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Large-scale runoff routing models are important as a validation tool for GCMs,
and to close the hydrological cycle in fully-coupled climate models. RiTHM (River-
Transfer Hydrological Model) was developed to simulate the discharge of large rivers
from the total runoff simulated by the LMD GCM. This conceptual model is dis-
cretized on a 1024x800 grid (mean resolution of 25x25 km?), nested in the 64 x50
grid of the LMD GCM. The runoff simulated in a GCM grid cell is uniformly dis-
tributed over the 256 nested cells, where a series of two reservoirs accounts for the
delay related to water flow through the unsaturated zone and aquifers. The resulting
river runoff is then transported assuming pure translation along the drainage net-
work, extracted with a GIS from a 5-minute digital elevation model. The transfer
time from a cell to the outlet depends on the lengths and slopes of the downstream
cells, and on the basin concentration time. This parameter, which defines the highest
transfer time to the outlet in the basin, is the most effective parameter in RiTHM,
and we show how it can be related to known topographic and hydrologic character-
istics of a basin. We also compare the simulated and observed discharges in selected
large river basins representative of major hydroclimatological regimes: RiTHM al-
lows a good phasing of the simulated discharge compared to observations, but the
simulated volumes are not realistic, which is mainly related to biases in the GCM’s
precipitation rates. Yet, neglecting processes such as soil freezing or direct evapo-
ration from the river bed may be another important error source for the simulated
discharge, as highlighted by case studies of the Yenisei and Niger basins.
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Abstract

Large-scalerunoff routing modelsare importantas a validationtool for GCMs, andto closethe
hydrologicalcycle in fully-coupledclimatemodels.RiTHM (River-TransferHydrologicalModel) was
developedto simulatethe dischage of large riversfrom the total runoff simulatedby the LMD GCM.
Thisconceptuamodelis discretizecbn a1024x 800grid (meanresolutionof 25x 25km?), nestedn the
64x50grid of theLMD GCM. Therunoff simulatedn aGCM grid cell is uniformly distributedoverthe
256nestedtells,wherea seriesof two resenoirs accountdor the delayrelatedto waterflow throughthe
unsaturate@oneandaquifers. Theresultingriver runoff is thentransportedassumingpuretranslation
alongthedrainagenetwork, extractedwith a GIS from a 5-minutedigital elevationmodel. Thetransfer
time from a cell to the outletdepend®nthelengthsandslopesof thedownstreantells,andonthebasin
concentratiortime. This parameterwhich definesthe highesttransfertime to the outletin the basin,
is the mosteffective parametein RiTHM, andwe shav how it canbe relatedto known topographic
and hydrologic characteristicef a basin. We also comparethe simulatedand obsened dischagesin
selectedargeriver basinsrepresentatie of major hydroclimatologicaregimes: RiTHM allows a good
phasingof thesimulateddischagecomparedo obsenations but the simulatedsolumesarenotrealistic,
whichis mainly relatedto biasesn the GCM's precipitationrates.Yet, neglectingprocessesuchassoil
freezingor directevaporatiorfrom theriver bedmaybeanothelimportanterrorsourcefor thesimulated
dischage,ashighlightedby casestudiesof the YeniseiandNiger basins.

Keywords River basins Runof routing, Dischage, GCMs,Landsurfaceprocesses



1 Intr oduction

The last decadenasseenthe developmentof mary runoff routing schemedor generalcirculationmodels
(GCMs). The main motivation behindthis work is thatrunoff, assimulatedoy GCMs, is alocal flux, giv-
enperunit surface. It is thereforefundamentallydifferentfrom riverflow, which is yet neededor several
purposesdn thefield of climatestudies.First, riverflow is usefulfor thevalidationof land-surbceparameter
izations,owing to thenumerousneasurementsf riverflow, thatintegratedand-hydrology(andits response
to landenegy budget)at a large spatialscale whichis consistentvith the GCM scale.Sinceriverflov can
have very long time series,like the 106-yearrecordof the Volga dischage at Volgograd,available from
the Global Runof DataCenter(GRDC, Koblenz,German), it alsoallows a validation of the long-term
variability of thesimulatedclimate.

Secondriverflow is requiredto closethe globalwatercycling throughoceansatmospherandland,
andit shouldthereforenot be neglectedin coupledocean/atmosphet@CMs. This factis supportedoy
mary recentstudiessuggestinga wide spectrunof interactionsbetweerriversandthe climatesystem.An
importantconsequencef freshwaterinput to the oceanss the creationof a barrierlayeraroundsomeriver
mouths,which enhances local increaseof seasurfacetemperaturéoy preventing the mixing of surface
anddeepwaters.This mayinfluencecorvection,asshavn by Murtugguddeg(1998)in thetropical Atlantic,
and by Weller (1998)in the Gulf of Bengalfor the specialcaseof the summerindian monsoon. Mysak
etal. (1990)suggesthatvariationsof river dischage in the Arctic oceanalterits salinity andcirculation,
andthereforesea-icetransportthroughthe Framstrait. Also, Camposet al. (1999)suggesthatdischage
from the Rio dela Plata(Argentina)couldbealink betweerENSO(EI Nifio-SoutherrOscillation)andthe
interannuabariability of coastakurrentsalongthe Atlantic coastof SouthAmerica(SouthBrazil Bight).

Therearemary differentrunoff routingmodels(RRM) for large-scaleiver basinsandmostof them,
especiallyamongthoseusedn GCMs,belongto the“linear-resereir” RRMs. In suchmodelsthegrid-cells
arelinearreserwirs (characterizedby a transfercoeficient, in time™1), dischaging into oneanotheralong
thedrainagenetwork. As reviewedby AroraandBoer(1999),thetransfercoeficients,alsorelatedto veloc-
ities giventhe lengthof cells,canbe: (1) constanbver time andspacege.g. Oki etal., 1999),(2) constant
in time but spatiallydependenbn topography(Miller etal., 1994; Hagemanrand Dimenil, 1998)and/or
meandischage (Liston etal., 1994;V6rdosmartyet al., 1989),or (3) variablein both spaceandtime, asa
function of topographychannelcharacteristiceanddischage, usingMannings equation(Arora andBoer,
1999).A commonfeatureof thesdinearreservir RRMsis arathercoarsaesolutionusuallyrangingfrom
5°x4° (meancell area~ 160000kn?; e.g. Liston etal., 1994;Miller etal., 1994)to 0.5 x0.5° (meancell
area~ 2000kn?; Vorosmartyet al., 1989; Hagemanrand Diimenil, 1998). This may distortthe influence
of topographyon transfertimes. The only higherresolutionRRMs known to the authorsare the models
SWAM (Coe,1998)andits descendantYDRA (Coe,2000),working atthe5’ x5’ resolution(~ 10 km x
10km atthe equator).

This paperpresentsa nev RRM, developedwith specialemphasison high spatialresolution. This
model, RiTHM (for RiverTransferHydrological Model), is basedon the hydrologicalmodelMODCOU



(Ledoux, 1980; Ledouxet al., 1989). The latter is a spatially-distrilnited model, which jointly describes
surfaceand groundvater flow at the daily timestep. First, in every surfacecell, surfacerunof anddeep
infiltration are calculatedrom precipitationandpotentialevapotranspiratiomsinga conceptuateserwir-
basedapproach Surfacerunof is transferredhroughthe drainagenetwork with transfertimesthatdepend
on topography(length and slopeof the downstreamcells) and a basin-wideparameterthe concentration
time. Infiltration, on the otherhand,is addedto groundvater (which canconsistof multi-layeredaquifers).
It canpreviously be delayedthroughthe unsaturate@oneusinga cascad@f equallinearreserwirs (Nash,
1959). This infiltration flow contritutesto the dynamicsof groundvater givenin eachaquiferby a finite-
differencesolutionof the two-dimensionatliffusivity equation.Theresultingheadis dynamicallycoupled
to thewaterlevel in surface“river” cells,andthereforecontritutesto riverflow.

The abovre MODCOU modelhasbeensuccessfullyappliedat differentscales.Frenchexamplesin-
clude,amongothers:thewatershedsf the Haute-lys (85 km?) andthe Caramy(250km?) (Ledoux,1980);
the watershedf the Fechtriver (450km?) in the Vosgesmountaing Ambroiseet al., 1995); the HAPEX-
MOBILHY studyareaof morethan14500km? in South-WestFrance(Boukerma,1987). MODCOU has
alsobeentestedin the Frenchpartof the Rhdneriver, with a contrituting areaof 87000km? (Golaz,1999;
Habetset al., 1999). The lastongoingapplicationof MODCOU (Gomezet al., 1999)involvesthe Seine
river in the framavork of the Piren-Seingesearchprogrammedevotedto the hydroecologyof the Seine
river basin(~ 75000km?). In suchcontet, RiTHM canbe seenasanadaptatiorof the hydrologicalmodel
MODCOU to the macro-scalefor applicationto thelargestriver basinsin theworld.

Themodelingstratey is describedn section2, andsection3 presentshe applicationof RiTHM to
15 macro-scaleiver basins.Sectiond evaluateghe skill of this modelto transformthe runoff simulatedin
the GCM of the Laboratoirede MétorologieDynamique(LMD) into riverflow in thesel5 basins.It also
presentsnterestingresultsshaving the needto incorporatenen processedn the modelsdescribingland
hydrologyin GCMs. Finally, in section5, the approactunderlyingRiTHM is summarizedandits limits
arediscussed.

2 Model description

2.1 Modeling Strategy

Figurelillustratesthe overall stratgy to simulateriverflow usingRiTHM, givenboundaryconditionscom-
prisingrunoff on onethe handandtopographyonthe otherhand.

RITHM hasbeendevelopedto be easilyforcedby the runoff simulatedby the land-suricescheme
of the LMD GCM (section2.2). The main featuresof this atmospheridGCM are describedn Sadourg
andLaval (1984)andLe TreutandLi (1991). It is a finite-difference primitive equationmodel,thatuses
a standardsigma-coordinatén the vertical. In the horizontal,the grid-pointsare distributed regularly in
longitudeandsineof latitude,defininggrid-cellsof equalareaacrosshe globe. For this study we usedl1l
verticallevelsand64x 50 grid-pointsin thehorizontal resultingin grid-cellsof approximatelyl60,000km?
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andaresolutionin thetropicsof about5.6° x2.4°.

Theresolutionof RiTHM is muchfinerthanthatof the GCM, sinceevery GCM grid-cellis subdvided
into 16x 16 cells. Likein the GCM, thegrid-pointsaredistributedregularly in longitudeandsineof latitude,
and all the grid-cellsin RiTHM have the sameareaof about625 km2. Total runof (surface runoff +
baseflov) simulatedin a GCM cell is uniformly distributed over the 256 underlyingRiTHM cells, where
a “riverflow production”"moduletransformsrunoff over the RiTHM cell into riverflow at the outletof this
RITHM cell (section2.5).

Then,a “riverflov routing” module(section2.4) performsthe downstreamtransferof the riverflov
from eachRiTHM cell to the outlet of the river basin,at the daily time step. This routingis a function of
topographywhich wasderived at RiTHM'’ s resolutionfrom a 5-minuteresolutiondigital elevation model
(DEM). Basedon this topography one can characterizehe slopeof a grid-cell, thenthe dominantflow
directionfrom eachcell (amongfour directions: north, east,southand west), and thereforedelineatethe
boundarie®f theriver basinsandcharacterizeéheir drainagenetwork (section2.3).

2.2 Runoff productionin the LMD GCM

Runof in the LMD GCM is calculatedat the 30-minutetimestepby the land-surce schemeSECHI-
BA (Ducoude etal., 1993). This modelrepresentsegetationowing to the “mosaic” stratgy (Avissarand
Pielke, 1989;KosterandSuarez1992):the heterogeneougegetationcover of a GCM grid-cellis described
by a setof homogeneoutiles”, eachtile representing differentland surfacetype (baresoil or oneamong
se/en vegetationtypes). The total evaporationis computedas the weightedaverageof the contrikutions
from all thetilesin a grid-cell. The modeledevaporatve fluxesfrom eachtile are: interceptionloss(evap-
orationof the waterinterceptedoy the canopy), snav sublimation,baresoil evaporationandtranspiration,
controlledby resistancesicreasingwith ervironmentalstressegdry soil, dry air, highinsolation).

Watercanbe storedin the canopy interceptionreserwir, a 1-layersnavpackanda 2-layersoil reser
voir. The original functioning of the latter is basedon Choisnels ideas(Ducoudg et al., 1993; Choisnel
etal., 1995)anddescribedn detailsin DucharneandLaval (2000). Thedepthof active soil is onemeterand
the waterholding capacityis globally equalto 150kg.m~2 (exceptin desertsvhereit is setat 30 kg.m2).
The describedsoil hydrologicalprocessesirethe partitioning betweensurfacerunof andinfiltration, the
diffusion betweenthe two soil layers,and baseflav. The parameterizatiorf surface runof relieson a
statistical-dynamicadiescriptionof the small-scalevariability of soil, knowvn asthe Arno (Dimeniland To-
dini, 1992;RowntreeandLean,1994)or VIC (Woodetal.,1992;Liangetal., 1994)approachlt introduces
asubgrid-scalelistribution of local storagecapacity with local capacitiesmallerthan150kg.m~2 thatcan
reachsaturatiorandgive riseto runoff beforethe saturatiorof thewhole grid-cell.

The snav processesandtheirinfluenceon runoff, arevery simplein SECHIBA. The 1-layersnaow-
packis representedby one waterequivalent prognosticvariable,expressedn mm of water Thistermis
increaseddy snaw fall (the form of precipitationwhenair temperaturas belov freezing)and decreased
by snawv sublimationandsnav melt (all threetermsin mm of water). Snav melt occurswhenthe surface
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Figure2: Precipitationdifference(in mm/d)betweerihemeanannualfield simulatecbythe LMD GCMover
1980-1988and the annual climatolayy of Legatesand WiImott (1990). The positive/ngative differences
appearin dark/lightgray.

temperaturef acell is above freezing,attheratewhich insureshatthe surfacetemperaturéherethe snav
temperaturejloesnot exceed273.15K. Theresultingwaterflux compriseswith throughéll the waterthat
is partitionedbetweensurfacerunof andinfiltration. The correspondingnengy flux is consideredn the
surfaceenepgy budgetandinfluenceghe surfacetemperatur®f thecell.

Runof in the presentapplicationcomesfrom a former simulationof the LMD GCM coupledto the
above versionof the land-surice schemeSECHIBA (simulation“TOT” of Ducharneet al. (1998)). In
this simulation,the LMD GCM is forcedwith 10 years(1979-1988)of interannuallyvarying seasurface
temperature$SST)from the AMIP datase{Gates,1992). This simulationshawvs a large overestimatiorof
meanprecipitationover land (1021 mm/y) comparedo the available climatologies.For instance L egates
and Willmott (1990) provide an estimateof 820 mm/yr for gauge-correctegrecipitationover land. This
overestimationof meanprecipitationover land (large enoughto be significantdespitedisparitiesin the
time periodof the simulationandthe climatologies)s relatedto a systematioverestimatiorof continental
evaporation(518 mm/y) andtotal runoff (503 mm/y). Beyond global water budgets,Figure 2 shavs the
main weaknessesf the simulationusedin this studyin termsof spatialpatterns. The overestimatiorof
precipitationis especiallystrongover the mountainousreagwhereit is persistentostof theyear)andin
thelnter-TropicalCorvergenceZzone. Theregionalunderestimationsf precipitationareusuallywealer, and
onereasons thatthey areseasonalor alarge part. Thisis the casein Amazonbasin,wherethe simulated
precipitationis the lowestduring the rainy seasonandin the northernhemispheraainbelts(Europeand
easterrNorth-America),whereit is too low in summey but overestimatedn winter, althoughto a lesser
extent. A moredetailedanalysisof this simulationcanbefoundin Ducharneetal. (1998).



2.3 Drainage Network

Topographywasinterpolatedo RiTHM' sresolutionfrom the 5-minuteresolutionDEM ETOPO5(NGDC,
1988). This resolutionis consistenwith the recommendationsf Maidment(1996)to constructa global
drainagenetwork. Theslopesiz/dz etdz/dy alongthemeridianandzonaldirectionswerecomputedrom
the averageelevation of eachcell, usinga third-orderfinite-differencemethod(Leblois and Sauquet2000;
Cavazzi,1995). Thefinal slopewasthengivenby

tang = \/(dz/dz)? + (dz/dy)? )
andtheflow directionby
tan(direction) = dz/dx 2
~ dz/dy

In eachcell, the latter wasfinally binnedinto one of four directionsclasses:north, east,south,andwest.
For example thedirectionclass‘east” comprisesll directionsin | — /4, 7 /4]. Thedefinitionof aunique
flow directionfrom eachcell forbidstherepresentationf divemgentflows typical of deltas.Thereciprocal
adwantages to preventcircularflow, which morethancounterbalancetheapproximatiorof deltasby single
streams.

At this point, otherproblemsarosefrom usinga meanelevationin every grid-cell: one problemis
the existenceof “pits” (whenthe4 possibleneighbourof a cell have higherelevation, which interruptsthe
drainagenetwork), andanotheroccursin flat zoneswhereno flow directioncanbe definedfrom elevation
only. A standardit-removal algorithm(looking for alower-elevation cell in a distanceof threecells from
the pit) allowed usto eliminatemostartificial pits, but ensuredhatlarge naturaldepressions/ereretained.
Differentmethodshave beenproposedo furthercorrectnumericaldrainagenetworksfrom theflat areasand
remainingpits. Onemethodis “streamburning” (Maidment,1996;RenssemndKnoop,2000): thelocation
of themainstreamsderived from mapsor availabledatasetsis digitalizedat theresolutionof thedrainage
network, andthis informationis usedto alter the meanelevation in the problemareas. We choserather
to performcorrectionson flow directions which weremanuallyforcedto mimic mapsof the hydrographic
network. Thisstratgy is similarto theoneusedby Oki andSud(1998). Whereflow directionwasmodified,
theoriginal slopewaskept,exceptof coursen flat areasThere,a minimumslopetans, wasimposed.We
imposeda minimum elevation differenceof 0.5 m betweentwo connectectellsin a flat area,which leads
on averageto the minimum slopetanf,=2.10"°. Another possibleproblem,relatedto resolution,is the
artificial captureof onestreamby anothemwhenthe two streamshappenin reality to flow in the samecell.
This problemis alsocorrectednanually by forcing thetwo streamgo flow in adjacentells.

The correctedlow directionsallowed usto recursvely characterizéhe entiredrainagenetwork and
delineatehe boundarie®f theriver basins.Figure3 comparegheresultingareasof 15 majorriver basins
(shavn in Figure8) to their areaestimatecht the GCM resolutionfrom a manualdelineation(a GCM grid-
cell beingincludedeitherentirely or not at all in a river basin). Thesecalculatedareasarealsocompared
to areferencevalue,which is themeanareaof severalpublishedsourcegfRenssermndKnoop,2000). This
figurefirst shaws the excellentaccurag of theriver basinsareasn RiTHM. It alsorevealsalogical gainin
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Figure3: Comparisonn 15 large-scaleriver basinsof the calculatedarea (at theresolutionof RiTHM and
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accurag whenthe resolutionincreasegrom the GCM to RiTHM, dueto a betterdefinition of the basins
boundaries.

2.4 Riverflow Routing

Themainsimplificationof RiITHM comparedo thehydrologicalmodeIMODCOU is basecntheassump-
tion that,in ary 625km? grid-cell, thereis at leastone streamhydraulicallyconnectedo the watertable.
As a result,the waterthatinfiltratesto the aquiferin a grid-cell — andis later transferredaterally in this
aquifer— shallbe drainedby a streamin the samegrid-cell wheretheinitial infiltration took place. This
hypothesisassumeshat the groundvaterflow throughdeepconfinedaquifersystemis low in comparison
to the flow throughthe phreaticone. This legitimate assumptiorbringsa lot of corvenienceto the model
becausét allowed usto discardall physicalparameterizationselatedto groundvater: vertical infiltration
throughthe vadoseg(unsaturatedzone,groundvater flow andinteractionsbetweerriversandwatertables.
In this simplified frameawvork, the lag relatedto theseprocessess accountedor by oneinfiltration reseroir
(section2.5). An importantadvantageof this simplification,beyondthe spareof CPU, is to avoid having to
prescribemary parametergthicknessandvertical permeabilityof the vadosezone;structure transmissi-
ity, storagecoeficient of aquifers;seepageoeficient describingheadlossbetweerriver andwatertable),
whicharerelatedto physicalquantitieghatarenotknown in all studiedriver basinsandfor which effective
valuesatthe grid scalearedifficult to define.

Groundvatertransfeeingneglected all watertransfersacrosgrid-cellsoccurin thesurfacedrainage
network, andwe referto this processasriverflow routing. The latteris performedin RiTHM at the daily



timestep,underthe assumptiorof puretranslation.Thus,the transferfrom onecell is completelyindepen-
dentfrom the transferfrom ary othercell, andfrom ary possibleinteractionwith the ervironment(like
evaporation,flooding, etc.). Underthis assumptionthe transfertime ¢,4; betweentwo adjacentcells is

definedby
d

Vtang @)

whered is thedistanceandtang the slopebetweerthetwo grid-points,andwherek is ascalingparameter

tadj =k

including the influenceof roughnes®f theriver bed. This formulation canbe seenasa simplification of
Strickler's formula, the influenceof the water stagebeing neglected. At a larger scale,the river basinis
characterizedby two basin-widequantities. L,y is a purelytopographicatharacteristicequalto the sum
of theratio of distanceto slopefollowing thelongestpath(i.e. the paththatmaximizeshe sum):

d
longest V tan,@

path

Labs = (4)
The concentratiortime T, is the only adjustableparametef the routing module. It definesthe time (in
days)requiredto routewateralongthelongestpath,andallows usto scalecoeficient k in (3):

k= TC/Labs (5)

Becaus®f its highresolution RiTHM stronglybenefitfrom theefficienttransferalgorithmof MOD-
COU, basedonisochronism.For eachcell, thetransfertime to the outletis definedasthe sumof the ¢,4;
whenonefollows the drainagenetwork from the chosercell to the outlet. Usingthesetransfertimes,one
cansubdvide theriver basininto isochronouszoneswhich compriseall cells having atransfertime to the
outletwithin the sameday (in the presentaseof a daily timestep).The correspondingotal watervolume
is thentransferredasa whole toward outlet of the basin(or ary predefinedntermediategaugingstation).
Figure 4 illustratesthis framework for riverflov routing in the caseof the Niger river basin. The transfer
timesto the outlet decreasdrom dark to light grey, whenthe distanceto the outlet decreaseshis effect
beingmodulatedby theinfluenceof the slope. The black cellsindicatethe main streamscharacterizedby
a contrituting arealargerthan150 000 km?. Onecanthenrecognize:the Niger river, flowing throughK-
oulikouroandMalarville, with its distinctive concaity; the Benowe river, theeasternmosindsouthernmost
affluentof the Niger river; OuedAzaouk,which flows southvard to Malarville from the northernmospart
of thebasin,andis anephemerastream.

Figure5 shaws the influenceof T, on the meanroutedhydrographat Malarville. This hydrograph
was obtainedby forcing RiTHM with the 10-yeardatasetof runof from the LMD GCM (section2.2).
Theresultingmonthly streamflav at Malarville wasaveragedover the last nine yearsonly, to reducethe
effectsof initial conditionsthe simulationsby boththe GCM andRiTHM. In this applicationof RITHM,
we did not allow ary infiltration in the riverflov moduleto delayriverflow comparedo total runof (see
section2.5). Therefore whenT,.=0, the hydrographis equivalentto the spatialaverageof meanmonthly
total runoff over the contrikuting areaat Malarville. WhenT, increasespeakdischage is delayedandthe
entirehydrographs laggedanddampeddown, with slower floodsandrecessionsTheeffective lagbetween
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Malarville, with noinfiltration allowed. Thetime axis startsin May.
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Figure 6: Transformationof total runoff simulatedin the GCM into riverflow; through a seriesof two
reservois characterizedby threeparametes C, K; andC; (thelatter is optional).

peakrunof andpeakdischageis muchshorterthanthecorrespondingalueof T.: for instancetheformer
is about3 monthsfor the one-yearT,. Thereasoris that(1) the hydrographis obsered at Malarville and
doesnotcorrespondo the entireriver basin,and(2) rainfall distribution is nothomogeneouthroughouthe
basin.

2.5 Riverflow Production

Riverflow production,which chronologicallyoccursbeforeriverflow routing, is basedon a two-reseroir
conceptualmodel at the daily timestep(Figure 6). In every cell of RITHM, the total daily runoff from
the GCM is first partitionedbetweensurfacerunof andinfiltration, usinga simplelow-passreserwir, of
capacityC, (in mm.d™1). At every daily timestep,total runof in excessof C; comprisessurfacerunof,
which is aninstantaneousontritution to riverflon from the cell; the rest,lower or equalto Cs, is entirely
transferredto aninfiltration reserwir, throughwhich it is delayedbeforebeingaddedto riverflow. This
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Figure7: Influenceof the riverflow productionparametes on the meanannualhydrograph: (a) recession
coeficient K; (andcharacteristictimescaler;) and(b) capacityof low-passreservoirC,. CaseoftheNiger
Riverat Malarville, with T,, = 360d. Thetime axisstartsin July.

reserwir is characterizedy alinearrecessiorcoeficient K; (in d!), sothat@; = K;S; ateachtimestep.
In thisequation(Q; is theresultingdelayednfiltration, alsocalledbaseflov in RiITHM, andsS; is thevolume
storedin thereserwir. This volumemay be limited by the capacityC; (in mm). For simplicity, however,

this lastfunctionalitywasnot usedin the presen@application,in orderto remove onenon-linearity

Figure 7 shaws the influenceof the two remainingparameter®n the meanannualhydrographof
the Niger river at Malarville (with 7, = 360 days). When K; = 1 d~!, infiltration is not delayedby the
infiltration reserwoir andthe only differencebetweentotal runof from the GCM andstreamflav is dueto
routing (seeFigure5). The samebehaior occurswhenC, = 0 mm.d™!, which cancelsnfiltration.

The parameterK; canbe relatedto a characteristidimescaler; (d), which correspondgo (1) the
time requiredto divide ary storedvolumeby e = e!, and (2) the timelag betweenrunof andriverflov
centroids(Dingman,1994). When K; decrease§Figure7a), this timescaleincreasesand peakdischage
is delayed.This corresponds$o slowver floodsandrecessionsanda flatterhydrograph . The threeexamined
valuesfor K;: 0.01,0.02,0.03d~!, correspondingo characteristitimescales; betweer83 and100days,
arein the rangeof publishedvalues(e.g. Pilgrim and Cordery 1992; Liston et al., 1994; Hagemanret
Dumenil, 1998; Arora and Boer, 1999) for interflow (returnflow from infiltration in the soil andvadose
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Figure8: Selectiorof 15river basinsand gaugingstations(dark dots).

zone)andbaseflav (returnflow from groundwvater). They tendto be smallerthanthe K; valuescommonly
usedin MODCOU, thatrangebetweerD.1to 0.02d~! (Ledoux,1980;Gille, 1985;Boukerma,1987). The
reasons thattheinfiltration reseroir of RITHM accountdor the delaycausedy infiltration into the soil
but also by vertical flow throughthe vadosezoneand by the much slower horizontalgroundvater flow,
which are both explicitly describedn MODCOU. K; = 0.01d~!, however, imposesan excessie lag on
infiltration in all studiedriver basing(presentedn section3).

A similarlag anddampingdown of the hydrographthappensvhenC increasegFigure7b), because
morewateris thendelayednfiltration. The commonlyusedvaluesfor this parametef< 100mm.d™') are
in therangeof thehydraulicconductvity of soils(e.g.Rawls etal, 1992). Anotherinterestingnterpretation
of C, istorelatethis parameteto thepercentagef total runof thatinfiltratesin agivenbasinovertheentire
simulationperiod. This makesit possibleto identify the variationsof C; which aresignificantin regardto
the basinhydrology In thefollowing evaluationof RiTHM, in orderto minimize the needfor calibration,
thevalue K;=0.02d~! wasusedin all grid-cellsandtheimportanceof infiltration delaywasadjustedusing

C; only.

3 Application to 15 macro-scaleriver basins

The drainagenetwork wasextractedin 152 of the largestriver basinsaroundthe world. It coversa high
fraction of land masseswith the exceptionof smallercoastalriver basinsand endorheichasins. Fifteen
of the largestriver basins,shavn in Figure 8, were selectedo test RiTHM, basedon the availability of
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obseredstreamflav dataandtherepresentatity of the hydrometeorologpf thesebasins.In thesebasins,
RiITHM was forced with the 10-yeardatasebf total runoff simulatedby the LMD GCM (Figure 2 and
section2.2). Our primary goal wasto evaluatethe skills of the associatiorof RiITHM andthe GCM to

reproduceobsened streamflav. Specificquestionsvere: how well is it possibleto calibrateRiTHM’ s two

freeparameter¢l, andC;), andwhatis the quality of theresultingsimulatedstreamflev ?

An importantconcernin this framevork wasthe strongsystematierrorsof the LMD GCM on pre-
cipitation andtotal runoff (section2.2). This preventsthe time-accumulatedolume of streamflev from
beingaccurateaswell asary goodadjustmentbof simulatedstreamflav to the obsened one. Giventhat
the maindifferencebetweerstreamflev andthe spatialaccumulatiorof total runof is thetimelagbetween
thesawo quantitiesjt wasdecidedo focusonthecorrectreproductiorof thistimelagfor the calibrationof
T. andC; . Thetimelagbetweerpeakrunof andpeakdischage wasemphasizedsincethe simulationof
floodsis expectedo have a higherimpacton the coupledsystenthanthatof low flows (relatedto a smaller
freshvaterinputto oceans).

We consideredbsenred streamflev datafrom two often redundansourcesthe GRDC andthe In-
ternationalSatelliteLand SurfaceClimatologyProject(ISLSCP;Sellerset al., 1996),which themseleso-
riginatefor alarge partfrom U.N. Educational ScientificandCultural Organizationrdata(UNESCO,1993).
In eachbasin,we selectedhe furthestdownstreamavailable gaugingstation(Figure 8), wherestreamflav
integratesrunoff from a high fraction of the basin.Additional gaugingstationscanof coursebe considered,
asillustratedin the caseof the Niger river (Figures4 and11) Most obsered streamflev datawere given
monthly with gapsin thetime seriesandover atime framethatgenerallyhad,at best,a few yearsin com-
monwith the 1979-1988GCM simulationperiod. As a result,we comparedn eachbasinthe interannual
meanhydrographgcomposedf 12 meanmonthly valuesof dischages)obtainedfrom: (1) obsered data
over the entire available period (climatologicalmeans),and (2) simulateddischage at the selectedyaug-
ing station, over 1980-1988only (1979 was discardedo reducethe effects of initial conditionson both
the GCM andRiTHM simulations).Similarly, precipitationsimulatedin the LMD GCM over 1980-1988
wascomparedn averageover eachriver basinto the gauge-correctedimatologyof LegatesandWillmott
(1990).

At this stage several objective criteriaexist to assesshe quality of riverflow simulationcomparedo
obsenration. Theefficiengy of NashandSutcliffe (1970),which derivesfrom linear regressiortechniques,
is one of the mostwidely used. However, it is not adequaten the presentcase,wherethe compared
hydrographsarecomposedf only 12 valuesandcanhave very differentmeans.Therefore the subjectve
adjustmentof the simulatedto the obsered hydrograph,n termsof timelag especially was privileged.
Yet, this adjustmentvas evaluatedby meansof statisticalcriteria, like Spearmars rank-ordercorrelation
coeficient, bias, standarderror, or the normalizederror definedby Miller et al. (1994)for meanannual
cyclesatthemonthlytimestep:

¢ _ \/ZP(Xsim - AX'obs)2

: (6)
V %2 X gbs

In this formula, X, is the obsered climatologicalmonthly streamflev nearthe outlet, and Xg;r, is the
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Table 1: Selectedvalues,in 14 river basins,of C, (givenin mm.d™! andin percentof total runof that
infiltratesover the simulationperiod)and 7T, givenin days,andrelatedto a meanvelocityU of riverflow
runoff in thebasins.

Rivers Cs T U
(mm.d!) (%) (days) (m.s™)

Amazon 30 92. 105 0.50
Congo 0 0. 120 0.41
ChangJiang 15 68. 105 0.40
Yenisei 10 67. 60 2.78
Mississippi 8 75. 15 2.24
Parara 40 95. 90 0.54
Ob 5 59. 180 0.48
Ganges-Br 15 44, 90 0.36
Amur 0 0. 195 0.19
Volga 0 0. 180 0.19
Danube 8 77. 90 0.56
Zambezi 15 76. 120 0.42
Indus 5 36. 30 0.70
Niger 30 90. 360 0.15

meanmonthlyriverflow simulatedattheobsenrationsite. Thisnormalizederror ¢ canalsobeusedto assess
the quality of theprecipitationsimulatedby the GCM. It is zeroif thesimulatedandobsered quantitiesare
identical,andit increasegto a valuethatcanmarkedly exceedl) whentheerrorincreases.

4 Results

4.1 Mean annual cycleof river discharge

It waspossibleto determinea couple(Cs, T¢) to realisticallyphasethe maximumstreamflav in all basins,
with the exceptionof the Mackenzieriver basin,wherethe spatialdistribution of the simulatedprecipitation
is highly unrealistic(Ducharne 1997). It is notavorthy thatin mostbasins,mary parametecouplesgive
very similar results,the quality of which cannotbe easilydiscriminated.Oneof thesecouples(C;, T,) is
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givenin Tablel for theremainingl4 basins.The concentratiortime T, canbe relatedto a meanvelocity
U overthebasin.In mostbasinsijt fallsin therange0.15-1.00m.s ! usedby mary authorsfor large-scale
river velocities(seereview by Oki etal., 1999). The only two exceptionsarefoundin the Mississippiand
Yeniseiriver basinswherethe calibrationof T, helpsto overridetheincorrecttiming of theannualcycle of
runoff (seenext andsectior4.2).

As an exampleof the type of adjustmenthatwasachiezed with parameter$érom Table 1, Figure9
compareghe meanannualcycle of obsened andsimulatedstreamflev, closeto the outletof the Amazon,
GangesandMississippi.Figure9 alsoshavs themeanannualcycle of obseredandsimulatedorecipitation
over theseriver basins. Streamflav is strongly underestimatedbr the Amazon;corversely it is strongly
overestimatedor the Gangesandthe Mississippi. Thesedeparturegrom obsered valuesarein all cases
relatedto differencesbetweenclimatologicaland simulatedprecipitation. In accordanceavith Figure 2,
the latter is underestimateéh the first caseand overestimatedn the lasttwo caseswhich include large
mountainousreas.

Despitetheseerrorsin volume,it waspossiblein all threecasego phasehe simulatedandobsered
streamflaov peak.For the Mississippi,however, this phaseadjustments ratherartificial, sincethe simulated
precipitationis not well phasedwith the climatologicalannualcycle. In the latter; maximumprecipitation
occursin Junej.e. two monthsaftermaximumobsenred streamflav, in April. Thisadwanceof peakstream-
flow on peakprecipitationis evidenceof the importanceof springsnavmelt (from the Rocky Mountains
in the presentcase)for runoff production.In the GCM, maximumprecipitationis not only higherthanin
the climatology but it alsooccursearlier (in April, the month of obsered peakstreamflav). Therefore,
springrunof productionrelatedto snavmeltis increasedn the GCM by runof relatedto high precipitation
rates.Thisexplainswhy peakstreamflav is sogreatlyoverestimatedh theMississippiriver. Thisadditional
runoff, whichis producedoo early alsoexplainswhy the concentratiotime T, is soshort(15 days,corre-
spondingto a meanvelocity U = 2.24m.s™1). The abave examplesindicatethatthe quality of streamflov
adjustments all the betterasprecipitationis well simulatedoy the GCM.

The quality of the 14 simulationsis summarizedn Table 2, wherethe river basinsare orderedfol-
lowing decreasingbsened meanstreamflav. The statisticallysignificantcorrelationcoeficientsbetween
the 12 obsered andsimulatedmonthlymeansof streamflav indicatethe goodreproductiorof the seasonal
cycle. Theonly non-significantorrelationcoeficientis foundin the Congoriver, wheretheextremeoveres-
timationof simulatedmeanstreamflav (biasreachingl50%of meanobsenred streamflev), combinedwith
a poor spatialdistribution of the GCM rainfall (Ducharne, 1997), preventsary meaningfuladjustmenof
simulatedstreamflav. As aresult,we did notattemptto accounin this basinfor theinfluenceof infiltration
ontheshapeof thehydrographandthe only tunedparametewasT, (Tablel).

Table 2 alsoshaows that bias, quantifying systematicerror, is animportantterm of total error (bias
is in mostcaseshigheror at leastashigh asstandarderror). In addition, the sign of this biasis generally
identicalto the signof thebiasin precipitation.The only exceptionsoccurin the Parar@, Yenisei,Amur and
Volga. In thefirst basin,the negative annualbiasin precipitationis madeof underestimationluringthedry
seasorfborealsummerjandoverestimatiorduringtherainy seasorfborealwinter); thelatteris the causeof
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Figure9: Comparisorof observedand simulateddischarge and precipitationover (a) Amazon(b) Ganges
and (c) Mississippi.Observedraluesare the climatolagyical meansdescribedn section3, fromthe GRDC
for discharge, andfrom LegatesandWIImott (1990)for precipitation. Thevertical bars definethe standad
deviation of monthlyobservedtreamflowover therecod period.
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Table2: Summaryof RiTHM resultsin 14 river basins(columnl): comparisonof observedcolumn?2)
and simulated(column3) streamflow in termsof the Spearmars rank-oder correlation coeficient (x/}
indicatesa significantcorrelationat thelevel «=0.05/0.10)betweerthe 12 monthlymeangcolumn4), bias
(columnb), standad error (column®6), and the normalizedflow error of Miller etal. (1994)(column7);
comparisornof observedcolumn8) and simulated(column9) precipitation,in termsof bias (column10),
standad error (columnl11),andthenormalizedprecipitationerror of Miller etal. (columnl12).

Rivers Streamflov (10° m3.s1) Precipitation(mm.y 1)

OBS RIiTHM p Bias oer ¢g OBS GCM Bias oer ¢p
Amazon 1549 76.1 0.93 -78.8 18.7 0.1 2205 1413 -792 420 0.52
Congo 395 994 0.25 599 614 213 1606 1955 349 475 0.55

ChangJiang 289 604 0.88 315 9.2 1.03 1207 2166 959 356 0.33
Yenisei 17.8 10.7 09r -71 13.8 0.58 423 476 53 200 0.49
Mississippi 17.6 33.6 0.8 16.0 138 1.13 865 960 95 316 0.53
Parara 16.6 41.4 098 248 288 2.25 1242 1206 -36 349 0.63
Ob 125 6.3 076 -6.2 6.2 0.55 513 367 -146 197 0.47
Ganges-Br 12.0 29.0 099 17.0 21.8 1.50 1436 2049 613 1092 0.38

Amur 97 91 090 -06 26 0.22 576 671 95 422 0.40
Volga 81 58 056 -23 21 0.30 659 508 -151 226 0.51
Danube 6.5 129 096 64 55 1.27 884 1072 188 582 0.35
Zambezi 3.3 353 0.66 319 241 11.57 1050 1730 680 499 041
Indus 22 146 0.800 12.3 13.0 4.75 451 578 127 222 0.48
Niger 11 20.2 087 192 148 20.31 797 1166 369 298 0.49
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streamflev’s overestimatiorandpositive bias. The Yenisei, Amur andVolgaarehigh-latituderivers,where
maximumdischage occursin springdueto snavmelt. Anothercommonpoint betweenthem (and with
the Ob river) is thatthe LMD GCM markedly underestimateprecipitationin summerand overestimates
it in winter/spring. The relationshipbetweenthe biasesin precipitationand streamflev dependsn each
caseon therelative magnitudeof precipitations over andunderestimationin addition,the quality of sim-
ulatedstreamflav is influencedby the representatiof snaw processein the LMD GCM, asdetailedin
sectiond.2for the Yeniseiriver. This biasanalysisconfirmsthatprecipitations systematie@rrorpropagates
into streamflev’s systematierror, asalreadyshavn Figure9.

As statedoy Miller etal. (1994),large valuesof their normalizedflow error ¢g aredueto a combi-
nationof (1) poorsourcerunoff, relatedto poor GCM precipitationby meansof errorpropagationand(2)
poorsimulationof river watertransfer Table2 shavs that ¢ is almostalwaysgreaterthanthe normalized
precipitationerror ¢ p, whichindicates again,the strongcontrolof precipitationonriverflow. In threerivers
(Zambezindus,andNiger), ¢ is muchhigherthan¢p, which indicatesthatthe river watertransferitself
is in question.All threerivers, like the Parara for which ¢g > 3.5 ¢p, flow acrossvery arid subtropical
areas.We believe thatanadditionalsourceof erroris relatedto river transferin this specifichydroclimatic
regime,asexplainedin sectiond.3in the caseof the Nigerriver.

4.2 A high-latitude casestudy : the Yeniseibasin

The Yeniseiriver is examinedhereasa representate exampleof high-latituderivers. As such,its peak
dischageis stronglycontrolledby springsnovmelt, asshavn in Figure10 by theadvanceof obseredpeak
dischage (in June)comparedo obsered maximumprecipitation(in July). As for simulatedstreamflav, it
is underestimatethroughoutthe year but more markedly so at the time of peakdischage. The underes-
timation of streamflev in late summerandfall is relatedto the significantunderestimatiomf precipitation
in summerby the GCM. Sucha directrelationshipbetweenprecipitationand streamflev errorsdoesnot
explain for the underestimatiorof peakdischage. Onereasonis that precipitationis not underestimated,
but overestimatedin winter and spring, whenthe flood wave builds up. A more fundamentareasonis
thatthe main control on peakdischage is springsnavmelt andnot rainfall. The third panelin Figure 10
shaws thatthe GCM accountdor this importantcontribution of snavmelt to runof. In April, mostof the
availablewater from eithersnavmelt or precipitation,infiltratesandbringsthe soil toward saturation.This
producesstrongrunof in May, equalto the volumeof snavmelt. In contrastyunof is muchwealer during
thefollowing months whensnav hasdisappearedndthe only waterinputis rainfall.

In this high-latitudeframework, the underestimatiorof peakdischage in RiTHM is likely to be
relatedto the underestimatiorhy the GCM, of runof originatingfrom snavmelt. Onepossiblereasorcan
betheunderestimationf snavfall in the GCM. The maximumof simulatedsnav depth,spatiallyaveraged
over the Yeniseibasin,occursin March, which is realistic comparedto the climatology of the US Air
Force (Fosterand Davy, 1988). This maximumis slightly underestimate390 mm insteadof 415 mm).
However, corvertedto water equivalentusinga meansnov densityof 300 kg.n3 and spreadover the

20



o)
o

(o]
o

N
(@]

Streamflow (10°m?®.s™)
N
o

(@]

2.5
2.0
1.5

1.0

0.5

0.0 v v
J FMAMJI J AS ONTD

Precipitation (mm/d)

T Precipitation —
— Total runoff ]

~  —.=Snowmelt

Simulated fluxes (mm/d)
o

\
JFMAMU JASOND
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and meanannualcycle of simulatedwater fluxes(precipitation,total runoff, and snowmelt).SeeFigure 9
for further details.
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two monthsof melting, this givesa meansnavmelt underestimatiomf 0.125mm.d™!, which is negligible
comparedo theunderestimationf runoff anddischage. A morelikely reasorfor runoff underestimatiois
relatedto runoff parameterizatioitself. Overlandflow is only producedoy a saturation-ecessmechanism,
with no dependengcof runoff ontheintensityof waterinput. Becausehis intensityis very high atthetime
of snavmelt, runoff would beincreasedf thisdependencwereaccountedor (leadingto infiltration-excess,
or Hortonian,runof).

Anotherlikely reasorfor the weaknes®f runof productionat the time of snavmeltis the absence
in the LMD GCM of freezingin the soil. At the latituderangeof the Yeniseiriver basin,suchfreezingcan
be permanen{permafrostiandoccurscloseto the soil surface. This createsanimpermeabldayer, which
stronglylimits theeffective waterholdingcapacityof the soil, andthereforeenhancesurfacesaturatiorand
overflow runof production.Neglectingthis processs not realisticat suchhigh latitudes,andmustexplain
at leasta partof the runoff underestimatiorobsered in the Yeniseibasin(aswell asin the otherstudied
high-latituderiver basins).In addition,themeltingof thesoilice, fully or superficiallyin caseof permafrost,
cangive riseto summerperchedwvatertables.Robocket al. (1995)suggesthatthelatterareanimportant
sourceof moisturefor summerevapotranspiratioiin the Siberianplains. The absencef suchwatertables
in the LMD GCM might contrikute to the underestimatiomf high-latitudesummerprecipitation,owing to
theimportanceof evaporatiorregycling in theseareasn summenBrubaler etal., 1993).

4.3 A sub-tropical casestudy : the Niger basin

The behaior of RiTHM is analyzedn the Niger basinto illustrate andunderstandhe importanterror of

simulatedstreamflav in subtropicalrivers. Figure11 compareghe obsered and simulatedstreamflov of

the Niger river at two stations,locatedin Figure4. Koulikouro is in the upstreampart of the basinand
Malarville is closerto the outlet, andtheir respectie contrituting areasare 120,000km? and 1,000,000
km? accordingto the GRDC. Theright panelsin Figure11 comparethe climatologicalandsimulatedmean
annualcycle of precipitationin theabove two contrikuting areas.

At both stations,the generalshapeof the hydrographand the timing of maximumand minimum
streamflav arewell representedy RiTHM. It representsvell the one-monthtimelag betweenmaximum
precipitationand streamflav at Koulikouro, andthe increaseof this timelag at Malarville. However, the
simulatedstreamflev is markedly overestimated At Koulikouro, this overestimations stronglyrelatedto
thatof the GCM precipitationin the contriluting sub-basin At Malarville, it is importantto noticethatthe
solid curve for streamflev doesnot representhe obsered values,but 10 timesthe obsered values. This
meanshat the actualoverestimatiorof the simulatedstreamflev is extreme,ascanalsobe seenfrom the
striking value of 1745%for the biasof streamflav relatively to meanobsered streamflav (Table 2). In
particular it cannotbe explainedby the overestimatiorof precipitationonly, evenif thelatteris somavhat
largerat Malarville thanat Koulikouro.

The shapeof the hydrographis anotherimportantdifferencebetweensimulationand obsenration.
At the period of highestdischage at Malarville, which is alsothe dry seasonseethe annualcycle of
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Figure11: Niger basin: comparisornof observedand simulateddischarge at two stations: (a) Koulikouro,
(b) Malarville, and of precipitationin the respectivecontributive areas. For streamflowat Malarville, the
solid curvegives10timesthe observedstreamflow SeeFigure 9 for further details.
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precipitation),the obsered hydrographis very flat, asif low-passfiltered comparedo the shapeof the
simulatedhydrograph.Our interpretationis thatthe real peakstreamflev hasbeendampedat Malarville

by evaporatve processethatarenotaccountedor, in eitherRiTHM or the GCM. Theseprocessesclude
direct evaporationfrom the river and evaporationfrom the connectedareas githernaturalor agricultural,
in which casethe connectionto the river is usually driven by irrigation. The impactof this dampingis
especiallynoticeablein the Niger river becauseof the length of the main stream;whenthe flood wave
(producedduringtherainy seasorcenteredn August)arrivesat Malarville, the dry seasorhasstartedand
this maximizesevaporation.

4.4 Towards an objective determination of the concentrationtime

In the 14 river basinsof Table 1, the mosteffective parametemwasthe concentratiortime T, which con-
trols the speedof large-scaletransfersin the drainagenetwork. The purposeof this sectionis to helpthe
determinatiorof thisimportantparameter

In small-scaleiver basinsmary empiricalrelationshipsexist betweerthe basinconcentratiortime
andgeomorphologicatjuantities.The mostcommonlyusedarethe basinareaA, thelengthof thelongest
streamlL, andthe meanoverlandslopeS. A particularexampleis the formulationof the transfertime be-
tweentwo adjacentellsin RiTHM (equation3). Many empiricallaws alsorelateT, to thevolumeof water
transferedhroughthebasin.This comesrom Saint-\enants equationsyhich describethe conseration of
massandmomenturrin agivenriver stretch.They relateflow velocity to thewaterlevel in the stretchjtself
relatedto a watervolumeowing to the constanggeometryof the stretchover time. Askew (1970)proposes
thefollowing law for theconcentratioime of floods(time lag betweerthe centroidsof excessprecipitation
andflood dischage), in basinsthataresmallerthan100km?:

Tf — 0.0366 L0.80 S—0.33 Qf—0.23 (7)

In this law, @ is the meandischage duringfloodsin m?.s~!, Lisin km, Sis dimensionlessandT is in
days.In anotherexample,proposedy Vorosmartyetal. (1989)for grid-cellsof length L=55km, themean
annualtime lag of a cell is proportionalto its length L, a sinuosityfactor andthe inverseof meanannual
dischage atthe outletof thecell.

We deviseda similar approachunderwhich we relatedT, (in days)to a geomorphologicatjuantity
theabsolutdength L}, (definedin section2.4 asthesumfollowing thelongestpathof theratio of distance
to squareroot of slope,unit = km), andto the meanannualsimulatedstreamflav atthefurthestdownstream
stationQ,m (in m®.s™1). Infiltration was cancelechereto determineT, so thatthe latter could account
for thetotal lag. Figure12 shaws therelationshipbetweenl, andtheratio L,ps/Qam. The corresponding
linearregressiorgives:

T, = 32 + 56 Laps/ Qam, (8)

with a significantlinear correlationcoeficient p = 0.80. The latter canbe increasedf oneoptimizesthe
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Figure12: Correlation betweerthe calibrated concentation time T, (with C; = 0 mm.day ') anda char-
acteristic of both geomorpholgy and the hydologic regime: L,ps/Qam. Seetext for details, including

units.

exponentof L, andQ.m. Thisleadsto thefollowing law:
T. = 65+ 0.51 Laps "™ Qam "%, 9)

andthelinearcorrelationcoeficient p = 0.89.

If theselaws display stronganalogieswith the onesproposedor small-scalebasins(lengthin nu-
merator slopeand meanannualdownstreamdischage Q... in denominator)the parametershemseles
arehighly different. For instance usingequation? for the 14 studiedbasins(replacingL?-8% §—0-33 with
L.1,s"%%) gives concentratiortimesthat rangein [7,35] days,whereashe calibratedvalues(with C,; = 0
mm.day ') rangein [30,360] days. The valuespredictedby equations8 and 9 fall much closerto this
range,asshovn in Table3. We postulatethat the differencedn parametergorrespondo a scaleeffect.
It canberelatedto mary reasonsincluding the heterogeneityf rainfall andsoil propertiesin large-scale
basins(whereasa small-scalebasincanbe assumedo have morehomogeneouproperties)the influence
of groundvaterflow onflow velocity, andthedifferenthydraulicsin large andsmallstreams.

The mainmotivation behindthe proposedwo laws wasto assistthe calibrationof T,.. Oneinterpre-
tation of the correlationcoeficientis thatequation9 (respectiely 8) explainsp? = 79% (respectrely 64%)
of thetotal varianceof T, amongthe 14 river basins.This permitsusto usetheseequationgo restrictthe
rangeof possiblevaluesfor T,, aroundthe valuespredictedusing L,,s andQ.,, Which canbe calculated
by RiITHM with ary parametesset (for exampleC; = 0 mm.day ! and T, = 1 day) becausehis model
consereswater A subjectve adjustmenbf T, is still required,becausef the unexplainedvarianceand
theratherhigh standarderrorof the estimationgTable3). Onemustalsokeepin mind thatequation® and
8 areempirical,basedon 14 river basinsonly, andlikely to be inappropriaten mary cases.In addition,
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Table3: Summanyof the performanceof equations8 and 9 in termsof predictedT.

Predictedr,
Range Standarcderror Standarcerror
(ind) (ind) (in % of averagecalibratedT)
Equation8 [48,280] 47 34%
Equation9 [70,345] 36 27%

infiltration needgo beaccountedor in thetotal lag, andthis shallreduceTl, which accountsn RiTHM for

the solelag causedoy transferin suriacedrainagenetwork. Lastbut not least,animportantlimitation of

equation® and8 liesin theirdependencen Q., whichis notconstanbvertheclimatic record.Sincethis

dependences basedon physicalconsiderationgthe intrinsic relationshipbetweenvelocity anddischage),

theconcentratioime of abasin,evenif carefullycalibratedusingexistingdata,is likely to requireachange
for studiesof paleo-climate®r future climatechange.

5 Discussionand conclusions

We have describeda new runoff routing model(RRM) for usein GCMs. This model,RiTHM, which can
be seenas an adaptatiorto the macro-scalef the hydrologicalmodel MODCOU (Ledouxet al., 1989),
hastwo mainfeaturescomparedo RRMs previously usedin GCMs(e.g. Miller etal., 1994;Listonetal.,
1994;HagemanrandDumenil,1998; Arora andBoer, 1999). Thefirst is a high spatialresolution(~ 25x
25 km?), allowing a precisedelineationof macro-scalaiver basinsand the captureof sharptopographic
contrasts.The secondoriginal feature,relatedto the first one by meansof computationatostreduction,
is the simplicity of its routing algorithm. The lateraltransferacrossgrid-cellsis performedin the surface
drainagenetwork only, underthe assumptiorof puretranslation. This implies that the transferfrom one
cell is independendf the transferfrom ary othercell, andof ary possibleinteractionwith the environment
(like re-evaporation flooding, etc.). Therefore jt only dependsn topographyanda basin-wideparameter
the concentratiorime T,.. Groundvaterflow (in the soil, unsaturate@doneandaquifers)is only considered
within the cells, underthe assumptiorthatthereis at leastonestreamin every 625km? cellsto insurethe
local dischage of groundvaterto theriver. Therefore jts contritution to total lag is simply describecby a
linearinfiltration reserwoir.

RiITHM hasbeensuccessfullyappliedto 14 of the world’s largestriver basinswhereit wasforced,
atthedaily timestep by 10 yearsof total runof simulatedoy the LMD GCM. In this GCM framework, an
importantresult,althoughnot new (e.g. Miller etal., 1994; Arora and Boer, 1999), is that the quality of
simulatedstreamflav is stronglylimited by the quality of GCM simulatedprecipitation. Any errorin this
term, with respecto total amount,seasonaVariationsor spatialdistribution, affectstotal runof (RITHM's
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input), andthereforeinduceserrorsin simulatedstreamflov.

As aresult,theapplicationpresentedh this papercannotbe seenasa propervalidationof themodel
RiTHM. Thelatteris required,however, if onewantsto usethis RRM asa validationtool for the GCM'’s
LSM, or asaninteractve componentn a coupledGCM. This would requirethat RiTHM wasforcedwith
betterfields of total runof thanthosesimulatedby GCMs. Onecould usecompositerunof fields suchas
thosederived by Felketeet al. (2000),at the 0.5°x 0.5 resolutionanddaily timestep,from obsered river
dischage andasimplewaterbalancenodel.An alternatve approachs to forcea state-of-the-at. SM (like
SECHIBA in the presentstudy)with obserational nearsuriace meteorologicallata. As an example,the
ISLSCPInitiative | datase{Sellersetal., 1996),atthe 1° x 1° resolutionand6-hourlytimestep hasalready
beenusedin the Global Soil WetnessProject(Dirmeyer et al., 1999)to assessunoff from differentLSMs
usingaRRM (Oki etal., 1999).

Despiteimportanterrorsin streamflev volumerelatedto GCM precipitationinaccuraciesthis work
hasproved possibleto realisticallyreproducethe seasonabariationsof streamflav, and,morespecifically
thetiming of its maximum.This wasachiezedthroughthetuning of aminimumnumberof parameterswWe
foundauniformrecessiorcoeficient K; = 0.02d~! to beadequatén all studiedbasins andtheonly tuned
parametersieretheconcentratiotime andtheinfiltration capacityC;, whichwaschoserasuniformin each
basin. The simplificationof uniform K; andC; hasappearednorerigorousthana distributedassignment
of theseparametersgiven the first-ordererror sourcefrom simulatedprecipitation. Neverthelessit seems
possiblejn thefuture,to relateC; (andits spatialvariations)to physicalcharacteristicef the surface like
hydraulicconductvity, but alsovegetation, slope,andary factorlikely to modify infiltration towardsboth
soil and aquifers. As for T,, which is the most effective parameteffor fitting the simulatedhydrograph,
it may be defineda priori, usingthe relationshipdiscussedn section4.4. This concentratiortime is the
sumof transfertimesbetweenadjacentells following the longestpathto the outlet. Note thatthereexist
otherformulationsof the elementaryftransfertimesthanthe simpleoneusedin this study(equation3). An
example,proposedyy Golaz(1999),is

by = ko — L
Viang Asup®

where Ag,;, is the upstreancontrituting area,and« is positive, with valuesbetween0.25and1. Thelast

(10)

factorrepresentshe fact that a highercontrituting area,underunchangedtonditionsof input runof and
topographycorrespondso a higherdischage, thereforeto a higherflow velocity.

The presentstudy hasalso pointedout an importantexternal error sourcein additionto GCM pre-
cipitation inaccuracieswith possiblehigherimpactsthanthe formulationof RiTHM itself or the simple
parametemassignment.lt stemsfrom the inaccuratedescriptionof somehydrologicalprocessessuchas
snav andsoil freezingprocessesat high latitudes,or directevaporationfrom the river bed (and hydrauli-
cally connectedareas)in the subtropics. Besidetheir effects on hydrographgsection4.2 and4.3), these
processearelikely to have animpacton climate,eitherthroughdischage itself (asillustratedin introduc-
tion), or by changingthe land/atmospheréuxes. Freezingmodifiesthe enegy budgetof soil, leadingto
higher soil and surfacetemperatureswhich may interactwith snav melting and evapotranspiratiorfe.g.
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Stigglitz et al., in press). Evaporationfrom the rivers or connectedvetlands,which occursat the poten-
tial rate,locally decreasesurfacetemperatureThe resultingtemperatureontrastsaswell astheincrease
in atmospherianoisture,are likely to affect regional precipitation,in termsof both spatialstructureand
temporalvariability.

The above processemustthereforebe accountedor interactvely in the simulatedsystem,i.e. at
the GCM level. Soil freezingandsnav processesaswell asinfiltration-excessrunof (section4.2), can
be includedin the LSM (e.g. Kosteret al., 2000; Stieglitz et al., in press). In contrast,the modelingof
evaporationfrom the river streamsthe flood plains (very importantin the Amazonbasin,Vdrosmartyet
al., 1989), or from ary other hydraulic anne, requiresa real coupling of the GCM andthe RRM. An
added-alueof RiTHM for sucha couplingis to descendrom the hydrologicalmodelIMODCOU. It would
thereforebe straightforvard to reintroducehe physically-basediescriptionof groundvaterprocessefrom
thelattermodel. Thiswould malke it possibleto simulatetheinteractionsbetweergroundvaterandclimate,
which canbeimportantwith respecto long-termclimatevariations.
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