['[Example(lof al simple( lithostratigraphicl profile
basedion extralborehole(datal(North(Sea).

Phase4:(diggingfori‘golden
opportunities’

Finally, when(theriveriwideningprojectwilllbe
implemented, (often(onlylafterimanyyearsiof
deliberationiand(discussion, wellldocumented
andireadilylavailablelinformationwilllenhance
thelimplementationiprocess.lLeadingto
efficient/diggingland(building, well(balanced
materialflowsand(sustainable raw/material
management.(Maybe, fogether(with/sociol
economicalbenefits,[somefinancialbenefits
fromleconomicallylinterestingbuilding
materials(canbelobtained.Inthiswayriver
wideninglcanibeconsideredrdiggingforigolden
opportunities’.
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Abstract
Iflafloodwavelofiarivericoincideswith flood
waves/(oftributaries,lextremefloodsicanoccur.
Thefloods0f1993,1995,12002/and2003(in
thelMeusebasiniarelanalyseditolseelif
patternsicanbelderivedwithregardiopeak
convergence. Theldata'show(that/afloodwave
inltheMeusebasinlis(generatedatidifferent
locations(andiat(differentitimes; thislis/duelto
differenceslinprecipitation(patternsiand
geographical(features(of(thelarea.[The(Meuse
dischargelatBorgharen(oftenpeaksbeforethe
dischargelat/AmpsiniandChooz,which(are
bothllocatedupstreamiof(Borgharen.Duelto
occurrencelofldifferentflood waves(duringia
floodlevent, measurestakenioreducepeaks
atlone(placelalongitheMeuselcanlhave
negativeeffectsionithepeak/dischargeatiother
placesialongitheMeuse.Hence,flood
managementishouldbedonelatbasin(level.

The Netherlands

Figure(1.[The(Meusebasin with(locations of monitoring
stations[‘and! tributariesl mentioned(in| _Figure[ 2.[1The
monitoring(istationslusedin[this[study(larelonlyla
selectionlout(of thelfotallnumber of monitoring|stations
that("are( ‘operated lat! thel different(Ihydrological ‘and
meteorologicallinstitutes

Introduction

Inithelastdecadelthe frequencyland
magnitudeloffloodslinithelMeuselbasinhave
beenfrelativelylarge. Thevolumelofithese
floodslisimainlylinfluencedbylinitial'Storage
volumelandiprecipitationivolume.Thelshapelis
largelydetermined by hydraulic/propertiesof
thelriverinetworkland(the convergencelofiflood
waves ofthemainfriverandlitstributaries.(If
the(floodwave/ofithelriver(coincides withflood
waves of tributariesiextreme(floodscanioccur.
Thismotivatesitheneedfotuneflood
managementofitheriverfandithefributaries.
Aim[ofthelstudylistolanalysehowfloodwaves
ofthelMeuselandributariesicoincideduring
floods.Themainiquestion(is:Whichlihteraction
patternsbetweentheMeuserandithe
tributaries/can(belderivedfromtheflooddata
0f1993,1995,12002and2003[andhowIcan
thisbelimplementedwithinthelobjectives(of
the“FloodiActionPlan”foritheTriverMeuse?
Thelinformation(obtainedallowforia
quantitative@analysis(ofihydrological(processes
underfextremelconditionsfortherentireMeuse
basin((Fig.)./Asimilaristudy wasperformed
MeuseDasin({i.e.limburgonly).

Materiallandimethods
Theflooddatausedlinthisistudyconsistof
precipitationlandlhourly(dischargedatafrom
gauging/stationsilocated(in(14tributariesfand
at[10llocationsonitheMeuse, 0fwhichthreelin
France,elevenlinBelgium, twoliniGermany
andleightlinthe(Netherlands.(Theldataforithis
study(are(provided by [DIREN, METISETHY,
StaatlicherlUmweltamt,/AWZand RWS.

[1  Foritheldifferentstations,thetime of
occurrencelofpeak(discharge was(determined;
thepeakiime./As[somelstationsiarenot
locatedaticonfluencesoflthe Meuseland
tributaries, thepeak(timewascorrected(with
thepropagationtime(ofiafloodwavefrom
stationitolconfluence.Incaseldataiwas
lacking, thisifimewasestimated.'Secondlythe
timedifference betweenthe Meuse flood wave
passagelatithelconfluencelandtheldischarge
peaktime(ofithe(tributary wasdetermined((Fig.
2).[Results[providelinformation whetherMeuse
and(tributarypeaks(coincide. [Finallythe(actual
(dischargelatithelconfluencelduringpassage of
thefloodwavelinithe[Meuse)@andpotential



(observedipeakidischarge)icontribution(ofithe
tributaries'were/determined. Thisallowsa
quantitative [@nalysis(ofthe(contribution(oflthe
tributariestothepeak(discharges(at/Chooz,

Semois.ThelllesselandSambrelcauselthe
peak(dischargelat/Ampsin. Foritheldischarge
at(Borgharen(thecontribution(ofitheOurthe,
Sambre, lLesseand[Ambléve(aresignificant.

Ampsinland(Borgharen.
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Figure 2. Average|propagation|of.discharge peakslin'the(Meusebasin

Results

Geographically,the Meusebasin¢canbe
dividedlinf3[zones.Inzone1and3theriver
flowsthroughlawidelrivervalley;(inizone(2the
riverivalleylisinarrowand(steep./Asalresult,
thepropagationitimeofithefloodwavelisimuch
longerfinizones@and3ithaniihizone2.[Figure
2[showslaveragepeaktimesiatithedifferent
locationswith(Borghareniasreference((t=0),
plottedlagainstitheldistance.Theldottedline
displays/thelassumedpeak(timeof(allocation.
Thisllinelislestimated,[@assumingpropagation
timeslinithe[Meuse((zone(2)thatlarebasedon
generallobservations((Berger,1992).Itiwould
bebetterfoperformithis@analysiswithhydraulic
models, butthatlisbeyondithelscopelofithis
study.

00 Analysisiofithepeaktimesishowsithatithe
tributarieslinizone20nlaverage (peakbefore
theftributarieslin’zoneandzone(3, mostly
beforethelMeusepeakipassage.lHoweverlin
zone(2litimayloccur(thattheflood ' wave(onithe
Meuselisigeneratedionlybythedischargelof
theltributaries. This(explainsthe[generation of
differentfloodwaves. Thepeakdischargesof
thellLesse,[SambrelandOurtheloftencoincide
withthe[peaklonithelMeuse.Thelpeak
dischargelatiChoozlis[causedmainlybythe

Theldischarge of(zone[1[becomesmore
significantforitheldischargelat/Borgharenlifithe
floodperiod(extents(duelfolalsequencelof
precipitationlevents.[Also[somelpatternsiwith
regarditolpeaklorderican(be derived. Forithe
events(considerediitlappears(thatithe
dischargelofithe[OurtheSystempeaksiin
sequence:Vesdre,[AmblévelandOurthe.

Discussion(of/uncertainties
Thelpropagation(timel(differs(foreveryflood.
Howeverbyassuminglalconstantpropagation
time(for[some (tributaries, thislisnottakenlinto
accountiandpeakiimesiaticonfluenceséan
differfafewhours.[Forlexample,linirealitythe
peak(linesof(AmpsinfandBorgharenicouldbe
connected,butdueolimitingdatamorunivocal
picturecanibelderived.Inlthis(studytheltimelof
maximumI(dischargelataistationlisitakeniasithe
peak(time.In(realitythel¢considered(discharge
differsionlyllittle[fromithedischargelinithe
hoursbeforelorafterithepeak. Thus,if thellag
betweenMeuse peakiandtributarypeakiis
smalll(e.g.3hours), thanthepeaks(virtually
coincide.

[J Theldischargeldatalused(aremeasuredat
theributary(stations;linireality thedischarge
confluencingiwiththeMeuselisTarger.The




informationneededtolcorrectitheldischargelis
notlavailable.[Furthermore,duelto(differences
in[discharge((hourly)and(precipitation((daily)
records, itlisinot/possible foldeterminelan

exacttimeloflconcentration(of[Sub(¢catchments.

Infamextisteplofithis/studyprecipitationidata
willlbelincludedtosupportitheldischarge
analysis.

Conclusion
Thelanalysisipresentedihereshowsthe
generallpatterniofithelconfluencelofflood
wavesl(intheMeusebasin.Dueiolthe
occurrencelof(differentflood wavesiduringa
floodlevent, measuresltakenioreducepeaks

atlonelplacelalongithelMeuselcanhave
negativeleffects/onithepeakidischargelat
anotheriplacelalongitheMeuse.(This/study(can
beused(as/affirstlinventoryineeded(totune
measuresthat@imatiareductionioffloodrisk

atthe(scale(ofithe(entire(Meuse(basin.
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Abstract
Aweatherigeneratorthasbeenidevelopedito
simulate(longldurationsequences(1000(years
orimore)iof/daily/dischargesusinga
hydrological/hydraulic’model.Resulting
extreme(value(distributions(of(10/day rainfall
amounts/and(daily(riveridischargesiare
discussed.

Introduction

Theftraditionalmethod(forthe [estimationofithe
designidischargelisibased(onthe extrapolation
oflthe(distribution(ofirecordedannual(discharge
maximatoalmeanreturniperiod(ofi1250(years.
Disadvantages/ofithisimethod arethatistrong
extrapolationfisfequired,landthat/discharge
records(are(potentiallylinhomogeneous.
Furthermore,(consideringiannualidischarge
maximalgives(nolinsightlinithe/shapeland
durationlofitheflood(peaks. Sincethemid[
1990sanewmethodologylisiunder
development, Whichlaimsatithelsimulationof
longlduration(dischargesequences.[Besides(a
hydrologicalimodel{HBV)andahydraulic
model (SOBEK),alsolalstochasticiweather
generatorlisiihvolveditosynthetically/generate
realisticllong(dailysequencesiofirainfalliand

temperature(forthelriverbasin.

Theweatherigenerator
Rainfalllandfemperatureatidifferentlocations
inlthe(drainagearealaresimultaneously
simulatedbyhearestmeighbour’ resampling.’/A
majorfadvantagelofithisiresampling'methodlis
thatboththelspatialiassociationofdaily rainfall
overltheldrainage/basiniandithedependence
betweenIdailyrainfalllandtemperaturelare
preserved, withoutimakingassumptionsiabout
thelunderlyingljoint(distributions.(To
incorporatelautocorrelation, onef(first[searches
theldayslinthehistoricalrecordi{here10),
whoselcharacteristics/are'mostisimilarioithose
ofthelpreviouslysimulatediday, referredifolas
‘nearestneighbours’.[Oneloflthesenearest
neighboursiisithenrandomlyselectedusinga
decreasingkernellanditheobservedvaluesfor
theldayisubsequentitolthatinearestineighbour
areladopted(aslthelsimulatedvaluesforithe
nextlday.(Thelsearchfornearestineighbours/of

thepreviouslysimulatedidaylisibasedon
quantitiesllikethebasinfaveragerainfalland
temperatureforthatday, therainfallfotal ofthe
precedingfouridaysiandthefractioniofithe
basinforiwhichthedailymainfalllexceedsithe
wetldaythreshold[of(0.3[mm.[Theleffect(of
seasonallvariationlisreduced(byrestrictingthe
search(fornearestineighboursito/days withinia
movingWwindow[0f(61days, [¢entredon(the
calendar(day(oflinterest.[Thevariablesbeing
simulated(do(notnecessarilyplaylalrolelinthe
selection(ofinearestineighbours(e.g.fareal
rainfallforfalsubl¢catchment)butlaresupposed
tolbelcloselyrelatedtothoselvariables
influencingthelselection.Moreldetailsiabout
nearestneighbourresamplingidanefoundiin
Buishand@&Brandsma((2001).

—e— historical (1981.1998)
——— 3000-yoar simulation
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Figure[1.[Gumbel plotl of winter_ maximal (historical_and
simulated)(10 day basinlaveragelrainfallforithe Meuse.

Results
Figure1comparesthedistributionofthe 100
daywinterimaximalofbasinaveragerainfall for
fouri30001yearisimulationsforithe[Meuselbasin
withithe¢orresponding(distribution(oflthe
historical winterimaxima{Octoberthrough
March)foritheperiod19611998.[These
extremeslarelconsideredbecausellargeriver
dischargeslareloftenicausedbylargemultiiday
rainfalllamounts(inwinter. Thelfigure[shows
thattheweatherigeneratorlis(capable [of
reproducingtheldistribution(ofithe10(day
rainfalllextremeswell. Furthermore, the
historicalmaximum(10(dayrainfall@amountslis
largelylexceededlinithelsimulations.tlis




expectedithatithislleadsitorhigherflowsthan
thoselobserved. Figure(2(displaysithe
distribution(oflannualimaximalofidaily
discharge(foritheRhinelat/LLobithfromthree
50(yearisimulations, fowhichiGumbel
distributions(are(fitted. lLarge(differences
betweenthesimulationslarefoundiifithese
distributionslarelextrapolatediforeturniperiods
inlthelorder(of(1000(years. Figure[3ishowsthe
same(forithreelsimulations(of(1000(years,
exceptithatithreeparameterGEVdistributions
areffittedto'the/data.Theselshow'a
considerablysmallerispreadforlongireturn
periods.

Conclusions
Theweatherigeneratorreproducesobserved
properties(oflextreme rainfalliwellandlis@lso
capablelofisimulatingmoreextremelevents
thanhavebeenlobservediinithepast.lLarge
extrapolationofidistributions fitted folobserved
dischargelmaximalareveryuincertain. Theuse
oflalweather(generator(with(a
hydraulic/hydrologicalimodelicanhelpreduce
theuncertaintylintheestimatedextreme flows
forllong(returniperiods.
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Abstract

Alstochastic'weatherigeneratorwhich homogeneous becauseofichanges!inithe
generatesilongtermirainfalland temperature upstreambasin, thelriverigeometryand
records hasbeenilinked tothe hydrological climate. Third, the choiceloffrequency
model HBV [to [provide moreinsightiinthe distributionslis(alsolalpointofiuncertainty.
estimation ofidesignidischarges. This/study Therefore, ainew methodologyhasbeen
summarizes|/thelresults ofthe @pplication of proposed toprovidealbetteriphysical basisfor
the rainfalligenerator(in the Meuse basin. thelestimation(ofithedesignidischargelofithe
Therefore, (aldischargesimulation(0f(3,000 Dutchrrivers.Thisinew methodologyis’known
years(hasbeenperformed. as(rainfalligenerator.

HBY-Meuse
- el
-

E 3,000 year
Weather d_MTluse
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Figure(1..Schematizedlimage|of rainfallgeneratorimethodology

Introduction

Flood(protectionlalongithemainDutchrivers(is Rainfalligenerator for the Meuse

basedion(design/water(levelsiwithalgiven basin
probability of exceeding. The estimation ofithe Therapplicationiofithe rainfalligenerator(forithe
design ﬂischarges[iszturrenﬂy[based onthe Meusebasin(consistsioflalKNMIstochastic
extrapolation(ofthe measureddischarges at weatherigeneratoriinkeditothehydrological
Borgharen(Meuse)and(Lobith (Rhine). HBVIMeusemodel((Fig.1). [KNMIligenerated/a
However, the(determination ofidesign 3,000yearrecord of precipitationand
discharges(from statistical analyses ofithe temperaturedataforithelentireMeuse basin
measured \_peak\_discharges\_facesyarious (Leander[&[BUiShand,QOO4).JhiSE€COFd (has
problems. First, (it/is[unknownhow been(routedthroughtherainfall runoffimodule
representative the relatively short measured ofithe'HBVMeusemodeliresultinglinia
dischargelrecords are.Secondly, the dischargelrecord(¢ontaining[3,000years(of

discharge(recordis[potentiallynon(’ daily discharge data.



Results
Figure2[¢ontains(3,000[@annualdischarge
maxima(dailyvalues)derivedfromtherainfall ]
runoffisimulation(usinglinputiofitheweather
generator.Theldots’'showarandomitemporal
distributionfandnoltrendiwasfoundiinithe
simulated/datarecord. Thelgenerated/dataset
showsanunderestimationiinithethighestirange
oflthelannual(dischargemaximaliffitted tola
Gumbeldistribution((Fig.(3).[However,the
figurelalsolshowsthatitherainfalllgenerator
resultedlin(peak(dischargesilargerithan
historicallylobserved.

Conclusions
Thelsimulation[6f(3,000years[showsthatlthe
rainfalllgeneratoriisicapableofigenerating
extremeldischargelevents(thatiarelargerithan
observed.[A[Gumbellotioflannualidaily
dischargelmaximalderived fromimeasurediand
generatedrecordsirevealsithatiextremesiare
hardto(fit. Thisicountsboth foritheobserved
extremes((19931and(1995)andithe/generated
extremes.
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Abstract
Thelfloodforecastingmodel[FEWS[Rhinelis
capableloficomputing(dischargesiwith/lead
times(of(10(days, including/computation(of
weatheruncertaintieslinduced by [EPSweather
forecasts.However,the(computationiime
neededistoollarge./Alquickscan(tooliwas
developediinthisistudytolgive@afirstiindication
ofldischargesiinducedby([EPSweather
forecasts.Threelsimplificationswithregardto
FEWSRhinewerelapplied:(1)(rainfall tunoff
modellingiwaslumpedIperisubibasin,usingithe
HYMOD [rainfallifunoffimodel(structure;((2)
riveriroutingwas(basedonlamultiplellinear
regressionlequationcontainingldischarges(in
subbasinsupstream(fromlLlobithlinithe
precedingldays;(3)0nlythreesubibasinsiwere
includediintheregressionequation((Lippe,
MosellandNeckar)sinceldischargesibetween
neighbouringisubbasinsiarestronglyautol]
correlated.[Calibrationfandvalidationscores
provethatiquitelaccurate(dailylaveraged
resultsicanbelobtainedusingthesemodelling
simplifications. Thecomputation(ofidischarges
fromEPS(weather(forecasts/shows(a
considerablelamount(of(bias, (partly(due(to
anomalieslinthemodelbutimostlydueto
inaccuracieslinthepredictionsiofithe
precipitationlintensity by [EPS.

Introductionandproblem

description
Sincelthefloods(in[1993/and1995(intheRhine
andMeuse[basins, efforts(havebeen(putlinto
thelimprovementiofiflood forecastingsystems
andlextensionioflleadiime.ForitheRhine
basin,thellastforecastingsystemproducediis
FEWSIRhine,developedby WL [[IDelft
HydraulicsiandRIZA.Itlenablesthe
forecastingloffloodsratilobith0/daysahead
usingweatherforecastsiandwater(level
recordings(aslinput.

[1 Thellargelleadtimes(resultlinallarger
influenceofweatheruncertaintiesion
dischargelforecasts.Therefore, the
computation(ofldischarges from EPS

(EnsemblePrediction[System)weather
forecastsiwasienabledin[FEWSI[Rhine.[EPS
computes(differentpossible weather(states
from(perturbed initial(conditions. The [EPS[of
the(European CentreforiMediumirange
WeatherForecastsproduces50(possible
weather(states,[¢alled‘fensemblemembers’.’/A
disadvantageofithelensemblelcomputations(is
thatlititakesfoomuchicomputationtime folrun
alllEPSImembersiforipurposesiofirealfime
floodforecasting.Therefore, thelobjectivelof
thisistudylistoldefinealquickscantoolo
obtain(affirstlestimate(ofidailylaveraged
discharges resulting fromfull[EPSforecasts.

Descriptioniofisimplifiedimodel
Threelsimplificationswere(applied with(regard
tolthe [ FEWSRhinemodel.

o[1 Theldistributioniofithemodellinglofisub]
basinsofitheRhineloveriseveralrainfall
runoffimodels, Waslaggregated(intolone
lumpedmodeliperisubbasin.Insteadof
theBVIstructure, the[HYMOD structure
(Vrugtretral.,'2002)wasusedfor
modelling.(lt[contains(routines(forisnow,
sublsurfaceflowand(groundwateriflow
(Fig.).

o[1 ThelSOBEKImModelbetweenMaxauland
Lobithiwasreplacedbyamultiplelinear
regressionlequation(containing(discharges
from(sublbasinsupstreamfrom(lLobithlin
theprecedingldaysianditheldischargelat
Lobithiat time[=[fi+1.1Thellagtimesithat
areltakenlintolaccountlinthisimodeliare
basedlon(traveltimesbetweenlLobithiand
theconfluencelofltheRhinelandlitsimajor
tributaries.

e Theldischargesibetweenineighbouring
subbasinslarelassumeditobelautol]
correlated(dueltolsimilaritiesbetween
hydrologyandimeteorology, whichlis
especiallythelcaselinwinter(periods.This
makesitpossiblefolexcluderauto
correlatedisubrbasinsfromicomputationfin
theregressionlequation.Onlydischarges



from(thelLippe, MosellandNeckarare
included.
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Figurell.[HYMOD Bainfall runoffimodellincludingalsnow
routine. The(statesland parameterslin|the HYMOD
structure: (T'=Temperaturel(deg.|C); SP|FSnowpack|(mm);
SM=(Soillmoisturel(mm), [P=Precipitation (mm/day); AET
=[Actual Evaporation((mm/day); EP1=Excessrainfall’l
(mm/day); | EP2=excessrainfall 2|(mm/day);S(t) =
Averagesoiloisturel(mm); F(c) = Distributionof field
capacityoverthewatershed|(|); (CMAX = maximum|field
capacity!(mm);(CMIN'=Isoil moistureldatlocation Where F =
CMAX (mm); alpha = separation|coefficientlofexcess
rainfallloveriquick/flowlandslow/flow Zones((1), Kq = Quick
SflowlFecession constant!(day”); Ks=Slowl[flow(Fecession
constant|(day"); Qs 1= Slow(flow(m’/s); [ Qq = Quicklflow
(m’/s); [ Q= Total flow|(m’/s).

Calibration
Calibrationofitherainfallirunoffimodelswas
carried/outbytrialland(error(usingithe
Nash/Sutcliffi¢riterionasobjective function.’A
calibrationidataiset/of(October997 [until
December1998 wasused. Themodelswere
validatedlon(aldatasetlof(September(1994
until(February1995.

Thelregressionlequationwas(derived by
setting(Uplamatrixi¢ontaining(dischargesfrom
thelthreesampledisubbasinsiat time[=ti+
travelltime(tollobithland(avector,(containing
discharges!at/Lobith(at time[*[t.[Thelregression
coefficientsthatdescribedthebestfitwere
derived(usingthelleastsquaresimethod.
Resultsifromitheregressionequationlare
presentediin(Figure(2.
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Figure(2.[Calibrationtime|seriesoflthe model|for Lobith,
September1994[1IF ebruary1995.

EPSiresults

Computation/ofithe EPSforecastiofiJanuary
21,1995, which(should(describe the floodof
1995, shows(alconsiderable amount/ofbias,
whichlispartlylcaused by thelregression
equation(andbias(intherainfall runoffimodels
butiforithellargest/partbyunderestimations of
thelprecipitation(intensity bythe [EPSsystem
(Fig.[3).[Dueltolinaccuracieslinthe EPS
system,theSpreadlin[EPSIihthe(firstitwoldays
of(forecasting(isuinreliable. Thereforeliticould
beconsideredtoluseonlyarhighresolution
deterministicweatherforecastforitheffirsttwo
days.

Conclusions

o[ Almodeliconceptbasedonlinear
regression/techniquelcontainingonly
samples(ofisubibasin(discharges(as
variables[¢an(produce(quite@accuratedaily
averaged(discharges/at(lLobith.

o1 Thisimodeliconceptiisiabletoproducea
quitefaccuratelindicationofiprobability (of
occurrence(of[floods(at/LLobith,[according
to[EPSforecasts.

o1 Compared(iolthelphysicalmodel FEWS[
Rhine, thismodellisablefolcompute@an
EPS(forecastwithraleadtimeof10idays
withinfaimuchishorteri@omputationitime.

o1 EPSlcomputationsshowsomebiaslin
peaks,whichiis(partly[causedby
anomalieslinthethydrologicalimodel,’and
partly(byaverageunderestimation’in

precipitationlintensity by [EPS.
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Intensity [mmiday]

CNONT NS NS NS N NS N NS N N
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W EPS mean precipitation

Figure(3.\[EPSdriven|hindcastloflthe 1995 flood event|at
Lobithlusingthe EPS|guick|scantool
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Abstract
Thislpaperipresentsiaffirstiassessment/ofithe
hydrometeorologicalpotentialiofialCband
doppleriweatherradarirecentlylinstalledbyithe
RoyalMeteorologicalllnstitute (of[Belgium near
the fown(of(Wideumontlinithesouthern
Ardennesiregion.

Introduction

WageningenUniversity (WU),theRoyal
Meteorologicalllnstitute(of Belgium(RMI)@and
theHydrological(Serviceofithe Walloon
Region(of Belgium (METSETHY)have
recentlylestablished(alresearchicollaboration
tolinvestigate whetherianlimproved
assessment(ofthespace(fimestructure (of
precipitation,@sicanbelobtainedWwith(the
newlylihstalled weatherradariinWideumont,
willlead tolaniimprovedunderstandingofithe
hydrometeorology(oflArdennesicatchments, fin
particularithe/Ourthe((Berneletial.,2005).
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Figure(1.Ourthelcatchmentupstream(of Tabreux
(1597 km?)withithe location[andelevation{meters
abovelseallevel) ofithe(10MET SETHY rainlgauges
and(alcartesian1kmx[1kmIgridiresampledfromithe
polaridatalofithe(Wideumontweatheriradar {located
nearithe'southerniborderofithe¢catchment)

Methodsand/materials
ThelRoyalMeteorologicalInstitute (of(Belgium
(RMl)recentlylinstallediamewGematronikC[]
band(doppleriweatheriradarnearithe townof
Wideumont((535/m.a.s.l.),linlthesouthern
Ardennesiareal(ProvinceloflLuxemburg),(close
toltheborderwithithe(GrandDuchy(of
Luxembourg.Theradar, whichlislihstalledon(a

50mihightower,performs(every15(min. @10}
elevationvolumeiscan/ofithe3DIstructure(of
thelrainfallfieldlouttola/distance0f(240km
and(similarly(aldoppler(scaniolarange(of(120
km. Thelrange resolution(of theradar(datalis
typically(0.5km.[An[operational(precipitation
productlisigeneratedlevery5min.

[0 Tolperformiafirstiassessmentofithe
hydrologicalpotentiallofitheWideumont
weatherradar,the©urthecatchmentiupstream
ofEI'abreuxﬂvasBeIected@thudy@rea [Figure
11showsthe 1597 km*catchmentwiththe
locationland elevation(ofithe[1OIMETISETHY
rain @augesmovermg ithelarea./Alsolincludedlis
alcartesian1x1/km? [grid[resampledfrom(the
polarvolume(scanreflectivitydata ofthe
Wideumontiweatheriradar,which(is(located
nearlthelsoutherntiplofithecatchment..Two
rainfallleventswere[considered, mamelythe
rainfall(funofflevents(of(4[10May2002[@and1 7
March2003.IMETSETHY Kindlyprovided
hourlyraingaugeandidischarge(dataforithe
OurtheratTabreuxforitheselevents.

[J RIZAlkindlylprovidedtheopportunitytolrun
alfullylcalibrated(HBV(model((Lindstrom(etal.,
1997)(of theOurthe[catchment.[A[30 year
calibrated(HBVmodelparameterdatalsetfrom
RIZA{(19681998)was[employed(iochoose
“optimal”linitial ¢onditions forboth(selected
eventsbylsearchinglinthedatabase for
analogoushydrographsiduringithemonth
preceedingtheldischargelevents,lemploying
theNash(Sutcliffe[parameterasianierror
criterion{TenlHeggeler,2004).

Resultsanddiscussion
Themeaniareal(rainfalllestimatedfromithe
secondlelevationiofitheWideumontweather
radarivolumelscanfreflectivitydatausingthe
standardMarshalllPalmerreflectivity rainrate
relation{{withoutadjustmenttolrainigauges)
showed(al42% underestimationwith(respect(io
thelgaugelaverage(rainfall for4(5/May[2002
and(a12% underestimationfor1March2003
(Table).Thelsecond(ratherthanithe(first
elevationiwas/employedtolminimizethe
possible(adverse(effects(of(ground(clutter.
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Figure(2.Uncertaintylintheldischargeat Tabreux(for
thelperiod(17IMarch(2003 calculated'using(the
(lumped) HBVImodel dueltoluncertaintylinithelmean
areallrainfall. [ The blackllinelindicatesthe(discharge
calculated|usingthe mean areal rainfall from(the(10
rainigauges, (thegrayllines(correspondtothe
discharges(calculatediusingthe 20%and80%
uncertainty!limitsion(thelmean areallgaugelderived
rainfallioverithe[1597 km?catchment area [(Fig.[1).

Thelobservediunderestimationimaybe
attributedtolanlerroneousireflectivityrainrate
relationfand/oriorainlinducedattenuation.
Obviously,applicationiof theradar’estimated
mean(areallrainfall tothe/gaugelcalibrated

HBV modelforithe Ourthe [Upstream(of
Tabreuxproducedlanuinderestimation(ofithe
predictedwithrespectitothe(measured
discharge(foritheeventiofi410May2002.(A
similar@analysisfor17 March2003was
impossiblelbecause(thelavailableradar(data
coveredionlyoneday.

00 RecallithatiBViisfalumpedrainfallrunoff
model,linprinciplenotlideal tolassessithe
impactiofispatialirainfalllvariability [of
precipitation.Nevertheless,linthislimited
settingtherelisistilllaniinteresting@applicationof
thepower(ofiweatherradar, mamelylits(spatial
coverage. Approximately(16001x1 'km®radar
pixelscovertheOurthebasinUpstream of
Tabreux.Inf@aMonte[Carlosimulation
frameworklonel¢anlassumeltheradar(datalto
representthelactualrainfallfield {1600 rain
gauges”)fromwhichia“true’larealaverage
rainfalllcanBelcalculated./Also,0nelcan
randomlypick{withoutreplication)10“gauges”
from(the[1600pixelsiandcomputelthe
arithmeticimeaniofithose[10numbers.(This
random(drawing(canbelrepeatedsay[1000
times(iblassess((infalverysimple(fashionisince
gaugellocationslarechosenlindependently
withoutlimposingforlinstanceaminimumiinter(
gaugeldistance)theuincertaintylinestimating
thelareallaveragelrainfallloveria600 'km?
catchmentifromionly0thourly[gauge
observations.

[0 Thefresultingisamplingdistributionofthe
mean(areal(rainfalllappearsiiobenearly
symmetrical.lInfaddition, the(ratiosof(the
quantileswithrespectiothe“true’imeaniareal
rainfalllappeartofemainremarkablyconstant
overltimelduringtheleventsiconsidered.Ititurns
outlthatithehydrologicaluncertaintylassociated
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Figure(3./Sensitivity of the(simulated|dischargeat
Tabreuxforithe event(of 1.7 March2003[dueltoan
uncertainty of £5imm/in'thelinitial.content(of the fast
runoffireservoirlofithelHBV model. Thelblack!line
indicates(theldischargelcalculatediusingthelmean
areallrainfall from(the( 10 rain gauges!(identicaltothe
blackllinelin(Fig. 2),the(graylines¢orrespondto the
discharges!calculatedlusinglal5immlincreaseland a5
mmildecreaselinithelinitial content(of the fastrunoff
reservoirl(UZ).

withthisirainfall'samplingiincertainty [(25%on
anfhourlybasis,see(Fig.2)lis[of thelsame
order(ofimagnitudelasthe(uincertainty
associated/with(thelinitiallconditionsas
estimatedfrom(the(30Lyear(database(Fig.3).

Conclusions/and recommendations
Themeanareal rainfalloverithe #1600 km?
OurthelcatchmentUipstream(of(Tabreux
estimatedfromthe Wideumontiweatheriradar
usingthe’standardMarshalllPalmerreflectivity
rainrate(relation[{withoutladjustmenttolrain
gauges)ishowsbiasesbetween+128% @and(
42% withrespectiolthe¢orrespondingigauge
estimatesifor(six(selectedprecipitationlevents.
Forltwolrainfallleventsithe(radarestimated
mean(areal(rainfalllislappliedtothelgauge!
calibrated((lumped)HBV model forithe(Ourthe
upstreamiof(Tabreux, Hesultinglinfasignificant
underestimation(withrespectitoltheobserved
discharge(forioneleventland(alc¢loserimatchfor
another.

[J Theluincertaintylinithehourlydischarge
fromthe 1600 km*Ourthe catchment
upstreamiof(Tabreux(associatedwiththe
samplingluincertaintyofthe mean(arealrainfall
estimatedfrom10(rain(gauges(evenly(spread
overlthecatchmentiamountsto#25% [forithe
twolevents/analyzed.[Thisuncertaintyis(ofithe
same(order(of(magnitudelasthatiassociated
withthelinitial.conditions.

[J Theldevelopmentofiaccurateandrobust
proceduresforicorrectingforrainlinduced
attenuationfandithevertical(profile (ofreflectivity
istheltopiclofiongoinglihvestigations.The
majorfloodswhich@ccurrediduringthe2002
2003 winterseasonwilllbe(studied(as(partiof
thelongoinglcollaborativeresearchiproject.We
alsolforeseelalcomparison(of [HBV with (runoff
estimates/fromithe HydromaxIriverflow
forecastingimodel, whichlis(currentlyused
operationally@atMETSETHY.
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Table[1.[Characteristiciprecipitationeventsiselectedibythe[RMI, thelcorrespondingtotalimean(areal
rainfalllaccumulationsoverithe Ourthecatchmentupstream(of Tabreuxaslderivedfromradariand
raingauges, [and(thelresultingbiasiof theluncorrectediradarirainfalllestimates(with respecttolthe gauge
estimates

Date Typelofievent Radar((mm) Gauges[{mm) Bias[(%)
4May2002 convective 19.1 32.7 42
0July2002 convective 10.2 9.8 +4
191August2002 convective 7.3 3.2 +128
24November2002(7] stratiform 9.1 7.6 +20
300January2003 stratiform 4.2 24 +75

1[March2003 stratiform 9.1 10.3 12
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Abstract
Followingrartopidown’imodellinglapproachia
modelistructurehasbeenldevelopedbasedion
anfanalysis(ofthelobserveddischargeatia
stream(gaugelstationl(inlLuxembourg.
Individualimodellcomponentshavebeen
identified[starting/with(alsimple(structure,land
increasingimodelcomplexitylwhenthemodel
showed[somedifficultieslinimatching
observations.

RF \ RF: Rainfall

E E: Evaporation

T Transpiration

SR: Surface Runoff
P: Percolation
PR: Preferential Recharge
Qf: Fast Discharge
Qs: Slow Discharge

Lag Function

Fast |_

Figure!1.[Modellstructure

Introduction

Thel‘topldown’or‘downward’ [@pproach
(Klemes,1983;Sivapalan,2003)lin[alcause(]
effectirelationshiplcanbelconsidered(as(the
process oflanalyzingtheeffectslandifraceback
tolthelcauses(thatimightlhave(generatedithem.
Thelbottomup’orupward’ [@pproachiwould
performitheoppositeoperation,(startingfrom
thelcauseslandicombiningthem{ryingto
achievelthedesiredleffect. Theltopldown’
approachicanibelconsidered aslalstrategy of
learningfrom(data.

[ Inlthelpresenticase, weladoptedithel‘top[]
down’(approachlinitheldevelopment(of(a
conceptualimodelistructure, startingfrom(a
simplel¢conceptiandladding(orimodifying
progressivelylin(aniterative wayprocesses
andicomponents.Modificationshavebeen
consideredbasedonphysical feasoning,land
havebeenrappliedwhenmodeliperformances
inlfeproducingobservationscouldbe
improved.

[0 Almodelistructureldevelopedlinthisiway
involvesicomponentsandparametersithat/can
bedirectlylassociatedtolspecificlhydrograph
characteristics.Inlthe[calibrationphase(those
parameters(shouldbeladjustedfolmatchlthe
hydrographicharacteristicsthatithey
presumablylinfluence.

[ Tolperformithisioperationwelthinkthat,
instead(oflanl‘alllationce’[calibrationlapproach,
wherealliparametersiare(calibratedfogetherfin
alsingleloptimizationtrun,alsteppedapproach
wouldbemorelappropriate.

1 Thelsteppedapproach(proposedihere
consists[of:[(1)[@ssociatinglsomemodel
parameterswith(Specific[physical processes
thatléanbelidentified[@analysingthe recorded
timelseries;(2)[defining[Somelobjective
functions(thatrepresentiperformance
measures(forspecificlhydrograph
characteristics;((3)¢alibratingSeparatelylinfan
iterativemannerieachigroupofiparameters
associatedwithieachlobjectivefunction.

[ Inthislwaywelaimtolovercome/some
problemsithatimaylarise when(‘alllationce’
calibrationapproaches(areused.Whenithose
approaches(are(applied,inifact,[Ssome
parametersimightbe(c¢alibrated(versus
objectivesionwhichtheyhavelittlelinfluence.
Thisiwouldcausesomeleffectsithatiweryto
avoid,likethetendencyofffittingcertain
aspects(ofithelsimulationsfatthelexpense of
others,thelgenerationiargeuncertaintiesfor
thelrepresentationioficertainprocesses,and
compensation(oflinternal’structureerrorsby
parameteriadjustment.

Methods
ThelconceptualimodelUsed(consists(oflan
interceptionicomponent, @isoilimoisture
reservoir,[afastreactingreservoir,[andlalslow
reacting(reservoir((Fig.[1). Twollagfunctions
areusedtoloff(setlthe fluxesithatienterithe
slowandthe(fastreservoir.[Arunoffcoefficient
dependention(thelsoilimoisture(reservoir
separateslinfiltration from(surfacerunoff \Water
reaches(the fastreservoirbysurfacerunoff,
and(thelslow(reservoirbypercolationiand
preferential recharge.
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Figure(2.[Master Recession Curve(calculation.

[1 Thelsteppediapproachlisiappliedhere
tolcalibratethreekeylaspectsiofiathydrograph
simulation:thelow(flowrecession,the’high
flowlevents,andthellagtimelofithelsystem.
Groupsl(ofiparametersandfunctional
dependencies(associatedwith(each(ofthose
aspectslarelassessed/independentlylinithe
following(steps: (1) @stimation(oflalStorage
Dischargerelationifortheslow(reservoirby
calculatingiaiMasterRecessionCurvel[(MRC);
(2)rcalibrationfofthigh flowsbymaximisingthe
NashrSutcliffe (NS)coefficient, which(is
sensitivefohighflows;(3)calibrationoftime
lagsbymaximisingthecorrelation coefficient
ofisimulatediandiobserved(discharge. Afterithis
anew!estimateofithe’storageldischarge
relationlis(made, bylcorrecting/the(modelled
percolation(flux,@andithe(procedurelisrepeated
untillconvergencelisreached. Themodel
parameteridefiningthelinterceptionprocesslis
calibratediiterativelywithinafixed feasible
range Withinithesecond(calibration(step.

[l TheMRC{Lamb&Beven,1997)
calculationiconsistsofisortinghydrograph
recessionslintolascendingorder,basedonlthe
lowestltaillenddischarge((Fig.(2).All
recessions/arelthen(concatenated tolformia
singlerecession(curve.(This(procedure
excludesistormflowleffects fromtheMRC.(The
MRC thereforerepresentsthelongterm
recession(offacatchment.

[0 Theffirstlobjectivelofithesteppediapproach
isfolhavelaimodelthatlhaslalfesponselthatiis
closetotheMRCforlowflows. Forithisreason
weuselthelcalculatedMRCtoldeterminelaffirst
estimateofthestoragedischargerelationthat
welapplytolthe slowreservoiriofithemodel.
Afterthatiwelcalibrate (otherimodel parameters
tolmaximiseltheNash[Sutcliffe coefficient,
which(provides(algoodperformancemeasure
forlhighflow(simulations,duefothesquare(of
the(differencebetween(observediand
simulated(discharge.

Subsequently, thellagtimelis(calibratedto
maximisethelcorrelationcoefficient.[Atthis
pointlanew estimateofithelstorageldischarge
relationfis[¢alculatedbyfakinglintolaccountithe
modelledpercolationthatentersithelslow
reservoir.

Specific discharge [mm/h]

0 1o n 0 40 50 G0

Storage [mm]

Figure(1 3.1 Storage'discharge! relation( for| thel] slow
reservoirlcalculated(forthreeliterations.

Application
Thelprocedurehasbeenappliedtoithe
Hesperangecatchmentiinlluxembourg (292
km?), whichiis Tocated upstreamof
Luxembourg(City.lland(use ofthestudyarea
isldominated(by(pastures(andforests, whilelthe
geologylis'characterisedbyMarls,LLimestone
and[Sandstone.For(calibration(of(parameters
inithesecondlandthird(calibration(stepsthe
Adaptive[ClusterCoveringlalgorithm
(Solomatine,1999)hasbeenuised.

[0 Figuref3ishowslthelcalculationiofthe
storage(dischargelrelationforithelslow
reservoirlbasedontheMRC.Afterithree
iterationsthelcurves/arealready(quite(close,
we(thereforelstopliterating.tfislinteresting(io
noticethatiwhile thefirst/estimate(ofithe
storage(dischargelrelationresemblesian
exponentialfunction,thesecond(andthird
estimates(are(close(foalinearfunction,
suggesting(thatlallinearreservoirlapplies.
Hence, thenonl(linearireservoirofllamb&
Beven((11997),linlouricase, @appearsiobethe
resultiof(percolation.

00 IniFig.[4rasimulationfunisishown.
Observediandisimulatedihydrographiand
outflowfromthelslow reservoiriare
represented.Alsolthe(calculatedIMRClis
represented.Inlrecessionperiodsithemodel
follows(the MRCIquite[closely((redlline).
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Conclusions
Inithis[particularicaselthe(stepped@pproach
waslappliedwithgoodIresults,and, being
integratedwith@ltopdown’imodelling
approach, itthasbeenuseful folidentify
componentsiandiparametersithatineeded
improvement.[Thereforelitthelpedithe
developmentiofithemodelistructure.We
believelthatthelapplicationofisuchlan
approachigivesibestresultsiwhenmodel
parametersican(belassociated withispecific
processesithatican(belseparately(calibrated.
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Introduction
FloodlawarenesslintheGrandDuchyof
Luxembourgbecamelapparentiafterithemajor
floods(0f(1993/and1995.In(1996 [alstartiwas
made bythepubliclauthoritiesto/developa
denselmeasuring/networkthroughoutlthe
Grand[DuchyloflLuxembourg(folgainlinsightiin
groundwateriand(surfacewaterbehaviour.In
our(studywelimprovedaimethod, originally
developedbyPfisterietial. (2002), tolidentify
basinsthatiare¢apableofihighmunoff
production.Forithispurposebasin(specific
stormflow(coefficientsiwerecalculated witha
viewtolregionalization.

minutetimelstep.Theamountofiyearlyrainfall
islabout’800mmrandthe rainfallipatternsiare
characterised(by/alstrongnegative \West(East
gradient.[Furthermore, rainfallfotals/arerhigher
inithenorthern(partthanlinithelsoutherniparts
ofthe(¢ountry.Thebasinsiarellocatedon
differentllithologicallsubstrata. Thenorthern
partiofithe¢ountry, whichbelongsiothe
Ardennelmassif,lis(calledQeslingandiherethe
dominantrockslarelschists.Marls,Sandstone
andllimestonerepresentitheldominantilithology
inthe(middlelandisouthlofthelcountry,called
the/Gutland.
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Figure(1..The Grand DuchyofilLuxembourg,thellocation|of the[Mamer Riveribasinandithe lithology ofithe [Mamer River basin.

Studyiarea
Theistudy(arealliesiwithinthe(GrandDuchyof
Luxembourgland(isipartiofithe Moselbasin
(Fig.1).Mtlcontains29[gaugedbasinsvarying
in'size from@bout4 km® uplto™ 000Tkm>.
Rainfalldatalis(¢ollected[at14meteorological
stationsthroughoutithelstudyrarea.Both
rainfallland(dischargelarerecordediona5(]

Methodology
Infouristudywelimprovedamethodto
determinerunoffiproducinglareaslusing/storm
flow[coefficients. [Pfister(etal.[(2002),
developedithisimethodforimesolscalebasins
with(shortlhydrologicaldatalsets(andiitlis[able
tolclassifybasinsonithebasis(oftheir
responseforainfall.[ Themethodconsists[of




fivelsteps(toldeterminethebehaviourofimesol]
scalebasins/withlalviewtoregionalisetheir
specificstormflow coefficients:[iticomprises
areal(mainfalliinput(step1)andstormflow
separation((step(2)bylaldigitalrecursiveffilter
technique(Nathan & McMahon,[1990).[The
stormflowcoefficient[Cforthe winterperiodis
calculatedbyplottingstorm(flowlandrainfalllin
aldoublemass(plotforieachbasin({step(3).
Then,laregression(analysisfisperformedto
determinethelinfluence(ofllithology, Tanduse
andmorphologicallpropertiesiofithe basinion
its(specificstorm(flow(coefficient((step(4).
Theselparametericategorieslare.commonly
usedlinliterature (Mazvimavi,[2003). Withthe
equation(derivedfromhe(fegressionsanalysis
itthecomesipossibletoregionalise thelstorm
flow[coefficientCi(step(5).

[ Affinallstep, yetiobetaken,listo@pplythe
regressionformulatolarasterigrid forthestudy
area.(ltlthen(shouldbecomelpossibleto
determinehigh(runoffiproducingareas,
independentlyfrom(the physiographic
characteristics(of(basins.

respectively0.72[and0.55(Figs4and5).
Upstream(ofiMamer, lithology¢onsists (of
Marls;[downstreamthelithologylis(a
combinationofiMarlsfandSandstone{Fig.M).
Marlsi¢anbelconsideredaslanlimpermeable
substratum, whereaslsandstonelas/a
substratumiisifracturedfandithesandy
weathered(zonelallows[deeppercolation.
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Figure('2.['CumulativeIstorm( flow(rainfalllplot( forithe
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horizontall isteps’ represent summer_periods, whereas
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Figure[3.[Cumulative storm(flow!(rainfalllplot forithe(Eisch
atlHagen|(6lyearslofimeasurements; winter periods.only;
meanlstorm(flow(] coefficient!ofl all\winter(levents 1=
0.6631).

thelsteepisections(represent winteriperiods

Application
Byplottingtotal’stormflowandtotal rainfallfor
relevantievents(inlaldoublelmassicurvea
stronglseasonalivariationioccurs.During
summer(thelcurvelremains(almostlhorizontal,
implying(lowtoverylowIstormflow
coefficients.Duringthe winter(period(afairly
constantislopelisreached(Fig.2). Thelstorm
flowcoefficient(Cforabasiniduring(thisiperiod
islobtainedbyanalysingtheirendlinithe
doublemassicurvefor(severallyearsforwinter
periodsionly((Fig.3).[Thelsteeperitheslopeof
theldoublemassicurve,thehigherithelstorm
flow[coefficient.[Furthermore, thisstormflow
coefficientlisbasinspecific.

[l ThelClvaluelforiwoldischargelstationslin
the(Mamer(River, 0onelatMameriandonelat
Schoenfelsnearitheoutletiofthebasin,@re

This(differencelinllithology mightibean
explanation(for(thedifferences(in(Cvalues.To
analysel(thelinfluencelof(otherfactorsionthe(C[]
valuelalregressionanalysiswas(performed.

[J Forithelregressionianalysis3three
parameter(categories were(selected:([(1)
lithology,[(2)landuse@nd((3)[geomorphology.
Eachlcategoryhas(severalparametersithatwill
beUsediolexplainithelCvalue.Theffirst
preliminaryresultsifrom(theregression
analysis'showlthatbasin(sizelisnotstrongly
linkedwithithe[Clvalue.[Relationshipsbetween
alllotherlparametersishowlamnonllinear
relationshipwiththe[Cvalue. Thelparameter
forlimpermeability[seems tolbelinversely
correlatedwiththeC[value.

Conclusions
Thelregression(analysis(aslapplied(so(far
shows[promisingresults./Alsolan/analysision
thedateloflthelinflectionpoints(inthe double
mass(curve((i.e.thechange fromsummer(io
winter(¢onditionslinthebasins)(indicates(that
basinsbehave differentlylinitime.This,(in
combinationiwithitheCvalue,[¢an(giveextra
informationaboutthelimportance ofithe runoff
producing(areas.Oncelthelregressionformula
isffounditwilllbelappliedtolalrasterigridforithe
studylarea.Welhopelitthenlbecomesipossible
toldeterminerhighrunoffiproducingareas,
independentlyfromibasins. Themethod’s
transferabilitywill betested(on(allargeriscale
bylapplyinglitiinithe(region(ofithe(Rhineland(]
Palatinate[(Germany).
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Abstract

ArtificialINeural Networks (ANNs)havebeen
successfullyusedforthesimulation(ofirainfall
runoffibehaviourlinithe[Hesperangecatchment
(Luxembourg).Groundwaterevellinformation
waslusedwithithelANNImodelsfaslanlindicator
oflthehydrologicalstateoflthelcatchmentand
wasfoundtobelvaluablelas(additionalimodel
input.

NeuralNetworks[(ANNs), which(haveproven
tolbelalsuccessfulimodelling(toollinvarious
hydrologicallapplications[(ASCE Task
CommitteelonApplication(of Artificial Neural
NetworksIinHydrology,2000).[Wedeveloped
and(testedmultiflayerfeedforward[ANN
models(usinglaldata’setfromithelHesperange
catchmentlinluxembourg((Fig.M).Several
designlaspectsof(ANNmodellingwere

Figure1.[Catchmentiand(data.

Catchment

;‘I-~-,¢, Hesperange catchment, southern part

of Alzette catchment
Catchment size: 270 km’

Data

Daily values, 1996-2001

- Areal rainfall (P)

- Areal evaporation (E)

- Discharge at catchment outlet (Q)

- - Groundwater level at one

measurement station (GW)

Introduction
Thelvariouslinteracting/processesithat/involve
thefransformation(of(precipitationlinto
dischargelare complexand(spatiallylasiwellas
temporallyvariable, whichmakesrainfall runoff
modellingusing knowledgedrivenlapproaches
farfromrafrivialitask((Beven,2001).[These
approachesioftenisufferifromexcessive(data
requirements,largelcomputationalidemands,
and(calibrationproblems.We(therefore
investigatedthe(potential oflaldataldriven
approach.

Dataldriven(rainfall(funoffimodelling
approacheslare(based(onlextractinglandire(]
usinglinformationthatlis(implicit/in(hydrological
data, withoutldirectlyfakinglintofaccountithe
physicallawsthatiunderliethelhydrological
processes.Our@approachiinvolvedArtificial

investigated.Moreover, thelinfluenceofladding
groundwater(levellinformationfas/additional
modellinputwastested.

ArtificialNeural(Networks
ANNs((Fig.2)useldenselinterconnection of
simplelcomputationallelements, known(as
neurons. Optimisation(algorithmsattemptto
optimisethelANN’slinternalstructure({i.e.the
weightsionthelinternallconnections)iinfa
calibrationlprocedure.Thelgoallofmost
algorithmsTistomatchitheresponselofithe
ANNolsamplelinputidataiwithfaccompanying
sampleloutputdata.

Advantages(of(ANNsare:[(1)@bility[to
simulate(non(linearity;(2) nolassumption(ofian
alpriorilsolution(structurelisineededi(non(’]
parametrictechnique);




(3)rabilitytoldiscernrelevantfromlirrelevant
information;
(4)[compactness, flexibility, andlow
computationalldemands.
Disadvantages(offANNsare:((11)[some
ANNTdesigniaspectshaveitobeldetermined
throughttrialiandrerror;(2)traininglisicomplex;
(3)[goodiperformanceduringitrainingdoesnot
implygoodioperationaliperformance.

Input

Previous and
current values of
rainfall,
evaporation,
groundwater
levels, discharge

Output

Discharge
prediction

Internal transformations

- Signals are multiplied with weights in intemal connections
(weights are changed during calibration procedure)
- Mon-linear [ linear transformations in neurons

Figure('2.[ Multillayer( feedforward /ANN[for rainfalll runoff
modelling

ANNDesign

Infourstudy, werepresenteditheldimension(of
timelinithe[/ANNImodellapproachusingtapped
delay(lines:multipletime(seriesvaluesiovera
certainlwindow(ihltime(are(presentedias
separatenetwork/input/signals.[ANNswithone
hiddenlayerofineurons(betweenthelinput
unitslandoutputineuroniwerefoundfobe
effectivelandparsimoniousmodel(structures.
Theloptimalmumberoffhiddenneuronsinall
ANNmodelswasfoundiibbelaroundithe
square(rootiofithemumberiofiinputunits.We
choselthellLevenbergMarquardtralgorithmfor
ANNtraining. This[robustialgorithmiconverged
fastestlandiproducedthemostiaccurate
simulation(results

RainfalllRunoffiModellingUsing

ANNs
ANNSscanbeusedasempiricalrainfall funoff
models(byllettingthem(simulatethelrelations
betweenthelinputlandoutputoflahydrological
system((e.g.[Hsuletral.,[1995;Shamseldin,
1997;Rajurkariet(al.,’2004).[Thelinputisignals
tofanfANN rmainfallfunoffimodelshouldcontain
asmuchlinformation(aspossibleonithefuture
discharge.lloworoverlappinglinformation
contentloflinputisignals,(however,imay(resultiin
deterioratedperformance.[Somevariables(that
arelrelevantitoldischargel(prediction(arellisted
in(Table.

Table[1.IRelevantlANN(inputs(forrainfall_runoff
modelling.

Inputivariables Informationicontent

Rainfall Driving(force formunoff
production

Evaporation, Lossesliniwater

temperature balance,lindicatorsiof
season

Previous Indicatoriof

discharge, hydrologicalistate

groundwater

levels,soll

moisture, rainfall

index

[' Targel Valuss

~ Metwork Predicion
Calbration Crose-valdaten ¢ Valdation

R: 0.80803

Discharge (I/s)

U,

(=] H(:HJ 1000 ti?l{ill 1d::J-3 100
Time Points Test Set
Figure3.(1Simulation(resultsoveriicomplete datal period
(199612001); forecast/leadtimelequalltozero

1800 2000

Results
ThellowliimeFesolutionofthedatal(days),
consideringthelsizelofithe(catchmentandithe
timescaleslofitheldominantrunoffiprocesses,
constrainedtheforecastinglcapability oflour
models.
Figure3ishows(theTesultsofrasimulationiover
thelentirellengthlofithefimeseries,inwhich
thelcurrentidischargelis/simulatedusing
currentland(previous rainfalllandevaporation
values,(and(previous(values/ofithedischarge.
Thislisithelideal(caseliniwhichthe forecast
leaditimelisizero.
Table2[shows[themeanperformancel(over10
runs)ofivarious’ANNmModelitypes(foraionel]
dayraheadforecastof(Q.Figs4and5show
thebestresultsiofimodel structures2iand’3.
Modelistructure2(performsimuchbetterithan
modelistructure:the/groundwaterilevel
information(representsithelhydrologicalistate
well.




Table2..Meaniperformance ofivarious/ANN
model(structuresiforioneldaylaheadforecastof

Q

[J ANNIInputs

Performance

[ Variables[

Windowof |[RMSE R?

time

t6(tot0
ti4iot0

44500 10.277

t6[tot0
t4tot0
t6[to10

335007 :0.582

t6(to10
ti4tot0
t2tot0

31200 0.631

OO MmMmTOMmMT|EM™T|MTT

W

t6tot0
t[4to(t0
t[2[to(t0
t[6to(t0

30700 |0.655

P
E
GW
Q

[Z[precipitation;
=levaporation;
=Igroundwater(level;
=[discharge;

RMSE(T =RootMean($quaredError;

0 R2

=[Nash(Sutcliffe .coefficient.

Thelperformanceofimodelistructure3[shows
thatlusing(previous(discharge(valueslisian
evenbetterwayoffepresentinglhydrological
state.[Combiningbothistatelindicators(model
structure4)resultsiinfaiminoriperformance
gain:therelis’considerablelinformationioverlap.

Conclusion
ANNSsarel¢apableofimodellingithe
transformation between(rainfallland runoff.
However, theltimelresolutioniofithelavailable
datawastoolowI{in[proportiontolthelaverage
lagtime(between(peakrainfallland(peak
discharge)(foritheforecastperformance tolbe
very[good.(Groundwater(levelinformation(may
besuccessfullylusedlasadditional [ ANNmodel
inputforirainfallrunoffisimulation. dtlis[agood
indicator(ofthehydrologicalistateofithe
catchment.
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Introduction

Physicallybased rainfall funoffimodelshave
beenlevolvediremarkably(overithepast
decadeslalong(withrecognitionland
descriptions(ofidifferentrunoffiprocesses.
Infiltration’excessoverlandflowandsaturation
overlandflowrarefwomajorrunoffigeneration
mechanisms(thatlarewidelyadoptedlinimodel
approaches,e.g.[REWrapproach{Reggianiret
al.,[1999,12000,Reggianil&Rientjes,2005;
Zhangletal.,[2003,linlpress).[However,
subsurfacelstorm(flowprocesses,suchlas
macropore(flow, [preferential flowand pipe
flow,generally(arenotiwellladdressedlinthose
modellapproaches,evenithoughltheyhave
beenlextensivelylinvestigated((e.g.[Whlenbrook
etral.,'2002).
[nithisistudy,welappliedithe[REWapproachto
alsubrlcatchmentiofithe Alzettelriverbasinlin
Luxembourg.Modellingresultsishowedthat
stream(hydrographs areigenerally well
simulated.

[l However,thelsimulated(saturation
overland(flow(arealfractionsforimost(ofithe
REWSsI(sublwatersheds)larelrelativelylarge
compareditolthevaluesireportediinithe
researchforiothericatchments. Through
analyzingthemodellingTesults, reléxamining
themodelistructurefandievaluatingthefield
observations, welconcludefthatiquick
subsurfaceflowprocessesaredominantlinthe
Alzettefriverbasiniandishouldbefurther
investigated. Therefore, [@/quickisubsurface
flowcomponentshouldbefakenlintolaccount
inthemodelcode(tolimprovethe
representation(ofinotionlythestream
hydrograph, butialsotheother(statevariables,
suchrasigroundwaterlevellandisaturatedlarea
fractions.

=0

The Hesperange basin

Figure(1. ThelAlzetteriveribasinlandithe modellarea




Modelling/watershedresponselin

the/Alzettebasin
TheRepresentativelElementaryWatershed
(REW)[approachlis(appliedtolsetupthe model
tolsimulatelthe watershed(responsetolrainfall
events.Usingphysicallybasedlordinary
differentiallequations, themodeldescribesthe
mostidominantihydrologicallprocesses, i.e.
saturation(overlandflow, unsaturated
subsurfaceflow, saturatedgroundwaterflow
andfriverichannelflow.Infaddition,linterception
andigroundwater/outflowlaretakenlinto
account.

01 ThelAlzettelriveribasini(Fig.1)lismainly
locatedlinithe(lLuxembourg(partiofitheParis
geologicallbasin. ThelHesperange(sublbasin
(Fig.[1),foriwhichthe(rainfall(funoffimodellhas
beenbuilt,is[selectedforthis/study.[Sincelthe
beginning(ofithe1990’s,[@densehydrol]
climatologicallobservationnetwork(has(been
establishedlinitheAlzette lbasin((Pfister &
Hoffmann,2002).

stream(hydrograph(atithe loutlet/ofithe
Hesperangelsubbasin((Fig.(2)landthe
saturation/overland(flow(area(fractionforleach
REWI(Fig.[3).

Discussionfandiconclusions

o[] Thelgeneralldynamicsiofithewatershed
responses, representedbythe(discharge
attheloutlet, lisfwell[Simulated{Fig. 2).

o1 Topographicicontrolionithelsaturatediarea
formationlis'wellrepresented by the
model:thelsteepertherhillslope,the
smallerithelsaturatediareal(Fig.(3),[and
vicelversa.

o[] Recessionllimbsforisomeofithepeak
dischargeleventsiarelessiwellimodelled
sincethelcurrentmodellisiackinga
mechanismioldescribethishydrological
response.

¢[1 Thelsimulatedisaturatediarealfractionsfor
many(ofthe[REWs/arerelatively high.

Discharges at Hersperange gauging station of Alzette River
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Numerical simulations
TheHesperange(sublbasinlisidivided(into15
REWSsI(Fig.1)wsingthe3rdlorderthresholdof
thelStrahleriorderisystem.[Runoffisimulations
arelcarriedout/using(dailyrainfalllandpotential
evaporationtimelseries/asiexternalidriving
force.Thelsimulation(periodlisfrom
01/01/1998(to0(12/31/1998.Initial[conditions
(e.g.[soilimoisture(content)and(soil[parameters
arelsetfouniformlydistributedoverieach
REW. Geometricpropertiesofleach[REW are
derivedfromitheDEMIdata.[Forbrevity, we
onlypresentiherethemodellingresultsiofithe

Thislis[dueolthefactithatthesaturation
overland(flowlisthelonly(mechanismiin
thecurrentimodeliorepresentalllquick
flowlcomponents.(Thus,@relativelylarge
saturatedlarealisineededtosupportthe
storm(runoffigenerationlinorderto
reproducelthe(streamhydrograph.

o[1 Fieldlobservationslinithelstudylarea
indicatethat(saturatediareasiarerather
localizediandéoncentratediinthe valleys.
Itlalsohasbeennoticedthatmacropores
in(soilsand(fractures(inweathered(rocks
arelexisting.(Therefore,[quick(subsurface




flowprocesseslarellikelytobe dominant
inthisbasin.

o[l ThelREWIlapproachland(themodel
appliedherelare ¢apablelofidescribinga
mesolscalewatershedrainfalllrunoff
relation.[However, themodelistructure
needs(iobeimproved whenapplieditora
catchmentilike the[Alzette riverbasin
wheresubsurfacelstormflowprocesses
prevail.
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Introduction
Duringlthedry[summer(of(2003,surfacewater
was/added(to(peatiareas(tolpreventidecreasing
watertablelevelsiandioxidation(ofthe peat.
Greatleffortsihavefobemadeifoensurethese
highwater(levels, however, effectivenessof
highlsurfacewater(levels/duringldrylsummers
is[doubtful.[Tounderstandwaterflow(patterns
and(flow(directionswithinlpeatisoils, we
combinedfieldimeasurementsiwithimodel
results./Asalresult, Keyparametersithat
influencethelinteraction betweenisurface
water(levellandigroundwater(leveliwerefound.

Methods
WeTselectedthreeffieldsSitestomonitorisurface
water(levels,(groundwater(levelsiand
groundwateriquality. (DeMeije, Vlietpolderiand
liperveld).[Each(sitelhaslitslown(local
hydrology((e.g.Fig.(1),which[determines[water
flow(directions.

D Maijs

Figure( 1.1 Schematic( overview( of | subsurface
lithologyland|groundwaterilevelslin(DeMeije.
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Important(differencesbetweensitesare(the
amountoflinfiltration,(compaction(ofithe(peat
andlvegetation.DeMeijeland(llperveldlare
nature(¢onservationareas((withiveryloose
peatistructuresiandthereforehighhydraulic
conductivities), WhereasitheVlietpolderlisian
agriculturalsite.lInithis[paper, thefield
measurementsiandmodelfesultsiofDeMeije
arelpresentediandidiscussed.

Measurements
Timelseriesof(groundwaterievelsiin(DeMeije
showthatitheleffectiof surface waterievel
changeiontheigroundwaterTevelsistrongly
depends/onithelditch(density.[Makinguse(ofia
long[‘prikstok’, cross(sections/ofiwinteriand
summer!(electricallconductivity (EC)land
temperature((Fig.(2)have[beenmeasured
betweentwolditches.Thelditchesicontainthigh
(120(mg/l)[chloride[Goncentrations(during
summerfandlow(concentrations{15mg/l)
duringwinter. Theltemperaturecross(sections

forlsummeriandiwinteriarefairly[symmetrical
as'expected./Ahighitemperaturelduring
summeriinthelcenterofthefieldimightbe
causedby(preferentialflow.ThelEcl¢ross(]
sections(correspondwelltolthe temperature
profiles.In[summerltshowsthe samefast
downwardflowlinthe [¢center(oftheprofile.

[0 Fromitheselmeasurediprofilesiwelcan
concludethatiiniDeMeijepreferential flowlis
anlimportantiprocess. Mechanismsthaticause
thisipreferential flow, Tike[compactionfromthe
top,’changerofihydrauliciconductivity related o
inwardfluxfromiditches, orlinfluenceof
vegetation,arefstilllunknown.

8] LIS |8

WINTER SUMMER

L \ 9ot > ‘ l ‘ TEMP{'C)

Figure(2. Winterlandsummer!profiles of soil electrical
conductivity) (EC; lupper’igraphs) and[lwinter(land
summerl(profiles_of_soil ltemperature (TEMP; lower
graphs).

Models
Amodflowimodelistudyhasbeeniconductediof
thelimpactioflloweringthe[surface waterievel
undermnaturallevaporation(of(40[¢mlin2
months.Figurer3ishowsasampleresultforDe
Meije.Inthelsummerimonthsi(betweeniday
1607@andiday255, x[axis)thelsurface water
levelldecreased(by(40i¢m. Thelfigure[shows
theldrawdown((expressedwith(alcoloriscale)lin
theimeadow/((Y [axis(represents(distancefrom
ditch)resultingfromaldecreasing/surface
water(levellin[Summer.

[0 Hydrus2(Dihasbeenlusedto
understandtheflowpatternswithinithe
fieldcross(section(ofiDeMeije. Thelditches
containthigh(120mg/l)ichlorideconcentrations
duringlsummeriandlowconcentrations(15
mg/l)[duringwinter. TheWwaterievelofithe
ditches/waskepticonstantiduringisimulations.
Thelmainloverallflow(directionlis[downward,
buticlose [tolthe [ditchesithemainflow(direction




isthorizontall[(more(solin[summerithaniinwinter
dueltolevapotranspiration). This[processlis
creating‘bananas’,(zoneswith
relatively(high(chloride[¢oncentrations((Fig.4).

(401m)

Figure(4.[Hydrus(2[DIcalculationof.concentration|patternsliniwinterwithin'a cross!section

Modellresults/donotclearly resemblethe
measurements(of [EC[profiles(in(DeMeije, but
couldlexplainithelargevarietylin[areaswith
lowrandrhighiconcentrationsobserved.
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Tirre in days (1 januan - 31 december 2003)
Figure[13.[lModflow!( Icalculations( of thel leffect! lof
lowering(thelsurface water level by(40lcm duringla
dryisummer.

Conclusions
Keyparameters|influencinglinteraction
betweenisurfacewater(levellandigroundwater
leveliare:[(1)ditchidensityland((2)thelocal
hydrology. Thelmeasured[ECprofilesidonot
matchtheHydrusimodeliresults.Thus,
unknownfactorsiinfluencelwaterflow(patterns,
likeheterogeneity(ofithelsubsurfacelandsoil
properties.

Future/work

o] Continuingffieldworkonigroundwater
qualityfolunderstandflow(patterns.

o1 Morelresearchlonlheterogeneityand
physics(ofipeatisoil[properties/and(surface
water(sediment(resistivity.

o] Production(ofalsensitivitymap{i.e.[@almap
with[peatlareas(sensitive folsurface water
levelichangesiduringldrylSummers).
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Abstract
Eutrophicationproblems’in’shallowwater
bodies(triggeredithedevelopmentiofilarge
(drainagelbasin)iscalemodelstolsimulatethe
origin, fransferlandiretentionofnutrients.
Althoughithesemodelsarewellicapableof
simulatingTongltermaveragenutrientloads,
thelspatiallandtemporal(distributionof transfer
andlretention(processeslisistilllunknown.
Therefore, wetookwater(quality[Samples,land
measuredidischargesat80100ocationslina
900 km?[catchment(in Estonia [during(six[field
campaigns.Sampleswere(fakenfrom{ile
drains,sources,@andlloweriandhigheriorder
streams. Firstresultsfornitrate[show(the
importanceofiseasonality, Tandcover,
hydrological/¢onnectivity,[andlin(stream
retentionforthedevelopmentofinutrientloads.
We willluse thislinformationtolimprove process
descriptionsl(inllarge’scalemodels.

Nitrate concentrations Summer 2003 (mg/l)

Figure1. Nitratelconcentrationslinisummer 2003

andretention/processeslinitheldrainagebasin.
De(Wit((2001)andMouradlet(al. (2005)have
provedthatiitiisiwell(possibleto'modellong]
termiaverage(nutrientfluxesiwithinialdrainage
basin,usingllarge, [easily[to(obtain(GIS
datasets. [Fluxes/are'simulatedionbasis/of
relativelyleasy(tolobtain(statistical(datalabout
pointiand(diffuseemissions,landmapswith
landicover,elevation, drainagenetwork,
hydrologicalfluxesfandresidencetimes.
However,thelspatiallfanditemporalidistribution
oflprocessesthatidominatelthe fransferiof
nutrientsifromithelandisurfacefothemiver
outletare(stilllunknown, becausethemodels
arelusuallylcalibratedonlylon/average nutrient
loadsfromlallimitedl@amount(ofiriverlocations.
Onlywhen(thelspatiallandfemporal(distribution
of(nutrient/concentrations/andiloads/atithe
medium((catchment)scale (1001000 Ekmz)is
known,Wwecanlimproveprocessidescriptions
in[drainagebasiniscalelmodelsiandmake
themisuitableforithelevaluation@fimitigation
measuresto(preventiexcessivenutrientloads.

Introduction
Eutrophication(ofishallowwaterbodiesby
elevatednutrienticoncentrationslisionelofithe
mosticommonenvironmentalproblems.The
inputlofnutrientslis(alcomplexfunction(of
nutrientlemissions, theiritransferithrough
various(hydrologicalpathways, temporary
storagelandidecaylin/soillandigroundwater,

Nitrate concentrations Spring 2003 (mg/l)
®

Figure(2. Nitratelconcentrations|in(spring 2003

Methods
Welcarried(out(Six[field(¢éampaignslinithe
lowland(¢atchment(ofltheAhjaljdgilin[Estonia
(area: 900 [sz), whichlisicharacterized(by
alternatinglagriculturallareasiandiforestsiand
peatbogs.Higherorderrivers(areiypically
situatedliniwide'semilnatural valleysilled with




riparianwetlandsiandisurrounded by forested
slopes.[Thellowerlorderistreams oftenhave(a
more!directiconnection(tothelagricultural
fields. Therelis(onetownlinithe catchment,
Pdlva(6500inhabitants). During(sixfield
campaigns{Summer2002;[Autumn2002,
Spring2003, Summer2003,/Autumn2004,
Spring(2004), water[sampleswerefakenrat
approximately800100differentlocations
spreadloverithelcatchment.Thesellocations
arelcovering/streams/ofiallisizesandtypes,
includingtileldrains, [Sourceslandfirstiorder
streams/asiwelllas(higheriorder(rivers.
Additionally,'welestimatedistream(discharge
where(possible. Thelwaterisamplesiwere
analyzedforithelmajorwaterqualityionslinthe
LaboratoryofiPhysical(Geography, [Utrecht
University.[Concentrations [(]mgmj)K)fIhe (main
nutrientspeciesNH,*,INO5 , and PO,>* were
plotlasimapslandriverprofilesforrallfield
campaigns.Dischargemeasurementsiwere
used to calculate averagedailyloads(kgd ")
forithelsampling/periods.Herelwe restrict

Concentrations(inlSummer2002, summer2003
andlautumn2002((allbaseflowperiods)are
typically5'mg1 . Theldailyload profile[of
thelAhjaljogil(figure4)showsevenimore
differencebetweenihelseasons.Notelthat
loads[quicklylincreaselinidownstreamdirection
during(spring2003,andolallesserextent
during(spring2004andfautumn2003.
Retentionlinhibitsialdownstreamlincreaselof
loadsduringbaseflowperiods.Loads,mainly
developinglupstream,(do(notlincreasefurther
downstream.

ourselves(tolnitrate ((NO3 ).
Concentrations NO3 Ahja (mg/l)
W NO3 Auturnn 2003 18.0
NO3 Summer 2002
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Figure[ 3. Nitrate concentrations!profile of the Ahjal j6gi
riveriforithe(six Seasons
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Figure4.[Nitratelloads!profilelof the[Ahjaljégil tiveriforithe
six(seasons

Results

Figure1shows(thelspatial distribution(of
nitrate/concentrations/duringisummerbaseflow
conditions.High(nitrate[concentrationsiare
foundidownstream ofiwastewater(outlets,and
infagriculturallareas/whereffieldsaredirectly
connected(iolstreams.Further/downstream,
concentrationsfendtoldecrease.However,
during(spring(flood, (high(nitrate/concentrations
arelpresentalmostieverywherel(Fig.2),lin[both
lowerrandrhigheriorderistreams.[Thelnitrate
concentrationiprofile foritheAhjajogi(Fig.3)
showsthat'c¢oncentrationslinispring2003(are
the highest(around 78 mgil’"), followed by
concentrations(in[spring2004 andlautumn
20031(4(6.5mgl").

Conclusionsandoutlook
Thef(firstresultsireveal(thattherelisialstrong
seasonallvariationlin[nitrate(concentrations
andlloads,causedby(bothrhigher
concentrations/andthigheridischarges(inithe
winter(halflyear. Thelspatiallvariation(in(nitrate
concentrationsfandiioadslinthecatchment
roughlyfollowslandcover:Iniagriculturaliareas
and[nearipointlemissions,concentrationsiand
loadsrarerhigherithanlinforestedareas.
Moreover,thelconnectivityofithehydrological
pathwaysfromfieldfostreamlislimportant.(ln
(summer)baseflow(periods, (nitrate [exportlis
limitedby(retentionlinlbedsediments, which
seems(absent/duringspringflood.Forithe
improvement(ofidrainage basin(scalemodels,
we Wwillfocuson(seasonality(andhydrological
connectivity.

References

Del[Wit, M.J.M.,[2001. Nutrient( fluxes[ at[ the river basin
scale.l:[the[PolFlow[model.[Hydrological [Processes
15,(pp.[743(759.

Mourad, D.S.J.,IM.van!der(Perk,(G.D.Gooch, E.[Loigu, K.
Piirimae, &P.[Stalnacke,2005.GISbased
quantification(of future nutrientloadslinto/LLake
Peipsi/ilChudskoe using qualitative(regional
development(scenarios. Water(Scienceland
Technology(51(3(4),pp.(355(363




Floodplainisedimentationregulatingvegetation

productivitylon'smallrivers?

F.P.Sival, B.[Makaske, G.J.[Maas & J.[Runhaar

Alterra,\Wageningen(Universityland Research, P.O. Box'47,16700/AAIlWageningen, TheNetherlands;francisca.sival@wur.nl

Abstract
Sedimentinputlandiassociatednutrientswere
quantifiedlalongalvegetationigradientfrom(the
riverichanneliothe floodplainimargininifive
naturereservesionfourismallrivers.The
amountofisedimentationiduringthelflood
season[0f(20032004 wasmeasuredusing
sedimentitraps.(Grain[sizelandnutrient
analyseslofthefrapped(sedimentisamples
were(carried[out. Thebiomass(ofithe
vegetationlis(differentfor(alllinvestigatediareas
and variesbetween[900/g/m*and200g/m>.
EspeciallylinitheKapperbultlarealon(the
Drentsche’Aa,thebiomass/decreasesiwith
increasing(distancefromtheriver.[Measured
amounts(ofisedimentlinitheKapperbultarea
are[smalllandistronglydecreaselwith
increasing(distancefromthelriver: 2.7[[I§<g/m2
closeolthelriveriand00.07 [Rg/szfer[from ithe
river.(lLikewise, nitrogenand(phosphatelinput
throughsedimentation(alsodecrease(with
increasing(distance.

Overzicht enderzoekslocaties

1 Malpiebeemden hY
2 Demmelbeermden s
3 Rheezermaten A 2N ;

4 Havixhorst L& oy

5 Kappershult

Figure(1.Location of the(study!sites

Introduction
Floodingloriwater(retentionlinlcombinationwith
natureldevelopmentlisnotlin(allsituations
without(risk forithe vegetation[(Commissie
Waterbeheer(21°/eeuw, 2000; [Raad voor het
Landelijk[Gebied,2001).[Especiallyvegetation
innutrient poor(conditionswilllhave¢considerable
harmfromfloodingwithnutrientrichiwater. The
hypothesis(isithatidifferenceslinlbiomass
productivity[@re @xplained byIdifferenceslin
sedimentation.Quantitatively, however,thelinput
ofnutrientsllikenitrogenandphosphateby
floodinglislargelyunknown((Sivaletal.,[2002).

[J  Thelmainlquestionliniouriresearchlis: what
isitherelationshipbetweenlinhputofinutrients by
sedimentationandithe [productivity for(different
vegetations[alonglagradientfromthelriveriolthe
floodplainimargin?sthelinputfrom(sediments
comparabletoithelinputfromfloodwater,
atmosphericldeposition, mineralizationand
groundwater?Welihvestigatedfive nature
reservesonfourismallrivers(intheNetherlands
(Dommel, DrentscheAa,[ReestandOverijsselse
Vecht;[Fig.).dnhthis(paperiwe Wwill mainly
presentiresultsifromtheKapperbultiareaonithe
DrentschelAa.
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Figure2.1Vegetation biomass[{g/m®)alongra‘gradient from
thelriverito(the(floodplainmargin|ofiallinvestigated sites

Methods
Tolcharacterizelthe(soilland(vegetation,an
inventory(of(bothwaslincludedintheresearch.
The standingéroplofithevegetationiwas
measuredlinthe[summerby(cutting(the
vegetation./Afterldrying,thevegetationisample
wasweighedlandlanalyzedionN@andP.
Sedimentirapsiwerelplacedalongvegetation
gradientslacrossitheleveeandfloodbasinito
thefloodplainimargin,infeachofithestudy
areas.Afterflooding,thetrapswerelcollected
andlthe(trappedisedimentwas(analyzedion:[(1)
quantity, [(2)texture, [(3)IN[and[P[content.
Speciallattentionwas(paid(io[spatial patterns
ofthesevariableslinrelationtofloodplain
geomorphology.

Results
ThebiomassIofithelvegetationlisdifferentfor
allinvestigatedrareaslandvariesbetween900




g/mz@nd 200 @/m2r(Fig. [2).Withlincreasing
distancefromhefriverithebiomassidecreases
andrthisleffectlisimostpronouncediinithe
KappersbultiarealonitheDrentschelAa. LLow]
productive vegetation m<4009/m2), [assumedito
be Mmostisensitivefomutrientinputbyflooding,
ispresentfarifromitherriver.

01 Alboreholelcross’sectionatithe
Kappersbultirevealsianiapproximately 60cm()
thickiclayeyand/peaty claybedonunderlying
peat/thatffillsithedeepDrentscheAa
palaeovalley((Fig.[3).[Furtherlawayfrom(ihe
DrentschelAalthelclayeybedrestsion(fine
(loamy)isandrepresentinglalcoversandlridge
borderingthepalaeovalley. Thesesubsurface
datalsuggestiarecentiincreaselinisediment
input, @althoughitheabsoluteldateofthis
changelisiunknown.[Thelcomposition/ofithe
topsoilreflectsithepresentisedimentary
processes.[Thelimpactofisedimentation
history(anditheresulting[spatial(variation[in
subsurfacecomposition)on(presentivegetation
productivitylis(stilllunder(study.

® total measured sedimentation
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Figure(! 3.[1 Measuredl| sedimentation[] andl| the
correspondingl lithologicall boreholel lcross'sectionin
thelKappersbultarea

increasing(distancefromtheriver(Fig.4).
Nitrogenlinputivariesbetween©Q0kg/halclose
tolthermiverrandisikg/hafarfromtheriveri(for
obtainingfanfestimate ofitotalihput,ian
atmosphericideposition0f[30kg/himustibe
added).[Phosphatelinputivariesbetween45
kg/halclosetortheriveriand1 kg/hafarfrom
thefriver.

N_kg_ha

o 50 100 150 200 250
Distance_m

—— N_kg_ha v Distance_m
—— P_kg_ha v Distance_m

Figure4.[Amountlofisediment inputiofinitrogen((N)
andphosphate(P)((kg/ha)alonglalgradientfromthe
riverltolthefloodplainimarginiinithe Kappersbultiarea

[ InlJanuary2004, mostistudylareaswere
flooded, with[aimaximumfloodingdurationiof
onelweek.Thelamountsofisedimentideposited
inftheKappersbultfarearstronglydecrease with
increasingdistance fromthe river:[2.7 Tkg/m?
closetolthe Tiverand010.07 kg/m?farfromthe
river.[Absolutefamountsofidepositediclayland
organicmatter,@lthoughbeingimuch(lower,
showalcomparablelspatialitrend.Nitrogeniand
phosphatelamountsialsoldecreasewith

Conclusions
IntheKappersbultlarealthetextural
composition(ofthesediments(that(are
presentlybeingldeposited, matchesithe
composition(ofthe fopsoil,lindicatingno(recent
changeslinthe(sedimentaryprocesses.In(this
arealthebiomass(ofithevegetationseemsio
dependonithelnutrientlinputfromsediments:
bothisignificantlydecreasewithlincreasing
distancelfromthefriver.[Theselresults’Suggest
thatlincreasing/sedimentation,associatedwith
increased flooding/water(retention, may(cause
alchangelfrom(low[productive(floodplain
grasslandlinto’high(productivefloodplain
grassland.[Generally, this(process(willlinvolve
alstrongldecreaselinithelamountiofispecies

presentiinthevegetation.
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Abstract
Thelproject‘Buurtschap(lJsselzone’lisian
initiative [forruralidevelopment/alongthelriver
IJsseliatiZwolle, TheNetherlands.[Oneloflthe
objectives(ofithe projectlistolsecurelthe
presentidrinkinglwater(supplyby(the
reallocationoflabstractionwells[oftheldrinking
water(production(station(EngelseWerk. The
modelINICHE was(used(folgainlinsightiinthe
ecologicalleffects(ofthe reallocationlof
abstractionwellslinithefloodplainsiofithe
IJssel.Modelloutputishowedthatnotionlyriver
waterdynamics(affectsihabitats(ofiplantTand
birdlifedirectly,butigroundwaterthydrology(as
well.[Thelresults(oflthe @assessmentlledfolan
alternativeldesign(of(abstractioniwells, which
forms(alsound(basisfornaturedevelopmentlin
thefloodplain(area.
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Figure(1. Predictedvegetation patternsiof Eleocharito
acicularis'Limoselletumlinthelfloodplain
Schellerwaarden. A:(reference situation, with nature
developmentlinicurrentiagriculturallland.

B: situation after reallocation
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Figure1. Predictedivegetation|patterns(of Eleocharito
acicularis(Limoselletumlinthelfloodplain
Schellerwaarden.B:[situation afterireallocationof
drinkingwaterlabstraction,with alnew!river(side(channel
and natureldevelopment.

Introduction
ThelstudyareaBuurtschapilsselzone’lis
situated between(thelcityofiZwolle@andthe
riverilUssel,whichlis@adistributaryofithe[Rhine.
Riverforelands(embankedfloodplains)forma
majoripartofithestudylarea’andiconsistimainly
of(naturelreserves/andlagriculturalimeadows.

Inthelstudylarealseveralmajorlissues
relatedfolspatiallplanningexist.Intheriver
forelands, morestorage(capacity forriver
waterlisrequirediduringlperiodsofipeak
dischargelofthe[Rhine.Thislarealisalso
protectedibytheEuropeanBirdDirectiveland
is[partiofthenationallecological network(of(the
Netherlands.Pollution/ofigroundwaterunder
thelcitylof(Zwolleandthe construction(of(ainew
railwaythreaten(the(present/drinkingwater
production(station(EngelseWerk,[andalnew
designiofiabstractionwells(isrequiredto
preventfurtherlincrease oflfreatment/costs.
Furthermore,Socialleconomicalfunctionsisuch
as(agriculturefareideclining.nforderio
combinetheselissuesiinamultifunctional
landscape, @nfinitiativeforrural’development
inthe‘BuurtschapilUsselzone’was started((De
Kuijerletal.,[2003).

Forlthe(objectiveiolrealise alsustainable
drinkingwaterproduction without(risksof
contamination(bypollution,(alsustainable
developmentiofithecatchmentiarealis
necessary.



Plans(forreallocation(of thepresent
groundwater(abstractionbytheldrinkingwater
companyVitenslarelthereforelinterwoven with
thelinitiative forruraldevelopment.
SupplementaryvaluesforVitensiarethe
realisation(offalsocialbasisforwater
productionfandithepreventionofia
governmentalideadlockloverthesociol’
economicaldevelopmentiandispatialiplanning.
Sincel¢hangeslinigroundwaterabstractionimay
affectinaturelandienvironment,aldetailed
environmentallimpactiassessmentof
reallocationlisrequired. This ¢ontribution
focusesion(thelassessment(ofithelreallocation
of(abstraction(wells(onitheloccurrence of
vegetationland(birdlcommunities(inithelriver
forelands.

datalcouldbe derivedfrom(available
hydrologicalandsoillinformation.In(orderto
usethelmodellinfriverforelands,alcalculation
oflinundation(depthlandlinundationduration
throughoutispringlandsummerwascarriedout
byBlonk{2003). [Fromiheseldata, thesite
conditions(acidityland(frophiclstatewere
calculatedwithithemodelNICHE {Ratermanret
al.,[2002).

A; reference situation

Ranuncun-Akpecurim
I et oquisstersum

[ ] nocdptain

2] water

2 ' il s s : i wm N A
fis e

Figure 2.0 Predicted vegetation patterns_of Ranunculo(]
Alopecuretum! geniculatil equisetetosum! palustrislinl the

floodplain_Schellerwaarden. A:[ referencel situation, with

natureldevelopmentiin(currentlagriculturaliland.

B: situation afer reallocation
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Figure[12.01Predictedvegetation patternsof |Ranunculol
Alopecuretum(igeniculatillequisetetosum palustris(linthe
floodplain Schellerwaarden. B: situation|after(reallocation of
drinkingwaterlabstraction, witha new!river( sidelchannel
and(nature(development.

Ecologicallimpactiassessment
Thefriverforelandslinthestudyarealcontain
importantiecologicalvalues.Ecologicalleffects
areleéxpectedionfalsmalliscale{(<1ha)and
may/interfere Withnature(restorationiprojects.
Thisrequiresianlecologicallimpactiassessment
methodwithihighfaccuracylon(thisiscale. The
methodneedstolcalculate effectsiofichanges
in[groundwater(level,'changeslinisurfacewater
dynamicslasiwelllas/changesl(inllanduselon
distributionpatterns(ofplanticommunitiesand
ecologicallgroups(ofibreedingbirds. Thelscale
oflthisloutputcorrespondswithithelinformation
thatlisineeded(intheplanningrandicontrolof
nature/management.
Aggenbachi&Pelsmal(inprep.)
constructedialdatabase (PREVIEW)with(site
conditions(of(planticommunitiesof river
forelands.From(thisdatabase, parameters
concerninglinundationwithriveriwater,
groundwaterllevel,(soil(characteristicsand
managementiwere(takenlintolaccount.[Most

Thelmodelusedithelc¢alculatedisite
conditionstolpredictithe potentialloccurrence
of(planticommunities.In(ordertogenerate
informationaboutthehabitat(suitability for
breedingbirds, theseresultsiwere(combined
withlihformation(aboutlandscape/structureland
disturbingfactorsisuchlaslinfrastructure.lAn
avifaunaldatabase((Sierdsema,1995)was
usedtoliranslatetheselhabitatfactorsito
patternsiofiecological birdicommunities.

Results
Although(severallalternativesforireallocation of
theldrinkingwaterlabstraction were(studied,
onlylthelresultsiof(thefinalimost(]
environmental(friendly(alternative (willlbe
discussed.Inlthislalternative, hydrological
effects(ofthe(reallocationare(restrictedfolthe
riveriforelandcurrentlylinfuseforfagriculture.in
orderio(protectipresentnaturereserves,the
catchmentiarealofithegroundwateriextraction
stationiwasreducedbyproposinglalriversidel]
channeliinitheagricultural floodplain.
Important’hydrological(parametersithat
changeddueliolreallocationwerelinundation
durationiwithlriveriwateriand(lowest
groundwater(tables.Due(totheplanned!river
side[channel, thelriveriwaterwill flowfreely
intothe(floodplain./As[alconsequencellowl(lying
areas(willlbefloodedeasily.[Onithelotherhand,



thelgroundwatertablewillldecreaselduetolthe
reallocation(of(abstractionwells.
According(tolthe(modeloutput,theleffects
oftheseltwolhydrologicallchangesion
vegetationipatternsappeariolbe verydifferent.
Thislislillustratedbythepatterns(ofthepioneer
vegetation[EleocharitoLimoselletumland(the
grasslandivegetation(RanunculolAlopecuretum
equisetetosum((Figsand2).Bothplant
communitiesfoccurlinthelow(partsofiriver
forelands, oftenladjacenttoleachlother.
However,linlthelstudylarealtheEleocharitol]
Limoselletum(showedalpositivelreactionto
increasedlinundation, whereasthe[Ranunculo’]
Alopecuretumlequisetetosumishowed(a
negative reaction(todecreased(groundwater
tables.ThelMmodellalsolcalculatedardifferent
reaction(ofibreeding(birds(tothelhydrological
changes.Habitats(oftypicalimeadow birdswith
groundinestswillldecreasebecauseofithe
increasedlinundation/duration, whereas
habitatsofimarshland(birds will[move fowards

zoneslalong(theplannedTriveriside.channel.

Conclusions
Thelmodelloutputishowedthatinotonlythe
dynamics(oflinundation by riveriwateraffect
habitats of(plantlifelandbirdlifelinmiver
forelands, butigroundwaterhydrologyasiwell.
Relativelsmallichangesiinigroundwaterievellin
floodplainsialreadyiaffect/planticommunities
restrictedtolcontinuousrhighlsummeriwater
tables.

Sincetherequiredisite (conditions(ofiplant
communitiesshow(greatidifferences,andsmall
changeslinlabioticiconditionsimay¢causel(major
changeslinidistribution/patternsiofvaluable
planticommunities, [ecologicallassessmentof
hydrologicallimpactsiinfriverforelandsrequires
alMmodelithatdistinguishesvegetationtypesion
communityevel.

Thelresultsiofthelecologicallimpact
assessmentlinitheprojectBuurtschap
IJsselzone’lledtolan(alternativeldesignlof
abstractionwells, whichforms(alsoundbasis
fornature(developmentlinithefloodplainiarea.
Thelplanned(construction(ofialriveriside[]
channelwillrestricteffects (of(groundwater
abstractionfopartsiofithelriverforelandin
agriculturaluse.’Atthelsameliime,the
constructioniofiariversidechannellopensiup
newI(perspectivesformaturedevelopment.The
modellinstrumentappearediobelhelpfullin
furtherispatiallplanningofiruralidevelopmentlin
thelstudylarea.
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Abstract
A[GISbased[scenariolapproachiwas
combinedwith(themodel BIOSAFE for
cumulative(effectslassessment((CEA)of
physicallreconstructionlandlanduselchanges
infloodplains.(Al¢asestudyforfloodplains(in
theMiddleWaallregionvisualises/effectsof
various(scenarios(foriecologicallrehabilitation
andlinfrastructurefacilities/ontheldistribution
offriverinelecotopesiandionffish,herpetofauna
(amphibiansfandireptiles)andibreedingbirds.
In[comparison(withtheactualsituation,all
scenarioshavenegativelimpactionbreeding
birds.[Thelsavingiscenariolseems(tofavour
settlementiof(fish.[Thelpreservingiscenario
appears(iobemostipositiveforherpetofauna.
Speciesthatwill thrive mostfromfuture
developmentsiarethoselthatprefer
hydrodynamicipioneerenvironmentsi{e.g.side[]
channels), whereasispeciesthatwilllencounter
difficultiesfarelmorerelatedfolrelativelylow
hydrodynamics((e.g. lakeslandiisolatedriver
channels)oriterrestrial(habitats((pasturesiand
hay(lands).

Figure(1. Thelgeographicalllocation of thestudy area

Introduction
ThelcomingldecadesmorthwesternEurope’s
riverbasinswill belsignificantlyfeconstructed
forthepurposeloffloodriskiabatement,
ecologicalrehabilitationfandlinfrastructure
facilities.The[physicalreconstructionfandfand(]
uselchanges/may offeriopportunities(io
increasebiologicalldiversity,but'¢canialso
seriouslylendangerpresentnaturalivaluesiand
potentialsi(Lendersletial.,1998,12001, De

Nooijletral.,’2004).Integratedriver
managementwill fequireregionalreffect
assessments(oficombinations/ofimeasureson
biodiversity((Leuvenletial.,[2002).This[paper
presentsanovelmethodfor([CEA@and
evaluateslimpacts(oficurrentspatial planson
riverinebiodiversity(inthe Middle \Waalregion.

e

Figure 2..GISbased|procedure for(CEA

Materialland methods
Forrelevenfloodplains(initheMiddleWaal
region((Fig.M),[alGISbasedscenario
approachiwascombinedwithithemodel BIO[
SAFEI((Fig.[2). BIOISAFEI is alvaluationimodel
formiverinebiodiversity thatfocusesonispecies
listedlonRedLists,the[EUHabitatsiandBirds
directives,and(theconventions(of(Bernand
Bonn((Lenders(et/al.,(2001,De[Nooijet(al.,
2004). Threelscenarios(project/expectations
ontothelriverinellandscapelinithelyear2015
(Leuvenlet(al.,2002).The(preserving[scenario
comprises(c¢urrentplansforlecological
rehabilitationfinfeightfloodplains.Thelsaving
and(utilisingscenarios(alsolincludesicurrent
plansiforinew infrastructurefacilities(e.g.,
severallharbours,storagesforicontaminated
riverisedimentsiandmultiitmodalltransport
centres)./Inithe(saving/scenario,available
spacelisimaximallyspared(as(anon(renewable
resourcelandecologicalrehabilitationiand
infrastructure [facilitiesare implemented(in
accordancewiththeir‘best [spatial
alternatives.(In(the(utilising(scenario, the
availablelspacelisiargelyusedifor
infrastructurefacilitiesfandotherlfhuman




purposes.[All[spatial/dataiwereimplemented
andlanalysed/in/Arcview.GISallowed
comparison(ofithefuture(scenarios withthe
reference(situation((year(1997)and
calculationsiofisurfacelareas/offriverine
ecotopes((inputforBIOSAFE).

Figurel13.[1Ecotopel I maps(ifor Idevelopment(|of Ithe
floodplains

Figurel3presentsianiexamplelofiecotope

maps of(the reference situationandthethree
scenarios(forthe(floodplainslinthe western
partiofithe(studylarea.Thelacreages(ofinatural
ecotopes,agriculturaliandbuiltfuplareasofithe
MiddleWaallregionremarkablydifferforiover
thelthreescenarios((Fig.4).In[comparisonwith
thelactualisituation, alliscenarioshave
negativelimpactionbreedingbirds(Fig.(5).
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Figure'4. Acreage!ofriveriecotopes.

Thelutilising[scenariolappears(tolhave(greater
impactionbreedingbirds/thanitheother
scenarios. Thelsavinglscenariolseems/to
favour(settlement(offish, butidccupiesan
intermediatepositionforherpetofaunaland
breedingbirds.(Thelpreservingiscenario
appears(tobemostipositive for(herpetofauna.
Speciesthatwill thrive mostfrom(future
developments(are(thoselthatprefer
hydrodynamic(pioneerienvironmentsi(e.g.[Side(]
channels), whereas(speciesthatwilllencounter
difficulties[aremore relatedforelativelylow
hydrodynamics((e.g. lakeslandlisolated(river

channels)oriterrestrial(habitats(pasturesiand
hay(lands). Implementation(of(plansiin
accordancelwith(the[preservingscenariolyields
anloptimallybalanced(spectrum(ofiSpecies.
However,lit'shouldbenoticedthatthelsaving
andutilizing(scenariosheavilyrelyon
compensatingmeasuresproposedfor
infrastructurefacilities, whose feasibility(isstill
doubtfulratpresentbecause ofdifficultieswith
landprocurement.Infaddition,Several’species
alsorequirehabitatpatchesoutside(floodplains
inlthelcourseof(theirllife lcycle.[Thedownside
ofthel@abandonmentofiagriculturelinithe
floodplainslislitslintensificationlinthe
hinterland.This(couldprovetobe[quite
destructive forlecotopesl((intermsiofisizelor
quality) for[some(speciesl(likethegreatreed
warbler(reedmarshes)orthecrestednewt
(isolated,highrqualitywaterbodies).lfthe
occurrencelofithesespeciesiisibibe
safeguarded, we'cannotraffordfosacrifice
valuablenaturelareaslinithelhinterlandiasia
tradeloffforlimprovingfloodplains((Lenders(et
al.,[1998).

[0 Inforderfominimisethe/cumulativeleffects
offlinfrastructurefacilitiesiandflooddefence
measuresland(fomaximisethelbenefitsof
ecologicalTrehabilitation,anfintegratedplantfor
physicalreconstructionfandTandlusechanges
oflthe(studylareaasawholelshouldbe
developed,inwhichalliplansforlindividual
projectsiinifloodplainsiaremutuallyattuned.
Suchlalplanishouldprovide conditions/that
mightiresultlin(bothlalhigheridegree(of
defragmentation(ofiriverine/ecotopesiand
betteriopportunitiesforbroadspectralof
species.[ltlisonlyunder(thisprecondition(that
physicalreconstructionoffloodplains(alongthe
middlereach(ofitheriver(Waallmay offeria
prosperous futureforiprotectedand
endangeredispecies.

[0 BIOCSAFEcanbeleasilyicombinedwith
GlIS[based(scenariolapproachesfor([CEAof
riverinelarealdevelopments(andappearsitobe
alusefultoolforifineltuningofispatiallplansiin
earlyphases/ofitheir(planning(process.Other
methods,e.g.[detailedsinglelspeciesimodels
takinglinto[accountmore habitatidemands of
thespecieslexamined,are(doubtlesslymore
subtlelandiwould(lead(tol[morelaccurate
predictionsiofisettlementiopportunities for
biodiversity.[However, thisiwouldFequiremore
detailedlinput/ofiSpecies[specific[parameters
aswelllaslofllandscapeparametersiinthe
targetisituation.lKnowledgeofithefirstitype of
inputstilllappears(iobellackingforimany
riverine(species,while datanecessaryforithe
second typeloflinputican/inimosticasesnotbe
derived(from(floodplainfeconstruction(plans.
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Conclusions

o1 BIOISAFEcanbeleasilyilcombinediwith
GIS[based(scenariolapproaches(for
riverinelareas(development.

o[ 1 Physicallreconstructioniandllandluse
changeslinifloodplainsalongitheMiddle
Waalistronglyaffectthesurfacelareasland
distributionpatternsiofiriverineecotopes
andwilllhavemajorieffectsioniprotected
andendangeredispecieslinithisiarea.

o[] In[spitelofimodellandiscenario
assumptions, the results(facilitatethe
debatelaboutlandithe(decisionmaking
process(foripolicy fargets(oflintegrated
riverimanagement.
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Abstract
Thelaccuracy(ofithelmeasurements(ofigrain
size[parameters(used(inlalgeologicalimodel
arelcrucialfotheloverallreliability(ofthe
constructedimodel.Themainigoalofithe
currentresearchiistoquantifythereliability (of
estimatedigrain(size/datalandioldeterminelthe
impactithatitheselinaccuracieshaveon3D
geologicalmodels.Onlylcomparisonsiofisand
medians(willlbepresentedlinthistext.[The
analysis'shows(thatthesandimedianiis
underestimated.Theleffectiofithelinaccuracies
inlestimatedisandimedians(onithe(3D
interpolation(ofigrain(size(datalis(evaluated,
usingtwomethods, firstiavisuallcheck(and,
second(thecalculationiofitheShields
parameter.(Thelconclusionlisthatthe
inaccuracies(ofithe[sandmedianidonotlead(to
any(significantichangesiihniwhetheriorinotthe
sedimentiisiransportediorichanges(inriver

sedimentation(patterns.

insightlintothevariation(ofthe(grainisize
parametersiwithinfallayerlisidominant.

[l Thelmainlgoaliofithel¢urrentresearchlisto
quantifythe(reliability(ofthe(used(grain(size
datalandtoldeterminelthelimpactithatithese
uncertaintieshavelonigeologicalimodels.The

(micron)

D50 sand measured

D50 sand estimated
[ 200 400 o ) 1w 1am0 {micron)

Figure(1. Scatter plot of estimated D50 valuesland
associated measured D50(values.(Intriangularipoints
thelupperiboundary'ofithelbandwidthlandinlsquares
thelloweriboundaryofithelbandwidth. From(within this
bandwidth(thelrealizations|of the sand/median(are
taken.

Frequency

260 400 7
e

Sand median {micron)

Figure!2. Triangulariprobability curve ofthe sand

median.Inthislexample an estimated sand median of
400iumiandianiassociatedibandwidthof 2601770 um;
50irealizations|ofthesandimedian aretakenfromithis

frequencydiagram

Introduction
Inigeologicalimodelling,[geostatisticsiand
geologicallknowledgelarelused(tolcombine1D
and2Dmeasurementsito/al3Dframelofithe
different{geological)layerslinithesubsoil.
Withinthese(layersdifferent[parametersimay
belestimated. Thelaccuracyofithe
measurementsiusediihfalgeologicalimodel’are
crucialfotheoverallreliabilityofthe
constructedimodel.Forimorphologicalimodels,

datalusedlin(this[studyloriginatedfrom(various
projectsicarried/outforithe(lnstituteforiinland
Water(ManagementandWaste Water
Treatment((RIZA)[duringlthelyears200112003.
Sampleslarefakenfromvibrocoresandlare
analysedbyFugroB.V.Usingthelsieve
method{cf.INEN2560)./Alllof the[samples
werelalsoldescribed@t TNONITGandthese
descriptionslareallistoredlinitherelational
databaseDINO[{Databankinformatie
Nederlandse©Ondergrond); thedatabaseofrall
subsoilldatalofithe Netherlandsusedat TNO[]
NITG.lIn(total, lapproximately1500/samples
have beenlused(forfanalysis. First,the
accuracy(oflestimated(grain(sizeparameters
(medianigrain(size[oflthe [sandfraction
between63and2000um(D50),silt.content
and(gravellcontent)@arelcompared(with(sieve
results.[Only(comparisonsiofisandmedianswill
bepresentedlinthisitext.[Theleffectiofithese
inaccuracieslinfestimatedsandmediansionithe
3Dinterpolation/ofigrainisizedatalisevaluated
by(usinglalMonte(Carlolprocedure(forialsetiof
sampleslinthelJsselkopbifurcationlinithe



lower[Rhine(distributary’systemiinithe
Netherlands. Thelihaccuracieslinisand
mediansiareltransformedlintoltriangular
distributions.Forlevery(realization,thesand
median,[gravellandisilticontentlareusedto
calculatelalsyntheticigraini(size(distribution
(GSD).[Togetherwithimeasured(grainisize
distributionstheseldatararelinterpolatedusing
3DKriging((cellsize25x25x0.2m).

Results/of'theanalysis(ofgrainisize
parameters
Ofithelanalysisiofithelthree(grain(size
parameters((sandmedian,siltland(gravel
content)lonlythelresultsofithesandmedian
arelpresentedlinthis(paper.[Thesandmedian

Figure(3a.[Thelcalculated|Shieldsiparameter((6)(for
twolrealizations'{aland(b), onlyiminoridifferences
canlbelseen,leading(to noldifferencesliniwhetherior
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Figure(3b. The calculated|Shields|parameteri(6)for
twolrealizations'{aland(b), onlyiminoridifferences
canlbelseen,leading(tolnoldifferencesliniwhetherior
notithelsedimentiistransportediinithisiexample
(6.,=0.06;thresholdiofimotion).

islonfaverageunderestimated,whichicanbe
seenlin(Figure.[More(detailsofithe
inaccuracies/and(the waytheylare(calculated
can(befoundliniMaljers(&Gruijters(2004).(In
thenextisection(thelinaccuracieslinithe/sand
medianlarelimplementedlin(algeological
model,andthelimplications(on(thisimodellare
discussed.

Implementationiandimplications of

inaccuracies

Thelimplementation oflthe bandwidth foundlin
analyzingthelsandimedian(will[be[presented
below.InFig.1thebandwidthiofithelsand
medianlis[shown({iniriangularienisquare
points).[Thisibandwidthimeansthatfor
samplesofiwhichithesandimedianiis
estimated(as400um, thelactualisandimedian
could(be between260pm((lowerboundaryof
thelbandwidth)@and770(pm((upperiboundary of
thelbandwidth).

[l Forimodelling,50(realizations(ofthe’sand
median(are c¢alculated. Thevalues(arewithin
thebandwidthiandfollow(a(random)(triangular
probabilitylcurve.(Thisresultslin(50different
realizationsiofithesandimedian.Forlexample
therangelofimeasuredisandimedians
belongingtoraniestimatedisandimedian(of400
um, lislbetween260[m@nd770pm. Themain
pointwilllbefaround400mmi(Fig.(2).

[l Thelotherliwolgrainisizeparameters|of
importanceliniconstructingsyntheticlGSDs/are
thesilticontentlandthe(gravelcontent.(Silt
contentlinfthisiresearchihasbeenisetito %for
allisamplesiand(during(allrealizations. The
graveliéontenthasbeenlestimatedforall
samplesfandrthisivaluelislused(inmodelling.
Thisimeansthat,[duringleachrealizationthe
onlyparameterithatdifferslisithesandimedian.
Detailsiabout¢onstructingisyntheticilGSDsrare
fullydiscussediinithe INCRpublication24
(Gruijtersletial.,[2004)andwillithereforenotibe
presentediin(thispaper.

[l Thelimplicationsionlalgeologicalimodel(of
thelinaccuracieslinithelsandimedian/canibe
shownliniwoways. Firstioflallaisuallcheck
hasbeenmade;second,theShields
parameter, whichlis[adimensionlessimeasure
forthefransportiofisediment,hasbeen
calculated(fortworealizationslinfcombination
withtworiveridischargesi{normalandrhigh).

[0 Forithelvisuallcheck,themedianiofithe
wholelsamplelofithetop(ofithe Kreftenheye
deposits(hasbeenusedlinstead(ofthe top (of
themobilepavement, becauselthe activellayer
was(sampledlin(great/detail andhas(therefore
onlyimeasured(GSDs.[Thereforelthe
bandwidthiofithe[sandmedianfandithe
associated(syntheticlGSDswill notiaffectithe
toplofithemobilepavement.Onlylin(detailsido



thetwolrealizationsofthe fop(ofithe
Kreftenheyeldepositsidiffer(in[D50.
[Thelimplementation(ofithe bandwidth(ofithe
estimatedisandimedianidoesnot'seemiiohave
anylinfluencelonfriverisedimentationpatterns.
0 ThelcalculatedShields(parameter,has
alsobeenicalculatedforithetopofithe
Kreftenheyeldeposits. Wheniookedatthe
actualivaluesiforitheShieldsiparameterforiwo
realizationsiduringinormalidischarges, minor
differencesicanibe’seen((Fig.3).[Becauselthe
Kreftenheyelsedimentlisinotveryicoarse,the
thresholdiofimotion((whichlis(settp[0.06)(is
alreadylexceeded forimost cells;thereforelthe
minor(differenceslintheShields(parameterido
notlleadiolanydifferenceliniwhetherornotithe
sedimentlisitransported.

Conclusions
Basedlon/thelaforementionedmethodslit/can
belconcludedithatithelappliedbandwidthtothe
estimatedisandmedian(doesnotiinfluencelthe
sedimentationpatternsioriwhetheriornotithe

sedimentlisfransported. Thisimeansithatithe
method(described/in(Gruijters(etal. (2004)to
use(synthetic/grainisize(distributionsbasedon
estimated(parameters(islindeedlalstep forward
inldescribing(thenaturallvariationlin(the(subsoil
offafriverbed.
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Abstract
Bediloadtransport(calculations(based(on
multibeam’echo/soundingsisuggestithatithe
sedimentitransportiatithelJsselkoplis
suppressed(by(allimitedsupplyof
transportable(sediment. This[probablyresults
frombendisortingprocessesatitheTiver
bifurcations’Pannerdenschelkopland
IJsselkop.

IJsselkop —*
2

Pannerdensche kop

Figure1.[Rhine branches|at thellJsselkop bifurcation,
thelINetherlands:1101=[1Pannerdensch(1Kanaal, 12/ 1=
Neder Rijn, and 3/ =lUssel

(Frings,unpublishedidata).Themultibeam
echolsoundingsithatiwelusedwerelconducted
duringldischargewaves(inlNovember2002
andiJanuary2004.Thelresolutioniofthese
echolsoundingsienabledustoldeterminelthe
temporal,llongitudinaliandilateral(variationin
sedimentitransport.

Results
Thelateralvariationlin[sedimentiransportwas
large,lespeciallylinthePannerdenschiKanaal.
Thelabsencelof[dunesinearithe ledges(ofithe
riverlindicates(thatthelsedimentitransportiwas
limitedtolalclearlyl[demarcatedizonelinithe
middlelofthelriver(Fig.2).

Introduction
Thelriverbifurcations/PannerdenscheKopland
IJsselkop(determinethesedimentand water
distributionioverithelcentrallpartofithe
Netherlands((Fig.(1).[Algoodunderstandingof
this(distributionprocessliscrucial for
operationallriverimanagement.ltiis(knownthat
onlylalsmallpartiofithebedloadsedimentihat
arrives(atithe[PannerdenscheKop bifurcation
isldirectedtowards(the[Pannerdensch(Kanaal
(Kleinhans,2002).Therefore, theUsselkop
bifurcation, whichiis(situatedatthe’endofithe
PannerdenschiKanaal,[maybesubjectitola
limited(supply(ofitransportable(sediment. The
purpose/ofithisistudy/wasto/determine
whetherithebedloadisedimentiiransport/atthe
IJsselkoplisisupplylimited.

Methods
Welusedmultibeamlecholsoundings(in
combinationwithfaiduneltrackingitechniqueto
determinelthebed(loadtransportrate(atthe
IJsselkop. Welthuslassumed(thelsediment
transportitobezerolwhen(duneslarelabsent,
whichlislrealisticlaccordingtoldirect/transport
measurementswithiaDelftNilerSampler

Figure(12.[1Bedllimage(lof thellJsselkopbifurcation,
November(2002. A,B,Clreferitolthe(sections(described
in'Figure

[0 Thelfemporalvariabilitylin[sediment
transportiduringthe 2004 [discharge wavelis
shownlin(Fig.3,forthreeTiverisections.Inthe
first'section,thelPannerdenschKanaal, the
maximum(sedimentltransportirateloccurred
wellibeforelthepeakidischarge.lInithelother
sections, bothlintheNeder(Rijn, thelmaximum
sedimentitransportirate occurredimuchllater;lin
theldownstream(most(sectioneven(twolweeks
afterithepeakidischarge.Thellongierm
temporallvariabilitylis[alsopronounced:in(2002
thesedimentiiransportiwas@almostitwiceas
highlas(in(2004atthepeak/ofitheldischarge
wave, whichwasabout 6500 'm*/s at/LLobithin
bothiyears.
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Figurel13.[1Temporal(lvariation(lin[1sediment(|transport
during'thelUanuary 2004 discharge wavelin threelriver
sectionsl[](A,[1B,[1C).[1Thellocationofl the threelriver
sectionslis shownlin(Figure(2. Thelmoment of the peak
dischargelislindicatedwith(aldashed!line

00 Figuredshowsthewaterandisediment
distributionatthelUsselkop. TheNederRijn
receivediabout90% ofthesedimentload!in
thelPannerdenschKanaalland57(% of the
water(discharge, whilethethird[riverbranch,
thellUssel,receivedanialmostequallamountof
water((43%),butonly10% ofthelsediment
load.

[0 Thelsupplylimitationlis(probablyargeriin
the(lUssellthanlinithelotherbranchesioflthe
IJsselkop, becausethellUssellreceives hardly
anyisediment.Welexpectithisitolbetheresult
of(thelinteractionbetween(sedimenttransport
andbed(grain(size((Fig.5),inthefollowing

way.
Bend(sortinglinlthe
meanderbend
upstreamofithe
IJsselkop(causesithe
bedsedimentiatithe
entrance(oflthe [Ussel
tolbe/muchicoarser
than(thelbedsediment
atthelentrance(oflthe
NederRijn.[ThisCoarse
materialprobablyIis
onlymobileratihigh
discharges,leadingto
allimitedisupplyof
transportable(sediment
intoithelUssellatlow
dischargesiandiat

D50 top layer

0 1 2 km

Figure(5. Grain(sizeloflthetop(of the
riverbed( at(] the(| IJsselkop(| (after

1J: 10 %

NR: 90 %

Figure® 4.0 Water?] distribution(] (left)[] and(] sediment
distribution({right) at the[lJsselkop(during the(2002 and
2004dischargelwaves.[lJ:[lJssel;,INR:[INeder Rijn

Discussion
Alllresultsisupportthelidealofisupplylimited
transport.Namely,linithecaselofredundant
transportablelsediment,[duneswouldhave
occurredloverithelentireriveriwidth, whilethe
sedimentitransportirates(in(20021and2004
wouldhavebeenlthesame.Furthermore,the
momentlofimaximumsedimenttransportiwould
havebeenlequallforithe[PannerdenschKanaal
andithe[Neder[Rijn. Theldownstreamshiftlin
momentiofimaximumisedimentiransportpoints
atfasedimentiwavethatimovedfromithe
Pannerdensch(KanaallintoltheNeder[Rijn
duringlthe2004discharge wave.[Alsandwave
haslalsobeeniobservediatithelPannerdensche
Kop[(Kleinhans,2002), suggestingthat
sedimentwaves!are(astructurall[phenomenon
atbifurcation(points.

intermediate(discharges | Gruitersietial.,[2003).

likelthoselin2002(and
2004.Thelsamelprocess(canibelheld
responsibleforithelimitedsupplyofiSediment
intothePannerdenschKanaalratithe
PannerdenscheKop.

[1 Thelsupplylimitationthasisevere
implicationsfortheprediction(ofisSediment
transportirates, [as(theoreticalfransport
predictors(alllassumearedundantiamountof
transportable(sediment.[Empirical(predictions
are[problematictoo, becauselthesupply]
limitationlis(noticonstantlinitime.(In(2002(the
sedimentitransportiwasmuchhigherithaniin
2004, whilelthedischargewasthesame.For
reliablepredictionsiofisedimentiransportiatithe
IJsselkop,therefore, thelsedimentitransport
historyneedstobefakenlintolaccount.
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Abstract

Toldeterminehelmorphological behaviouriof
bifurcation/pointstwolmeasurement
campaignsiwerelsetUplandiperformedlin
January2004randiSeptember2004.[Avariety
ofimeasurementsiwasperformedisuccessfully,
resultinglinfaluniqueldatabaselonbifurcation
points.Theseffirstresultsarepromising.

Introduction
Thelgoallofithisistudylisioldeterminethe
morphologicalbehaviouriofibifurcationpoints.
Bifurcationpointsiplayaikeyrolelinithewater
andisedimentimovementiofiarriverisystem.In
theNetherlandsitherelarethreelmain
bifurcationpoints:[(1)[PannerdenscheKop
(Boven(Rijn(divideslinto[PannerdenschKanaal
andWaal);(2)(Merwedekop(BovenMerwede
divideslinto(BenedenMerwedeland Nieuwe
Merwede);(3)IUsselkop(Pannerdensch
kanaalldividesiihtoJssellandNeder(Rijn).

Measurementcampaign
InlJanuary2004 measurementsionsubsoil,
sedimentitransport,activellayer, water(level,
discharge, flow(velocity@andIdirection, were
performedwith10ships(duringhigh
dischargesiatithellUsselkopandithe
Merwedekop. Thelcampaignsastedtwo
weeks.In(Fig.Mthewaterllevelsicanbelseen
togetherwiththe[momentsiofimeasurements.
Comparablemeasurements/atithe
PannerdenscheKopthadbeenperformed
earlier,[in(1998.In(September2004
measurements(on(sedimentitransportiand
dischargesiwerelperformed atithelJsselkop
duringllow(dischargestoldetermineltheleffect
ofltheweirslinthe[Neder[Rijn.[Withithe
MEDUSA techniquel{Koomans,2004)the
variationlofthenaturalradioactivity (ofithe
sedimentwas(determined,byldragging/a
sensorthatimeasuresthenaturalifadioactivity
ofthelsediments, overitheriveribed. Therelis/a
relationshipbetweenthelradioactivity andithe
grain(size.Three[surveys(at(different
discharges(were(carriedouttodeterminethe
changelinigrain(size[patternsiofithefoplayer.
Intthisway, litwas possiblefoldetect/Sorting
processeslandbedfoughnesspatterns.

Werkendam jcm)

Lobithiisselkop jem)

Date

Figure(11.:The\waterllevelsiduring the iImeasurement
campaigns(at thelllJsselkopland[at ithe IMerwedekop
(Werkendam).

Preliminary results
TheldatalofithelUsselkoplhavebeen(analysed
first.In[Fig.2,theresultsof@MEDUSAScan
ofthe(grainisizepatternsiafterthepeak
dischargelcanbelseen.InthelPannerdensch
Kanaalthelduneheightireactsiquicklyon
increasingldischarge, withfaimaximumrofica50
cm,reached(atithe/peakidischarge.Migration
speed/decreases(withlincreasing/dunelheight
andlvicelversa. Thelhighestiandllongestidunes
werelformedlinithe/PannerdenschKanaalland
theNeder(Rijn.[Morelresults(aredescribedlin
thepaperiof(Frings & Kleinhanslinthisvolume.

Conclusions
Alvarietylof(measurementsiwasperformed
successfullylandithemeasurementiresults
constitutealuniqueldatabaseon(the
morphologicalbehaviouriofibifurcationpoints.
Thelresultsfrom(thelUsselkopshow(alclear
differencesbetweenithethreebranches,with
respecttolsubsoil,[sedimentitransport, grain
sizeland[dune(characteristics. The
Merwedekopmeasurementresultsiare
presentlylunder(study.Bothistudies will[result
in[@anlintegralfeportonithe(different/data.

(1 Fromithelstudieslaround(the
PannerdenscheKoplalclearviewofithe
distributioniofiwateriand’sedimention(the
bifurcation'point’PannerdenscheKophas
beenlobtained.Thedatahelpeditolgainimore
insightlintothemorphologicallbehaviourofithis
bifurcationpoint.[IMuch(of these(datalwere
usedliniwoldissertationsonthebehaviourof
sand(dunes(and(sortinglprocesses(of
sediments.
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Figure(2. Spatial distribution'of lbed material grain'sizes near(thelJsselkop
after lpeak(discharge.[ ' The_main_route[lof the sediment_runs[from(the
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Abstract

Intriverflow(applications, ¢onsensusonithe
mostlappropriateroughnessidescriptorihasiyet
tolbefound.Adisturbingobservationlisthat
thelcoefficientslandformulaelof(Chézy,Darcy]
Weisbach, Manning, [Strickleriand White [
Colebrookrarelusedratherrarbitrarily,landthat
alwidelyracceptediscientificjustificationlis
lacking.Thelpresented/papericomparesithe
mosticommonlyuisedroughnessiparameters,
andrreflectsionisomelargumentsithatiareoften
usedlinfavouriof, (orfagainst,anyofthese.
Somelrecentladvances/onithe theoretical basis
of(differentimethods/are putforward,and
implicationsfor(commonlyusedhydraulic
modelling[packages!areldiscussed.

Commonlyusedroughness
relations

Forlopenichannels, threeldifferentformulae
are[commonlyusedioldescribelthelrelation
betweenithemean(flowfieldiandichannel
resistancelinthelsteadyuniform/case.For
completion,theDarcy[Weisbachlequationlis
included, butiwillnotbe(furtherreflectedupon,
becauseoflits functionallequivalence(tolthe
Chézylequation.Theldatesimentionedbelow
forithe[Chézy,DarcyWeisbachlandManning
formulaelarefromalhistoricalloverview by
Rouse&lIncel(1957);theWhiteColebrook
equationwas(publishedbyColebrook(1939).

1.01 Chézy(1769): U = C~/Ri ,where
C =18log(12R/ k,,) “White[Colebrook
(1939)’

2.01 Darcy[Weisbach((1840’s(50’s):

U =182/ fJRi

3.7 Manning[(1889):U = (1/n)R"°/Ri ,
where n = ki'® /25 “Strickler(1923)"

Wherelky(isthe Nikuradse(1933)roughness
heightlinitheWhite[Colebrookequation
(adapted(forihydraulicallyroughflow),landKs
thefoughnessheightbyStrickler.[Originally,

thelequationsiabovelarealllempiricallin
character,[givingleachofithemvaliditylinfat
leastisomei(specific(situations.[Sinceltheylare
supposed(toldescribelthe mean flow(velocity
(U)iaslafunctionlofiroughness{(C,niorf)and
geometry(hydraulicrradius(R, slopel),the
questioniariseswhichformulalgivesthe
simplest, yetimostwidelyrapplicable,
representationfinial(natural)iopenichannel?
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Figure(1.[ComparingthelManninglequation (roughness
heightlaslin(Strickler) \withthe(Chézy equation
(roughnesslheightiasiiniWhite Colebrook):(althoughthe
twoformulaelare(clearly notiequal, they(show similar
behaviourlwithirespect(tolincreasing(relative roughness
(hydrauliciradiusiR/ roughness'height'k) because ofithe
decreasinggradientiofithefraction function.

Presently, therelis(nolconsensus(on(thisimatter
andiconflictinglargumentsremaintobeheard.
Itlisoftenfargued(thattheChézyequation(or
DarcyWeisbach(forithatimatter)hasasound
theoreticalbasis((seelforiderivationJansen,
1979), whichwould justifylitswiderrangeof
use. However, (Gioia & Bombardelli{(2002)
haveshownthat[similarity considerations/of
flow(inthelhydraulically rough(regime(leadto
the[Manninglequation, where(nlis[almeasure(of
thelabsoluteroughnessiheight(as(inStrickler's
relation).Inthisrespectiitlismotlyetclearwhich
theoretical foundationlismost(reliable,leaving
thelissuelunresolved.(In[Fig.1thetwo
formulationsiarelcomparedwithfespectto
changinglrelative(depth. Thefigure showsl(that
fundamental(differences/between(the two
approaches(exist. [How!this(affects
performance(ofhydraulicimodelslis(discussed
inthefollowing(sections.



Calibrationlin/alsimpleichannel
According(io(theirrespective theoretical
foundations, oththeTChézyandithelManning
equationfarelonlyexpectedtobevalidin
situationswheresidewallleffectslarenegligible.
Aslalresult,[situationswithiwidelchannels
(depth<<widthiofichannel)haveliobe
considered. Although Fig.1showsthatboth
descriptionsmay differisignificantly,(stilllboth
can(bemade [to(fitldatabylallowinglthe
respectivefoughnessheightslinieach
descriptionifovarylindependently[(assume
differentiroughnessheightidefinitions).
Consideriforlexampleralsimplelchannelof
width100mwhereadischarge 0f300m%/s
resultsiinfawateridepthiof2.5m{(slopeli=0.01
%).lInthisicasethe Chézylequation{with
White[Colebrook)lyieldsaroughnesslheightiof
kn =[1.8Imm,whilethe[Manninglequation{with
Strickler)(givesks =[3.1mm.Ifthese(calibrated
formulaelare(subjecteditoanlincreased
discharge 0f 20%(360'm®/s)a water(level
differencelof1.3[cmresults(~3% offotalwater
levelTise,seelFig.2).[As[couldbeexpected,
Fig.2lshowsthatitheiwoformulationsfollowa
similarehaviouriwhenmadeto(fitieachiother
atrarspecific{calibration)point.

channelithislargumentlis/takentolcountfor
eachlofthe(subsections.[Fig.3[showsatwol]
stagechannelwithoverallflow[conditionsthat
resemblethepreviouslyimentioned(caselin(a
simplel¢hannel:theloveralllhydraulicfadius(is
2.5m,thetotalwidthlis1100mandithe
dischargeis[300m?/s.
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Figure(13.['Cross(sectionofal twolstageichannel (Al =
cross(section' subarea) showing(relevant parameters|for
dividedichannelimethod. If thelroughnessiparameters((n,
C)lin(subsectionslarelcalibratedito(fit aldischarge 0fl300
m%/s((atialslope of-0.01%), (thenlan increased discharge
predictsLdifferent waterllevels'between(thel 2 calibration
sets[(onelbasedlonl addition of Chézyl formulae Uclin
subsections, thelotherioniManning Uy,).

-
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Figure ] 2.1 Differencell inl) predicted ] water | levels
(~hydrauliclradius'R)[at 20%(dischargelincrease when
bothithelManning'and Chézy equation are(calibratedion
QI=[300-m*/s"and R =[2.5 ml((seel text for chosen
geometry).

Calibrationlinfalcomposite.channel
Infalcompositelchanneltheloverall roughness
maybecomputedbyusinglaldividedchannel
method({e.g.[Chow,1957;Jansen,1979;Yen,
2002).Thismethodassumesithatflowlinieach
ofthelsubsectionslislindependentfromiother
sectionfandthatithetotaldischargelequalsithe
sum(of(section(discharges. Thelapproachimay
beexpected(iobe validiif the(differentsections
arelwide,suchthatpossiblelateral fransfer
mechanisms/atlthelinterfaces/can(be
neglected.In[Chow((11957)@nlindicativelvalue
of(10(foritherelative width((as/compared(io
wateridepth)iisigivenforfalchanneliobe
consideredwide.[Consequently, fortwolstage

Inforderito’calibratethe/¢composite foughness
equations(onthese8pecificlconditions,
roughnessparametersforieachofithe
subsectionsihaveltolbe/determined.Inthe
caselconsidered(here,thefollowingfoughness
valueslaremade(tolcorrespondioflow
conditions: Manning’sn=10.05s/m"?inthe
floodplainiand n=0.017s/m"*in’the main
section((corresponding o C=20.0m"?/s/and
C=72.51m"%s, respectively). Notelthat
calibrationlisimot/performed oniroughness
heightsbut/onresistancelcoefficients(Clandn,
aslis(oftenlthe(caselin(practice.In(real
situations(thelroughnesslinthemainisections
may beldetermined(independentlyatlowwater
levels (flowbelowbankfulllheight).!If,[again,
dischargelislincreased(to[360 m/s [(+20%),
differentiwaterilevelsiresultfrom(usingitwo
differentimethods. In(this(caselthe waterievel
differencefurnsioutiobeaboutBiemi(~11% of
totaliwaterievelirise),significantlythigherithan
inithesimplechannelicase.

Conclusions
ForoththeManningandithe(Chézylequation,
followupworkprovidediaitheoretical
foundation.However,betweentheliwo,there
remainslafundamentalidifferencelwithregard
tolthedependencelonthehydrauliciradius{C
depends(on(R,whilenidoesnot).Inlalsimple
channelithemethodsishow/equivalent
behaviouriwhenused forextrapolatingbeyond
thelevelloflthe lhighest(calibrationpoint.Inthe
specificlcasepresented,awaterllevel
differencelof(1.3[cmresultedrafteria20%
dischargelincrease.Whiletheoryishowsthat
theChézyparameterlisialmeasureofrelative
roughnessiheight, lits'valuelisoftenitreated’as




alconstantlinimethodstoldeterminela
compositefoughnessiinimorelcomplexriver
geometries.[Thisimethodseemsmore(justified
when(usingtheManninglroughnessparameter
sinceltheory(predicts(thatithis[parameterlis
indeedlalfruemeasureof(absolute)wall
roughness.[Calibration(oflboth[Chézyand
Manningronispecificflowi¢onditions
consequently(givesiaimuchiargeridiscrepancy
in[predictedwaterlevelthanlinthesimple
channelcase, where(calibrationlis[performed
onroughnessiheightiandithusitheoryiis
followedmorelclosely.(Inithe[composite
channellcaselpresented,theldiscrepancy
amountedito’5(emI(higherwater(levellin[Chézy
approach)atfai20%dischargelincrease
(equivalenticompositecharacteristicsaslinthe
simplelchannelicase).

Infconclusion, foricomposite foughness
methodslitisiadvisedolapplytheManning
approachiforiroughnessicalibration,linlorder(o
givelaltheoreticallycorrectiweighttothe
roughnessiofieachisubsection.
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Abstract
3Dffloattrackinglisfaimewmethodtolquantify
hydrodynamicfoughnessiofisubmerged
floodplainivegetation.Inithisimethodafloating
tripodlisreleasedionthelinundatedfloodplain
andltrackedfromishore(by(atachymeter
leadingltolalhighly(detailed representation(of
thelwaterisurfacelelevation/alongthelflow
path.Simultaneously,lan/AcousticlDoppler
CurrentProfiler(collectsflowvelocity (profiles
andiwater(depth.[Preliminaryroughness
values, basedonbackwatercurvemodelling
and(the1Dlequationforinonuniformflow,
rangellessithanionelorderiofimagnitude.

Introduction
Hydrodynamiclroughnessiofisubmerged
vegetationlisianlimportantiparameterifoririver
flowmodels.[Roughnessivaluesiareimostly
based(onflume experiments, (carried outwith
lowwaterdepthsandhighwatersurface
slopes((Carolloletal.,[2002;Wilson[&[Horrit,
2002).Theselexperimentsidonotrepresentithe
hydrodynamicic¢onditions(oflowerRhine
floodplainsiwell.[Forfoughness'estimation
fromhydrodynamiciparametersidetailed
informationiisineededonithe waterisurface
slope,wateridepthiand/depthlaveragedflow
velocity(Van(Rijn,[1994).Thellocal water
surfacelslopelhaslalwaysbeenadifficult
parametertomeasure/dueltolthelsmall
differences(iniwaterllevel. Thereforetheaim(of
this(researchlis/to(c¢ollectlaccuratelandidetailed
fieldimeasurementsiofiwater(surface(slope,
waterldepthand(depthlaveragediflowvelocity
and(toldeterminethelhydrodynamicroughness
oflsubmergedfloodplainvegetation. This[can
beldonewithlalnewmethod: 3D floatitracking.

Materials/andimethods
Measurements(weretakenwithlatripod
floatinglonithelinundatedfloodplain((Fig.(1).[An
Acoustic/DoppleriCurrent(Profiler[((ADCP)
mountedunderneaththefloatimeasuredi(|1)
thefloativelocityUsingthebottomtrackoption
plus((2)(deviationsfromthefloativelocitylinthe
watericolumnland((3)thewaterdepth.Results
werelaveraged/overbsecondsioldecrease
noise.Positioninglisi[donewithfalshorebased
tachymeterithatiautomaticallytracksithe
reflectorionfopofithe float.[Positioningiwas
donewithra2Hzfrequency.[Changeslin
position(gavelthefloativelocitylandthewater

surface(slope.[Thisresultedlin(detailed
informationforifoughness(calculation.

Flow direction

Figure[11.13DUimpression]of ithe 13D Ufloat(Itracking
method.

Results

IniJanuary 2004 themethod wastestedforithe
firsttimelontwolinundatedfloodplains:[{(1)ithe
‘Groenefrivier'linfArnhem(Fig.12)and{(2)a
floodplain(on(the river(Waallupstream(of
Zaltbommel. Figure(2/shows(the floatidataof
onelrunlinitheGroenelrivier' [floodplain(in
Arnhem.Table1[showsthekeyhydrodynamic
characteristics(ofthefwo(floodplains.[The
waterisurfaceslopelinfArnhemwasmeasured
more(accuratelythanionthelriver(Waalldueto
thefabsencelofiwaves.[ADCPmeasurements
showedlafairamountiofinoise.However,
averagedflowvelocityprofilesiwere(consistent

from(onelrunitolthe other.
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Figure( 2. Float data of_onel runlin_the Groene Rivier’
floodplaintinlArnhem. Openl(dots((Z) tepresentlindividual
waterlevellmeasurements.




00 Preliminaryroughnessivaluesi{Nikuradse’s
k)infArnhemwere5eém £[3[ém,basedonthe
predictoricorrectorimethod@and@cm +10cm,
basedlonithelocallysolved1Diequationfor
non(uniformiflow.[Roughnessivaluesiforithe
Waallfloodplainwerenot(calculateddue tothe
largelamount(ofiscatterlinithellocal water
surfacelslopes.

Discussionandconclusions
3Difloatltracking¢anisupply(spatially
distributedwatersurfacelelevationswith
unprecedented(detail. [ Togetheriwiththe flow(]
velocityland water(depthimeasurements(ofithe
ADCPIitigenerates(allinecessarydatafor
roughnessi(calculations.[However, the
accuracyofithemethodiislimited by wave
activity.

Derivediroughnessvaluesiarewithinfonelorder
ofimagnitude.Furtherlimprovements/are
expectedfrommore(suitablewindow!(sizes(for
spatial(filtering(ofwater/surface(slopeland(local
flowlaccelerations.Thelmethodcanialsobe
extended(fofoughnessimeasurements(of
hedges, groynes(oriminoriembankments.
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Table[1.[Keyhydrodynamic(characteristics(ofithefwofloodplains.

Floodplain WSS (cm/km) Wateridepth((m) Flow(velocity(m/s)
Arnhem 5.9 1.2 0.41
Waal 8.8 2.5 0.74

(WSS =water(surface(slope
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Abstract

Datalofflumelexperimentswith(bed forms(are
used(tolanalyzelandicomparedifferent
roughness(predictors. Inithis(study, the
hydrauliclroughnessiconsistsiofigrain
roughnessiandiformiroughness.Welpredictithe
grainfoughnessbymeans(ofithelsize ofthe
sediment.[Theformroughnesslisipredicted by
threelapproaches: Van(Rijn(1984), Vanonil&
Hwang(1967)andEngelund{1966). Thetotal
roughnessivaluesi(friction[factors)iare
comparediwithitheroughness(values
accordingltoltheDarcyWeisbachlequation.
Resultsishow(thatthe differentimethodspredict
differentfrictionfactors.Infutureresearch
uncertaintieslinthehydrauliclroughnesswilllbe
takenlintofaccountfoldeterminetheirlinfluence

onlthelcomputediwater(levels.

Introduction

InitheNetherlands, theheightsiand(strengths
of(dikesandotherflood(defenseSystemslare
basedlonicomputedwaterllevelsiwhichloccur
duringlalcertain(extremel(discharge, lile.the
designidischarge.[Theluncertaintylinithe
hydraulicroughness/ofitheriveribedlisioneof
themainisources(ofluncertaintylinthese
computed(waterilevelsi(Van(derKlis,[2003).
Thelpurposelofithelpresentresearchlisto
compare(differentistate(of(thelartifoughness
predictorsandexaminelthelinfluencelofithe
roughness(predictorioniwaterilevels.Weluse
thelsamelapproachlasiJulienlet(al.[(2002).[The
overalliaimiofithis(studylistolgainknowledge
onthelsizelanditypeofluncertaintieslinthe
hydrauliclroughnessianditheirlinfluenceion
computedwater(levels.

Materialland methods
Flumelexperimentsiwereconductedby Blom'et
al.[(2003)linthesandflumefacilityrat WL |Delft
Hydraulicslinithe Netherlands((199712000).
Thelexperimentswerelperformed/underisteady
uniform(flow/conditions/andsedimentfromithe
WaallRiver(nearithe Pannerdensche Kop)
waslused.Thelexperimentsiwerelaimedat
conditionswithbedforms. Theirheights{A)
andllengths[(/A)weremeasured,aswell@sithe
hydraulicradius{R), flowdepth(h),flow
velocity(u)iandithelenergyslopel{i).Wederive

thefrictionfactorsby meansiofitwoldifferent
methods.Theffirstimethod(givesthereference
values.(ltlusesflowldatalandtheDarcy[]
Weisbachlequation:
=28 1)
u

Thelsecondmethodfor(calculatingthe
roughnesslisiusinglafoughnessipredictor.n
theselexperimentsithelonlysources(of
roughnesslarel(grainroughnessfl'l(caused by
thelprotrusionofigrainsfromthebediintothe
flow)andformroughnessf"i(createdbythe
pressure(differencesioveribedforms). Thelsum
oflgrainfandformroughness/gives(thetotal
roughness.Tolcalculatelthelgrainroughness
weldistinguish’betweenaroughnessiheighti(k's
)iofldgo'and(3dgo. [ Thelvalueofitheroughness
heightican(belconverted(tolalvalue(forf'Twith
the(following(relation((Van(Rijn,1993):

-2
f1= O.24(10glkz—vR] 2)

N

Foricalculatingthe form(foughnesswe study
three/models.Forlthe Van(Rijn[(1984)
approach((3),alvaluefor[f'rlis[0btained by
applyinglequation((2)(usingk"s[instead [0f [K's).

_2SA
k”szl.lA(l—e A] (3)

ThelotheriwomodelsiaretheVanoni&Hwang
(1967)approach:

-2
"VH=(3.3log%—2.3j 0 (@)

andithelEngelund({(1966)approach:

A2 252
”E ZIOHe h (5)

Resultsiandipreliminary

conclusions
Figureishowsisomelresultsiofthe
calculations.Thelexperiments(T5,T7,T9and
T10werelconductedunder(differentflow
conditions, (ile.differentdischarges, [velocities
and(slopes.Alliroughness predictorslyieldia
largerrictionfactorthanitheDarcyWeisbach
referencevalue.[From(othericalculationsit



appears(that/aldifference0f0.05(inthefriction
factor((f)(¢an(leadtolal20(eém(changelin
hydrauliclradius((R),’andthus alsignificant
changeliniwater(levels. Thelresultsigivelaffirst
impressioniofitheluncertainhydraulic
roughnesslandishow(thatvariations(infriction
factorsiinfluencelcalculated waterflevels.

Furtheriresearch
Plansforifutureresearchrarefirstifolchoosethe
mostlappropriate roughnessipredictori{based
ontheflumelexperiments). Then,weWwantto
includeuincertainties/andperformiaMonte
Carloranalysisitolexaminethelinfluenceofithe
uncertainlhydrauliciroughness(oniwater(levels.
Furthermore, wewilllexaminewhat(the(results
oftheflume experimentsmean for(field
situations.
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Figure(1. Friction(factors,
black=(grainlroughness,
white[=[form(roughness,
green=DarcyWeisbachroughness
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Introduction
Aslalresult/ofichanging(dischargeduring
floods,dunesmay(developlinithemainichannel
of(afriver(Fig.)leadingtolachangingibed
roughness.(Thisroughnesslisi[dynamic(since
duneldimensionsiandroughness(lagithe
discharge.lIn[currentipractice,hydraulic
modelsiarefunedusingithe roughness/oflthe
mainichannelasialcalibrationfactor;thelreal
dynamics/ofifoughnessiarenottakenlinto
account.[Thelaim(ofiourresearchlisto
formulateanlappropriate (modelconceptfor
dynamiclfoughness(duringfloods.[Thispaper
presents(anianalysis(ofithe effectiofimain
channellroughnessioniwater(levels.[Notithe
variationlof(duneslisconsidered, butonlythe
effectiofvariationsofitheirlfoughness.ltlis(also
analyzedhowthelinfluenceofimainichannel
roughnessidependsionithelgeometryofithe
channel.

(@) (b)

Figure[ 2.0 Modell schematization; [ (a)[ longitudinal, (b)
cross(section.
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Figure(1.01DunesatIPannerdensche Kop(Wilbers,
2004).

Variedparametersare((Fig.(2):[discharge: Q=
500=10500m"/s; depthofithe main[channel:
D+=[31+5[m;ratiolofimainchannelwidth(tothe
total width(of(thelcross(section:la= W,/W+ =
0.22M1;mainlchannelibedroughness: k=0.05
—[0.65[m,thelatterlisthe[maximumvalue
observed(duringlallargefloodlinitheRhinelin
1995((Julienlet/al.,2002);(lengthiofthelarea
overwhichtheroughnesslisichanged((inithe
numericall@approach):[L=0=F50Km.

Method
Thelsensitivity@nalysis(is/performedlin

analogy toHuthoff(&Augustijn(2004),using
bothlainumericallandlanlanalyticallapproach.
Floodplainfoughnessiisseticonstantiat k=
0.25mIi(VanVelzen,2003).[Calculationsare
performedforaschematizedichannelof100
kmasishowniinFigure2a.

0 Inthelanalyticaliapproach, forisimplicityno
backwater(effects(arelincluded. Thecomposite
channellroughness((C..mp) ¢anbelexpressed
as:

C. =a-(D, V5 -C,+(1-a)h” C,

comp

=04 - Q=500m%s a=04 - Q=10500m%s

TAN
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Figure(l 3.[1 Comparison(] of ] analytical'| (dashed)[] and
numericalll (solid)[] computations(] forll twoll different
discharges. Waterllevelldifferencesl arel scaled[ with the
totalldepthlinithe reference casel(i.e.ky*0.35/m).

Results
Resultsiarepresentedbycomparingwithia
referencelcaseliniwhichitheroughnessheight
klofithelmain(channellis(0.35m.[As[expected,
anlincreased/main/channelroughness(leadsito
increasedwater(levels(Fig.(3).[Atlowerwater
levels(lower(discharges), thelinfluenceofibed
roughnessiislarger.Foriafloodplainwidthof
400m((a=M0.4linthis/case)landlaldischargelof
10500Ensls[GDT =[9.9(m), thelinfluenceoflmain
channelroughnessionlabsolutewaterlevel
differencelvariesbetween180and+30icm.
Thelinfluenceloflalchangingimainichannel
roughness(ontherelativelwaterilevel




increases, whentheratiolofimainichannel
widthtototaliwidth(a)/increases((Fig.4),since
morewaterflows(throughthemainichannel.
Forlafloodplainwidth(0f[400(meter, the
influenceofimainichannelroughness(onlthe
water(levelvariesbetween*40rand100cm.

Q=500mYs - L=50km Q=10600m%s - L=50km
01 0.1
/
léﬁll‘
oé T
§ o L
01 ¢ i 0.1 :
%~ k= 0.65 (+86%) \
= k= 0.66 (+67%) \
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\‘ —k-c.ss(s-o !
k =0.25 (-20%)
<02 i 02 bty vt
=& k=0.05 (-86%)

02 04 06 08 1 02 04 06 08 1
alpha alpha

Figure4. Dependenceofrelative waterileveldifference
onlmainchannellroughness(and|onratiolofimain
channelwidthtototal width.

Conclusions

e[ Thelinhfluencelofimainchannelfoughness
onlabsolutewaterlevelsiis(significant,[and
canbeupio100icmiforlaiypical[Dutch
situation((a=[0.4).

o1 Thelinfluencelofimainichannelroughness
onfrelativewaterlevelidifference (dh/Dr)
decreasesi(forlincreasingldischargeland
floodplain(width.

¢[1 Dependencelonimainichannelldepthlis
small{notishown).

Thelnumericallcomputationswilllbecompared

with2DWAQUA computationsiinifuture

research.
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Abstract
NavigationonitheriveriRhinelis(of(great
economiclimportanceforthe Netherlands.LLow
riveridischarges(orithelpresence(oflriver/dunes
onlthebed(mayrestrictithe waterdepth
availablefornavigation.River[dunes(are
bedformsithatideveloplatfhighidischarges,@sa
resultiofthelinteractionbetweenflowland
sedimentitransport.[Dunesimightthinder
navigationastheiridevelopment’showsa
delayediresponseltochangingflow[conditions,
becauselititakes(time(foria/dunetoformorito
degrade.(Thisimeans(thatitheimaximumidune
heightlisireachedwhenithewaterdepthlis
already(decreasing. Therefore,itlisimportant
tolknowlifriverdunes(will restrictthe water
depthisignificantlylfandiwhethericlimateichange
influences(theldevelopmentiofiriverduneslin
theRhine.[From(thelresearchlit'canbe
concludedthatdunesidonot(significantly
influencethelhindranceofinavigation, neither
now,morfinthefuture.

Introduction

Many(events, like[morefrequentfloodingland
extremeldroughtlareaddressedtolarrising
average(globalifemperature.Severallscenarios
havebeenldevelopedtoforecastithepossible
consequences(ofithistypeoficlimate/change
forthe Rhinelbasin.Oneofthem(isthe WKHI
scenariolthatlislused(toldeterminelthe
expectedidischarges/initheRhine(Middelkoop
etal.,[2001).This[scenarioresulted(infan
increasingldischargelinitheRhinelinwinteriand
aldecreasing(dischargelinisummer./Asithe
developmentofiriveridunesidependsionithe
discharge, litlislimportantitolknowtheleffection
thelduneldevelopment,iniorderiolgivelinsight
initheleffectlof[dunesioninavigation.

00 Formeriresearchionfriveridunesiinithe
Rhineshowedthat/dunesiofiabout0.8imrare
presentlatia/dischargeof(7,000 'm*/s. River
dunesireachlalheightioffabout1.6/m(at/an
extremeldischarge(06f(12,000 ‘m¥s [(Wilbers,
2004)./Asaresultiofclimatechange,these
dunelheightsimightlincrease.
Nexttothat,lerosionfandsedimentation
processes((Fig.[1), Whichplayanimportant
rolelinltheduneldevelopment, fakeiime.
Consequently,riveriduneldevelopment

responds/tolchangingflow(¢onditions/with(a
timellag.This(means(thatthemaximumidune
heightlisreached(afew(days(afterthe peak
discharge, whenithe wateridepthlisialready
decreasing.Thisfimelagcouldberelevantin
therhindrancelofinavigationbyTiveridunes.

Figure1.[Processlof erosionland sedimentation’ (after
Knighton,1998)

Method
Inforderito’determinetheleffectioficlimate
changelonlriveridune/development,ithelclimate
changeiscenario[UWKHI(United(Kingdom
Meteorological Office[High[Resolution(General
CirculationModel) was(uised.[This[scenario
resultslinfactors(that(canbemultiplied with
recorded(discharges.Recorded(discharges(of
threeldifferentlyears((‘baselyears’)with
differentidischarge(patternsiandpeak
dischargeswerelselected.Recordediand
predictedidischargeslareusediasiinputiforia
1Drhydraulicimodelforunsteady flows, o
computelcorrespondingiwateridepths.These
water(depthswerelusedinthecalculationlof
dunelheights, (withthemethodof(Wilbers
(2004).Thisimethodlisbasedonlthelideasof
Allen{(1976)andhasbeenispecifically
developedforitheRhinebranches.Inlorderito
quantifyithehindrancelofimavigation, the
loadingcapacityof vesselslis¢alculatedbased
onthelcalculatedwateridepths.Thislisidone
forithewaterldepthwithdunesandwithout
dunes(present.

Results
Climatelchangehas/alsignificant’effectionthe
developmentiofiriveridunes.Figure2[presents
thedevelopmentiofidunerheightiinlJanuaryfor
baselyear2003andforitheexpectedidune



heightstaccordingtothe WKHIscenarios(for
2050(and2100./Aldunerheight(of1.2mlis
calculated foraipeakdischarge 09,000 m%/s
inlthe/baselyear.
TheWKHI2100(scenariolleadstolapeak
dischargeof14,000/m*/siandthe
correspondingmaximum(dune heightlis[.7 m.

dunes’)iforithebaselyear(1991)aswell@s(for
the [ WKHI2100scenario.[Although(climate
changelisexpected(tblleadto higher(river
dunes, theselhigherfriveridunesdonotfurther
decreaselthelloading(capacityofivessels.

Dune height at Lobith
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Figure 2. Riveridune/developmentlinibase year2003and
forithe UKHIscenarios!(verticallline represents(the(day of
thelpeakldischarge).
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Figure(3. Theleffect of ¢limatechange and dune height
onlloading(capacity.

Theltimellaglisiclearlyperceptiblelinithefigure:
theimaximumidunelheightlisireachedater,
whilethepeakidischargeloccursionithelsame
day.[Themaximumiwateridepth/at/peak
dischargelis[14miforithe WKHI2100(scenario.
When'theldunelheightlis(atlitsimaximum,the
water(depthlhas(decreasedto12(m,whichlis
stilllarge¢ompareditoitheldunelheightof1.7
m.[Despiteltheldelayedfesponseofiriver
dunesl(to/changing(discharges, theldischarge
doesInotdecreaselsolquicklythatithedune
heightibecomesisubstantialicomparediothe
water(depth:[afterapproximatelyioneweeklthe
dunelheightlisiabout0.9im, whilethe water
depthlisistilllabout9Qim.It[canbelconcluded
thatriver(dunes(donotirestrictithewaterdepth
fornavigation/during/winter, becauselallow
dischargeldoes notioccurlvery(fast/afteralpeak
discharge.(In/otheriwords:[dunesigetienough
timefoldecay.

[0 Figure3ipresentsithelloadingcapacityof
vesselslintimeiolgetabetteriinsightiinithe
hindrancelofinavigation.tlisclearthat
navigationiis(restricted by low flowslin[Summer,
when(theldischargelisiabout900 'm*s.The
effectloficlimate/changelon(thelloading
capacitylisclearlyperceptible;in[September
thelloading(capacity/decreasesfromabout
75%(tolabout55%.Thelinfluence(oflriver
dunes,however,@appearstobelinsignificant:
river[dunesiarelcalculatediobeabout0.05m
hightduringlsummer.[Therestrictionfofithe
loading(¢apacitybyriverduneslisionlylinithe
orderof1%[in(Fig.[3r'with[dunes’fand‘without

Conclusions
Iticanelconcludedthatriveridune
developmentiinitheRhinerisistrongly
influencedbyi¢changingidischarges, @samesult
oflclimate/change. Higheridischargesicause
higher/dunesiandialargeritimelagbetween
peak(dischargelandmaximum(duneheight.

[ Climatelchangeldoes/influencelthe
hindranceo6finavigationduringlSummer,due(to
aldecrease(ofllowldischarges.However,[dune
heighticomparediowaterdepthwillalways
remainsuchithatriver/dunes’havelno
significantiinfluencelonttherhindranceof
navigationiandthisieffectlismotenlargedby
climatelchange.
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Introduction
Halflofithecargoltransportibetweentheport/of
RotterdamiandGermanyigoesviatheRhine.
Safe, efficientlandprofitablelinlandshipping
requiresiadeeplandwidenavigationchannel,
now(andlinithe(future.Navigability/dependsion
morphologicallandlhydrauliclconditionslinithe
riverthatlexhibitspatiallanditemporal
variations,suchlasbedlevelland(water(levels.
Wheneverthelnavigation(depthlis(lessithan
required,navigationlis(@ongested(and/oriships
may/(carryllessicargo.
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Figure[1.[Percentagelof havigable(time aslalfunction of
the(ship draft forthe Niederrhein and Waallin'the period
between(1 20021 and]1 2012.11 Narrow! barsl] represent
individualsimulations, \whereas!(thick barslinlotherigraph
representlaggregatesl(ofiallisimulations.
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Methods
ATl dimensionalimorphodynamiclSOBEK
modeliofitheRhine(Jesse & Kroekenstoel,
2001)lsusedforiwateridepthipredictions.
Theselpredictions,in[combinationwith(a
theoreticallcorrectionforithetransversalislope
inlriverlbends, [are(usediolassess(the
navigability (0f'the (NiederrheiniandWaal for
ships(ofvarious drafts(and makelit[possible to
indicatenautical bottlenecks((the(reach(ofithe
Niederrhein(thatlis(situatedwithinithe
Netherlands(isialsolknownrasthel'Boven(]
Rijn’).[TheRhinemodellis affected by various
uncertainties,includingthemodel
schematisations, thelspecificationoftheimodel
input(forlexampleoundaryconditions, finitial
conditions)andthelmodelparameters.Vanider
Klis[(2003)andVanVuren(et/al.[(2002)have
shownthatithe(futuredischargehydrographiis
oneloflthelimportantsources(ofluncertainty.
Monte(Carlosimulation, [appliedfothe
model, lisutilisedfolquantifytheuncertaintylin
thewateridepthiandthusmavigability,[givenian
uncertainfriveridischarge.[Monte[Carlo
simulation[(Hammersly&Handscomb,1964)
involvesraargemumberiofimodel runsm400
runsTwith(statistically’equivalentiinputs.For
eachruniaidischargetimelseries(of(10(years
durationlisirandomlylgenerated(usingthe
Bootstrap(re[samplingitechnique (Efron,1982).
Theloutputsofithesemodelruns,canbe
expressedliniterms oflexpecteddevelopment
and(uncertainty(ofthe navigability, which
provides(insightiintothestochastic
characteristicsiofltheTiver'simavigability.
TheNationalTrafficland(Transportation
Planigivesiguidelineswith Tespectiothe
navigationichannelrequirements./Accordingto
thisiplan,duringldischargesiabovelalthreshold
value[of1020m*/siat Lobith (where the Rhine
enters(the Netherlands), thenavigation
channeliinlthe NiederrheiniandtheWaal must
havelalguaranteedwidth[of(170mandaldepth
of(2.8[m, respectively. Thisithresholdvaluelis
exceedediduring95%/ofthetime.The
probabilityithattheserequirementsiare
satisfiedlinitheDutchipartiofitheRhinefor(a
periodiofi10(years(isievaluatedlinithis(paper.
ThellargesticargoishipsiinitheRhinehavera
draftioflapproximately 4 m.



Additionally,thenavigabilityislassessedfor
draftsirangingfrom(1.5to[5m.

Results
ThelnavigabilityofitheNiederrheinfandlthe
Waal(forshipswithlaldraftbetween(1.5@and5
mlis statisticallylassessedonithebasis6f(400
model(funs.[Eachimodelrun(drivenbyoneof
thelsynthesiseddischargetimeiseriesresults
inlonelpossiblefuturemorphological’evolution.
Figure(leftidiagram)showsthatithe
navigablepercentagelinithe10lyear(period
between20027and2012(differsforleach
synthesised(discharge time(series.Using(the
resultsioflallimodel(simulations, the statistical
characteristics(oflthenavigablepercentagelare
derived((Fig.[1;right[diagram).[Forlexample,
thelpercentageofinavigablefimeforishipswith
aldraftof(3(mratitheNiederrheinfandtheWaal,
averagedloverialperiodiof(10iyears,(i5[84%.
Figure{rightldiagram)lalsoishowsthatfor
this(draftitherelis[@a90% probability thatthe
percentagelofinavigabletimeliesbetween
78%@and(91%.
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Figure12.[ICumulativel probability| distribution( of! the
least available! depth! for alll simulations!individually
(blacklllines)and(thelaggregatellinel ] (white(lline)
together.

Thelprobabilityofinotfulfillingthe
navigation(channelrequirements(ofithe
National(TrafficlandTransportationPlanfor
ships(at(draft 2.8 mlis(oflinterestlofiboththe
riverimanagerandithe(users(ofithelinland
waterway.[Thislindicateshowwellthe(river
managermaintainsithelfequirednavigation
condition.[Figure2[shows(thecumulative
distributionfunctionioftheleastravailable
navigation(depthloverlalperiod/of10iyearsifor
allisimulationslindividuallylandthelaggregate
lineloffallisimulations(together. Thelfigure
indicates(the [probability(ofimeeting(the
requirements, (ile.ships(¢annavigate(at(draft/of
atlleast(2.8m,[i5[89.1%((1100[% minus[10.91%)
.[Theffigureshowsthatithis(percentage of

navigable timelis(atimaximum(96.6(%and(at
minimum(77.91% [forithe400(modellsimulations
consideredherein.

Figure(3lillustrates(the [percentage (of
navigabletimelasfafunctioniofthemiver
locationforfaldraftiofl2.8/and4m.[This
provides(insightlintolwhichlocationslare critical
tolthenavigabilityofitheTiver.tlappearsithat
locationswithistrong(spatialichanges’in
geometry,Suchlasithebifurcation
PannerdenseKop((km867),theriverbed
protectionlinithelriveribendnearNijmegen((km
882(11885), thevariationlinfloodplain width(in
theMidden[Waalland(the[sharpbendiat
section[Pannerdense Kop[Nijmegeniand
St.Andries,maylevolvelintonavigation
bottlenecks. Mostlofthesebottlenecksbecome
manifestlinitheldryperiod.
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Conclusionandfutureresearch
Thelforegoing/showedthatlthewateridepthlin
theNiederrheinlandtheWaallexhibit/astrong
spatiallandtemporalvariation. Theuncertainty
inthefuture(dischargelhydrograph,lin
combination(with(strong(spatialvariationslin
theriver(geometry, leadstolsignificant
uncertaintieslinithelpredictedresponse.[Some
locations[couldideveloplintonautical
bottlenecks, theremovaliofiwhichimay involve
highrcosts.
Thelstochasticimethodthatlis[proposediin
this[papericouldbeusedtolassesslthelimpact
ofvarious(humanl(interventionimeasures(on/the
river'sinavigability.(Infadditiontothelexpected
impacts, thelchangelinimaintenance
requirements(andisolcosts)can(beassessed.
Thislissubjectoffurtheriresearch.Wehave
used@an dimenionalimodellinithis/study.This




meansthatthelimpactofitwoldimensional
features,[such(asalternatebarsiand
transverselbedslopeslinbends,arenot
considered.Neitherlis[thefactthatlarge
floodplainlareaslalongtheRhinebranches(are
locatedialternatelyatithelrightlanditheleftiside
of(thefmiver, whichunderflood¢onditionsmay
lead(tolstrong3[Dicross(flowsoverithemain
channel.ltlisthereforelrecommendeditorepeat
thiskindloflanalysiswithlaimodel’capableof
describinglthesephenomena.
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Abstract
Uncertaintylinitheresultsiofa2(Driver
morphologicalimodel(ofitheUpper/Rhineldue
toltheluncertaintylinitheriveridischargelis
estimatedbyapplyingaMonteCarlo
simulation./Asalpossiblemorelefficient
alternative,thelapplicability(ofthe[QuasiMonte
Carloimethodiis(studied. Firstiresultsofthe
convergence(rateofistatistical'quantitiesofithe
riverbedarepromising.Basedonithese
results, furtherresearchionthisisubjecthas
beenplanned.

Introduction

Thelimportanceloflknowledge ofluncertainties
inlmodelresultslisimorelandmorerecognised
by(river'managers.(The/quantification(ofthese
uncertainties,however,lis(often(difficult.(In(this
researchiwe(focus(onalspecificlaspectiofithis
problem, @ppliedfoa2[Driverimorphological
model:[quantifyingtheuncertaintylinthemodel
resultsiduefoliincertainiinputs.Thus, welleave
uncertaintieslinlthemodelistructurefandithe
modellinglcontextoutioficonsideration.

flow
direction

Figure(1./Overview!of thelmorphological Delft3D model.

leadtoldrasticldecreaselinltherequired
numberiof(simulations.

[l Aslalcaselstudy, welchooselanlexisting(2[]
Drriverimorphologicalimodel, namelyaDelft3D
modelloflareachofithe WpperRhine{(Baurlet
al.,[2002).Themodelschematisationlincludes
floodplainsisuchthatitheirfeffect’duringrhigh
dischargesiisrepresentediinthemodel{Fig.
1).[Themodelrareahasallengthofid2km.

AMonte(Carlosimulation

AMC simulationiconsistsiofralargenumberof
deterministicSimulations, of whichthe
uncertainifmodellinputlisirandomly(generated
accordingtoprescribedprobability
distributions. Theloutputvalues(constitute
random(samplesfrom(theprobability
distribution(ofithe output.[Standard(statistical
techniquesicanbelUisedfolestimatelthe
statisticallpropertiesofithemodeloutputiand
thelprecisionofitheoutput(distribution.

[1  Welcarriediout100simulations,leach
forcedlattheupperiboundarybyarandomly
drawn3yearsidischarge(series.Inforderto
sampleldischarge(series,welderived(a
statisticalldescription(oftheRhineldischarge/at
Lobith.Webased(the statistical[description(of
the[Rhine(dischargelon(daily(discharge(data
from1946to2000followingthemethod
previouslyappliedbyVanVurenietal.[(2002).

00 Al(non(linear)riverimorphologicalimodel
generallyrequiresfalMonteCarlollike@pproach
tolestimatetheluncertaintylintheimodeliresults
dueltouncertainimodellinput((Van(derKlis,
2003).[Suchlanfapproachlisrobustiandmuch
statisticallinformation(can(beobtained fromthe
results.[Anlimportant/disadvantage(ofithe
method,however,isitheinumberofimodel
simulationsrequired.Inicaselofithellarge,
computationallintensivemodelswefalkabout,
alstandardMonteCarlo(MC)simulation(is
practicallylimpossible.Therefore, welsearch
forralternativeMonte [Carloapproacheswhich

Shipping width at OLR (90% confidence inten@l) [m]

100

. . . | . . . |
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Figure(2.[ Thel90%!( confidencelinterval of the shipping
width((arealbetween(thetwollines) basedlonla minimum
water depthlof 2.8/m(duringlOLR(conditions.

TheMCisimulationTesultsiinfaniestimateofithe
effectiofitheuncertaintylinitheriveridischarge
onfthefriveribedichangeslinithelmodel.Figure
2ishows[anexamplelofithelinformationithat




canbelobtained:the90%confidencelinterval
oflthelshipping/widthlinfalpartiofithemodelled
riverreach.(Thisitype ofiinformationi¢an(helpa
riverimanager(toldecidelwhere(problemsimight
occurfforishipping.

Analternative: Quasi/Monte(Carlo
ThelsamplingimethodusedinalstandardiMC
simulation(isratherlinefficient:(in(orderito
doublethelaccuracy oflthelestimate(ofithe
outputuincertainty, fourfimesithe mumber(of
sampleslisirequired.Many alternative[sampling
methodshavebeen(developedtolimprovelthe
efficiencyofitheMonteCarlolsimulation.Intthis
study, welexaminethelapplicabilityofitheso’
calledQuasilMonteCarlo{(QMC)approachto
ouricase(study.

0.7

— random, location 1
® quasi, location 1
0.6 —— random, location 2 ||
O quasi, location 2

standard deviation

0 20 40 60 80 100 120 140
number of simulations

Figure[3.[Convergence|rates|of the(standardideviation
oflthelriveribedlevel atltwollocations within(the main
channel, [ bothfor the randomMC/simulation_and'the
quasilMCIsimulation.

01 Thel@MCmethodlisitheldeterministic
versionlof(thelstandardMonte[Carloimethod, lin
thelsenselthatithelrandomsampleslinfan(MC
simulationiarereplacedbywelllchosen
deterministiclpoints.[Variousmethodshave
beenidevelopediocreatesequencesiofithose
deterministiclpoints. [OftenappliediistheSobol
sequence,or(LP.[sequence.[Hommal& Saltelli
(1995)compared(theefficiencyofvarious
samplingimethodsandishowedanievident
advantage(ofiusingthelLP.[Sequence.

This[gives(us(sufficientigroundforiexamining
thelapplicability[ofithe [methodtolalriver
morphologicalimodel.

[0 Toltestl@QMCiiolouricaselstudy, we
simplifiedthedescription(ofitheldischarge
seriesfollowing[Chapter4linVan(derKlis
(2003).With(thissimplified[descriptionwe
performeda@MCisimulationfand, for
comparison,fastandardMC simulation.[Figure
3lillustratesitheconvergencerate(ofleachof
theseimethods. Fortwollocationswithinlthe
main(channellofithelmodelledriverireachithe
convergenceloflthelstandard(deviation ofithe
bedlleveliisishown.This[figure shows(a
relativelyfast/convergenceofithe [QMCiresults.

Conclusionsiandfurtherresearch
Theffirstiresultsipresented(herelarelpromising
enough(tolfurtherlexplorelthepossibilities of
QMClinlourimodel.lIn(this, we will [try tolapply
themethodtomoreadvanced(descriptions(of
thelriveridischarge.[Furthermore,we will[study
whetherlQMClislapplicablefolotheruincertain
modellparameters.
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Abstract
Thellower(YellowRiverlisicharacterisedby(a
braidingl¢hannelpattern, whichichangeslintoa
meandering(patterniinithel[downstream
direction./Althoughithe bedlleveligradientlis
importantforthisiransition,thesediment
concentration(plays(an(additional(role.[Atllow
sedimenticoncentrationsthe flowlis(sub(]
saturated,leadingfolaimeanderingpattern.[At
highericoncentrationsithefurbulentstructureof
theflowlis[suppressed(andithesediment
concentrationprofile'collapses,leadingitola
braidinglchannelpattern.[Atieventhigher
sedimenticoncentrations, [sedimentlistheldlin
suspensionbyhindered(settling,(and(the
channellpatternibecomeslincreasingly
meandering.

;=30 kg C,=00 kgm® C,=500 kgm®
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Figure(1. Evolut/onwaen‘/calmed/mentmoncentration
proﬂlemlurmgsubsaturated:(C@Bomg/m %),
supersaturated((C(=[90 kg/m 3) landlhyperconcentrated
sublsaturated((C[=1500kg/m’) flow(conditions. The
flow(velocity'is2im/sland(the(grain'size(40/microns.

Introduction
ThelChineselYellow(River(carrieshuge
amountsofisuspended(sediment,especially
duringlhyperconcentratedfloodsiwhen
sedimenticoncentrations’exceed100’s [Kg/m
Allarge partiofithis[Sediment/loadlis(deposited
inlthellower(Yellow(River,leadingtolalrapidly
risingfloodplainiandithereforelincreasingflood
risks.Inlordertoimanagethesesiltation
problemsa3Dmorphodynamicimodeliisibeing
developediforithelowerYellowRiverwithin
Delft3D.
However,thelsedimentidéoncentrationlinithe
Yellow(Riverlisisolhighithatisedimentidensity
stratificationlislimportantforisedimenttransport

mechanismsandriverimorphology.The
relationshipbetweenthesestratification
processeslandlriverichannelpatternswilllbe
describediherelshortly.

Vertical'sediment(density

stratification
Atllowsedimenticoncentrations, the/downward
motion(ofisediment(particleslisbalancedbya
netupwardtransport(ofisediment by turbulent
motions, TesultinglinfatypicallRouselsediment
concentrationfprofile.[However, @tmngh
concentrations((order1’sfo10’ sﬂ’(g/m
dependinglonithe(grain(size)theseturbulent
motions/aresuppressedbythesediment
concentrationigradient{(Winterwerp,2001).
Thereforeltheturbulentimotions(arenolonger
ablelfolholdsedimentiin([suspensionandatia
critical(sedimentlconcentration, thesediment
concentration(profile(collapses:theflow
changesifromisub(saturatedlintoSuperC
saturatedflow. Atrevenmlgherrs&edlment
concentrations(order10’st0100’ smg/m ),
sedimentiisfadditionally’heldlin[Suspensionby
hinderedisettling.Thereforethesediment
concentration(profilelisre éstablishedeven
thoughturbulencelisiow:sublsaturated
hyperconcentratedflow(Winterwerpetial.,
2003).Thislcollapseand(buildluplofithe
verticallsedimenticoncentration profile[canbe
simulatedwith[a1DVversion(of(Delft3D model
thatlincludessedimentidensityeffects(Fig.[1).
Thelsedimenticoncentrationlatiwhich(the
sedimenticoncentrationprofile(collapses/orlis
relestablishedlisthesaturationconcentration.
Thissaturationiconcentrationii Wnltlallyfncreases
W|thIhe[Gdlmensmnless)ﬂowBtrength[{u /ghwg
inwhich: m@@epth@veragedﬂelocﬂy[ﬂm/s) g
—@rawtatlonal@cceleratlon[Gm/s ), (N Fwater
depth(m), wo=[sediment(settlingvelocity(in
cleariwater((m/s)], butldecreasesiwhen
hindered settlingleffects(becomelimportant.
Thisimeans(that/atveryhigh(sediment
concentrations, [theflow(strengthrequiredto
keeplsedimentlinisuspensionlislow.
Numericallyimodelledrelationsbetweenflow
strengthlandisaturationconcentrationimatches
sedimenticoncentrationsobservedlinithe
YellowRiver[{Fig.2).



Yellow River 1DV model
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Figure 2. Relationship between dimensionless|flow
strength m:a/ghwo (seeltextifor.explanationofisymbols)
and(saturationi¢concentration(C; in'the Yellowlriveri(left
panel)and'based on(1DVresults((right panel). Flow
velocities!during(the1DV(simulationsranges(from(0.5to
3im/s, and(the D5, between(20land40imicrons.

However,iwhenlanladditionaliwashload
fractionof100kg/m®islincluded
(hyperconcentratedflow), almeandering
channellpatternibegins(toldevelop((lowerpanel
in(Fig.3).

Riverichannel(patterns
ThelupperpartiofithelYellowRiverlisbraiding,
butichanges(intolaimeandering(patterniinithe
downstream(direction./Andalthoughthis
transitionmainlyresultsifromaldecreasingbed
leveligradient, field[observations(show thatithe
Yellow(Riveribecomeslincreasingly
meanderingaticoncentrationsbelow30 Eli(g/m3
andabove200'kg/m>,[and braiding at
intermediate[concentrations[(Xu,2004).
However,thelfeasons(forithisbehaviourfare
notlyetfullyfunderstood.Thelsuperisaturated
flowconditionsidescribediinithe [previous
sectionlarelcharacterisedbydeposition,
whereasithesublsaturatedflowconditionsiare
characterisedby(bederosion. Thisstrongly
suggests/thatithelvertical[sedimentidensity
effects(discussedlintheprevious(sectionlare
importantforthe morphology(ofthe[Yellow
River.Tolverifythis, 3D modellinglexperiments
were[carriedouttolidentifytheeffectiof
hyperconcentrationiontheldevelopmentof
riverimorphology.Starting withfanfinitially flat
butifandomlyperturbedbed, @braidingriver
channelldevelops(duringrelativelylow
sedimenticoncentrations (upperipaneliin(Fig.
3).

with wash load

Figure(3.[Channelldevelopment afterlapproximatelylone
yeariinianlinitially(flat bedusingla'slopeof2.2[110 ‘la
discharge mf[5000m73/s, [and(sedimentwithDs, =65
microns. Xlaxisland(Y axislarelinlkmland(thelwateridepth
inim.(Thelsimulationslin'theupper panel arewithout a
washlloadfractioniwhereas!alwashlload(fraction(with
C=100tkg/m°rand(Ds, ='5imicrons’islincludediinithe fower
panel.[Althoughlthisiwashlloadfractionldoes notlinteract
with(thelriver bed, it resultslinlhyperconcentrated(flowland
consequently'alstronglylincising'meandering(channel.

Conclusions
ThelYellowRiverichannellpatternpartly
dependslonithelsedimentconcentrationwithia
meanderingpatterniatifowandhigh’sediment
concentrations,butfabraiding/patterniat
intermediateconcentrations. Thislis(causedby
sedimentidensityistratification,land(canbe
numericallysimulatedwithDelft3D.
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Abstract

ThelRhineldeltalinthe Netherlands(developed
duringthellast15,000yearsunderlinfluence of
tectonics,seallevellriseland, mostiimportantly,
thesedimentifluxfromthelhinterland.Changes
inithisisedimentfluxisincethellastGlaciall]
Interglacialtransition, @ppeartobemainly
relatedtolchangesiin(c¢limate, Tanduseland
vegetationlinitheluipstreampartofithe
catchment,causing(variationslinsediment
deliverylfromitheGermanipartiofithebasin
(e.g.[Berendsen(et/al.,[1995,Vandenberghe,
1995).[This[Ph.D.project(20042007)focuses
onlthelrelationshipbetweenupstream
sediment(deliverylinithe[Rhineldrainagebasin
andldownstream(sedimentationlinithe(delta’as
alfesultlof(vegetationchangessincethelendiof
thelWeichselian.

Introduction
Naturalriverbehaviour,ile.[Sedimentation
dynamics(and(fluvial(style,linaldeltalarealis
controllediby(several(factors((Fig.[1).[Allogenic
influenceslonffluviallsystems(atidrainage(basin
scaleland/onlthetime(scales(of(1,000o
100,000lyearslareltectonics, climateland(sea
levellchange./Althoughitectonicsiand(seallevel
dolhaveargeleffectsonfluviallsystems[such
asfthefriver/Rhine,climate(temperatureiand
precipitation)ultimately¢ontrols(riveridischarge
andlsedimentsupplyland,thereby,the
dynamicsiandisizelofsedimentfluxeslinia
fluviallsystem.Besidelclimatechange, Tand(]
uselchangesihavelaldirectiimpactionithe
vegetationicoveriandihence,subsoilicohesion
andleffectiverunoff.[Allthisresults(in(variations
inldischargelandsedimentload oflthe(river
Rhinelinitime,andleventually,linvariations(in
downstream(sedimentationidynamics(and
fluvialistyle.

01 Althoughrarrelationshipbetweenmatural
changesiiniclimate, vegetation,andisediment
deliverylinithelupstreamiareaandithe
associatedisedimentationidownstreaminihe
deltalisiobvious, this(relationshiphasnever
beenlquantified.

Withthe lcurrentlamount(ofidatapresentlinithe
wholeldrainagebasin,itlisnowtimelytomake
thellink[betweenupstream erosional phases

andldownstream(sedimentationliniorderto
obtainlabetterlinsightlinithelevolution(ofithe
deltaland(toldetermine causallrelationships
between(climatelchangelandnaturallriver
behaviour.

Sea-level

f Temperature

Vegetation

__{ Evapotranspiration

¥ ¥

Discharge and Sediment Load

Isubsuil Cohesion|

Long FErm

Downstream Sedimentation Dynamics and PP —
Fluvial Style

Figurel1.[Factors(controllinglsedimentation
dynamicslandfluvialistylelinlaldeltalarea

Approach
TheNetherlandslislinitheuniqueposition(of
havingramear‘completelcaptureofithe Rhine
sedimentfluxiwithinthe [Rhine[Meuse deltalfor
thellater(part/ofithe(Holocenel(Berendsen(&
Stouthamer,(2001).[Decades|of
palaeogeographicresearchimakes(theRhine
deltalnow/onelofithe(beststudieddeltaslinithe
world. Thisresearch(enabled/aldetailed
palaeogeographicireconstructioniofitheDutch
RhineMeuse deltalduringthelast15,000
years((Berendsen(&Stouthamer,2001).[With
theldatalfromthelextensive[Rhine[(Meuseldelta
database,threelargenorth(southisections
(length:[ca.20mM50km)wereconstructed.
Togetherlwith(iwolalready existing(sections
(Toérnqvist,[1993;[Cohen,2003)and
complementary(data, these(sectionswilllbe
used(tolobtainlaldetailed((100mncorespacing)
Holocene stratigraphy, [showingdistinct
differenceslinfaccumulation(rates./Allarge
number(offadiocarbon(dates/providelfimellines
inlthesesections.Subsequently,deposited
volumesofiRhinesedimentiduringthelast
15,000(yearsfinitheRhineldeltalcanibe



calculatediperitimerslice, providing
depositionallrates.

01 Duringithellast15,000(years, climatic
changelinducedilarge(scalelchangeslin
vegetationlinthe [German(partiofiheRhine
drainagebasin.[Severalregional(German
studies/showl(aldistinctthumaniimpactionithe
landscapefrom6400icallyrs[BPonward,
leadingtovegetationichangelandienhanced
soillerosion({e.g.Langretial.,2003). Because
therelisfaistronglinkbetweenvegetationfand
fluvialldynamics({e.g.[Dambeck&Thiemeyer,
2002),vegetationchanges(arellikelytolhave
caused|variations(in[upstream(sediment
deliverylinthe[Rhineldrainage(basin.[Phases
of((increased)siliciclasticlinputlinithe[German
partiofithebasinwillbe(determinedland
correlatediwith(phasesofidownstream
deposition,linltheRhineldelta.ltlis[expected
thatichangeslinisedimentidischargel(duringthe
last15,000(years[canbellinkedfolclimate
changeland, forithellast(5000(years,lincreased
humanimpact.

Perspectivesiandrelevance
Changeslinllanduseandlclimatelarelikelyto
affectriversiand(theiricatchmentsiduringithe
nexticenturies,alteringflowsofwaterfand
sediment,whichwilllhavelalargelimpaction
theRhineldeltalinitheNetherlands.[Forithe
riverlRhine,imodellingresults'suggestiamore
frequentloccurrenceloflabnormallowlandlhigh
dischargeslinithe/near(future.Infaddition,
suspendedisedimenticoncentrationslinthe
riveriarelexpectediolincreasedueltolan
increased(production(ofisedimentby(soil
erosion(Middelkoop,997).

(1 These(future¢hangeswillibe
superimposed(onichangesi(triggeredlinithe
past. Therefore, [abetteriunderstandingof
(past)fluvial responsestollanduseland
climatelchangelisineeded.Untilinow, most
researchhasbeen/conductedlinismall
catchments, whilethe responselofllarge
catchments(haslaimorelcomprehensive
impact, whichiisespeciallyrelevantforihe
Netherlands.

Theltime(periodioverwhich(alargecatchment
responds(iollanduseloriclimatechangelis
much(longerithanforismallicatchmentsiand
muchilongerithanmostiinstrumentalitime
series. Thisimeansthatipalaecoenvironmental
reconstructions/areessential, becauseonly
theselreconstructionsprovidearecordiof
catchmentresponsesionicenturyfomillennia
timelscales.

00 Quantifyingthelinkbetweenupstream
erosionallphaseslandidownstream
sedimentationiinitheRhineldrainagebasin, will
improveourlinsightlintheevolutionofthe
delta,lincludingthe(causallrelationships
between((future)climatelandllandusechanges
and(naturalfriverbehaviour.
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