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Abstract

Large-scalerunoff routing modelsare importantas a validation tool for GCMs, and to closethe

hydrologicalcycle in fully-coupledclimatemodels.RiTHM (River-TransferHydrologicalModel) was

developedto simulatethe dischargeof large riversfrom the total runoff simulatedby the LMD GCM.

Thisconceptualmodelis discretizedona1024q 800grid (meanresolutionof 25 q 25kmr ), nestedin the

64 q 50grid of theLMD GCM.Therunoff simulatedin aGCM grid cell is uniformly distributedoverthe

256nestedcells,whereaseriesof two reservoirsaccountsfor thedelayrelatedto waterflow throughthe

unsaturatedzoneandaquifers.The resultingriver runoff is thentransportedassumingpuretranslation

alongthedrainagenetwork, extractedwith a GIS from a 5-minutedigital elevationmodel.Thetransfer

timefrom acell to theoutletdependsonthelengthsandslopesof thedownstreamcells,andonthebasin

concentrationtime. This parameter, which definesthe highesttransfertime to the outlet in the basin,

is the mosteffective parameterin RiTHM, andwe show how it canbe relatedto known topographic

andhydrologiccharacteristicsof a basin. We alsocomparethe simulatedandobserved dischargesin

selectedlargeriver basinsrepresentative of majorhydroclimatologicalregimes:RiTHM allows a good

phasingof thesimulateddischargecomparedto observations,but thesimulatedvolumesarenotrealistic,

which is mainly relatedto biasesin theGCM’sprecipitationrates.Yet,neglectingprocessessuchassoil

freezingor directevaporationfrom theriverbedmaybeanotherimportanterrorsourcefor thesimulated

discharge,ashighlightedby casestudiesof theYeniseiandNiger basins.

Keywords: Riverbasins,Runoff routing,Discharge,GCMs,Landsurfaceprocesses
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1 Intr oduction

The last decadehasseenthedevelopmentof many runoff routingschemesfor generalcirculationmodels

(GCMs). Themainmotivationbehindthis work is that runoff, assimulatedby GCMs,is a local flux, giv-

enperunit surface. It is thereforefundamentallydifferentfrom riverflow, which is yet neededfor several

purposesin thefield of climatestudies.First,riverflow is usefulfor thevalidationof land-surfaceparameter-

izations,owing to thenumerousmeasurementsof riverflow, thatintegratesland-hydrology(andits response

to landenergy budget)at a largespatialscale,which is consistentwith theGCM scale.Sinceriverflow can

have very long time series,like the 106-yearrecordof the Volga discharge at Volgograd,available from

the Global Runoff DataCenter(GRDC, Koblenz,Germany), it alsoallows a validationof the long-term

variability of thesimulatedclimate.

Second,riverflow is requiredto closetheglobalwatercycling throughoceans,atmosphereandland,

and it shouldthereforenot be neglectedin coupledocean/atmosphereGCMs. This fact is supportedby

many recentstudiessuggestinga wide spectrumof interactionsbetweenriversandtheclimatesystem.An

importantconsequenceof freshwaterinput to theoceansis thecreationof abarrierlayeraroundsomeriver

mouths,which enhancesa local increaseof seasurfacetemperatureby preventing the mixing of surface

anddeepwaters.Thismayinfluenceconvection,asshown by Murtuggudde(1998)in thetropicalAtlantic,

andby Weller (1998) in the Gulf of Bengalfor the specialcaseof the summerIndian monsoon.Mysak

et al. (1990)suggestthatvariationsof river discharge in theArctic oceanalter its salinity andcirculation,

andthereforesea-icetransportthroughtheFramstrait. Also, Camposet al. (1999)suggestthatdischarge

from theRio dela Plata(Argentina)couldbea link betweenENSO(El Niño-SouthernOscillation)andthe

interannualvariability of coastalcurrentsalongtheAtlantic coastof SouthAmerica(SouthBrazil Bight).

Therearemany differentrunoff routingmodels(RRM) for large-scaleriverbasins,andmostof them,

especiallyamongthoseusedin GCMs,belongto the“linear-reservoir” RRMs.In suchmodels,thegrid-cells

arelinearreservoirs (characterizedby a transfercoefficient, in timesut ), discharging into oneanotheralong

thedrainagenetwork. As reviewedby AroraandBoer(1999),thetransfercoefficients,alsorelatedto veloc-

ities giventhe lengthof cells,canbe: (1) constantover time andspace(e.g. Oki et al., 1999),(2) constant

in time but spatiallydependenton topography(Miller et al., 1994;HagemannandDümenil,1998)and/or

meandischarge (Liston et al., 1994;Vörösmartyet al., 1989),or (3) variablein bothspaceandtime, asa

functionof topography, channelcharacteristicsanddischarge,usingManning’s equation(Arora andBoer,

1999).A commonfeatureof theselinear-reservoir RRMsis arathercoarseresolution,usuallyrangingfrom

5v`w 4v (meancell areax 160000kmy ; e.g.Liston et al., 1994;Miller et al., 1994)to 0.5vPw 0.5v (meancell

areax 2000kmy ; Vörösmartyet al., 1989;HagemannandDümenil,1998). This maydistort theinfluence

of topographyon transfertimes. The only higherresolutionRRMs known to the authorsare the models

SWAM (Coe,1998)andits descendantHYDRA (Coe,2000),workingat the5’ w 5’ resolution( x 10 km w
10 km at theequator).

This paperpresentsa new RRM, developedwith specialemphasison high spatialresolution. This

model,RiTHM (for River-TransferHydrologicalModel), is basedon the hydrologicalmodelMODCOU
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(Ledoux,1980; Ledouxet al., 1989). The latter is a spatially-distributed model,which jointly describes

surfaceandgroundwater flow at the daily timestep. First, in every surfacecell, surfacerunoff anddeep

infiltration arecalculatedfrom precipitationandpotentialevapotranspirationusinga conceptualreservoir-

basedapproach.Surfacerunoff is transferredthroughthedrainagenetwork with transfertimesthatdepend

on topography(lengthandslopeof the downstreamcells) anda basin-wideparameter, the concentration

time. Infiltration, on theotherhand,is addedto groundwater(which canconsistof multi-layeredaquifers).

It canpreviously bedelayedthroughtheunsaturatedzoneusinga cascadeof equallinearreservoirs (Nash,

1959). This infiltration flow contributesto thedynamicsof groundwater, given in eachaquiferby a finite-

differencesolutionof thetwo-dimensionaldiffusivity equation.Theresultingheadis dynamicallycoupled

to thewaterlevel in surface“ri ver” cells,andthereforecontributesto riverflow.

Theabove MODCOU modelhasbeensuccessfullyappliedat differentscales.Frenchexamplesin-

clude,amongothers:thewatershedsof theHaute-Lys (85kmz ) andtheCaramy(250kmz ) (Ledoux,1980);

thewatershedof theFechtriver (450kmz ) in theVosgesmountains(Ambroiseet al., 1995);theHAPEX-

MOBILHY studyareaof morethan14500kmz in South-WestFrance(Boukerma,1987). MODCOU has

alsobeentestedin theFrenchpartof theRhôneriver, with a contributing areaof 87000kmz (Golaz,1999;

Habetset al., 1999). The last ongoingapplicationof MODCOU (Gomezet al., 1999)involves the Seine

river in the framework of the Piren-Seineresearchprogramme,devoted to the hydroecologyof the Seine

riverbasin( { 75000kmz ). In suchcontext, RiTHM canbeseenasanadaptationof thehydrologicalmodel

MODCOU to themacro-scale,for applicationto thelargestriver basinsin theworld.

Themodelingstrategy is describedin section2, andsection3 presentstheapplicationof RiTHM to

15 macro-scaleriver basins.Section4 evaluatestheskill of this modelto transformtherunoff simulatedin

theGCM of theLaboratoiredeMét́eorologieDynamique(LMD) into riverflow in these15 basins.It also

presentsinterestingresultsshowing the needto incorporatenew processesin the modelsdescribingland

hydrologyin GCMs. Finally, in section5, theapproachunderlyingRiTHM is summarized,andits limits

arediscussed.

2 Model description

2.1 Modeling Strategy

Figure1 illustratestheoverall strategy to simulateriverflow usingRiTHM, givenboundaryconditionscom-

prisingrunoff on onethehandandtopographyon theotherhand.

RiTHM hasbeendevelopedto beeasilyforcedby the runoff simulatedby the land-surfacescheme

of the LMD GCM (section2.2). The main featuresof this atmosphericGCM aredescribedin Sadourny

andLaval (1984)andLe TreutandLi (1991). It is a finite-difference,primitive equationmodel,thatuses

a standardsigma-coordinatein the vertical. In the horizontal,the grid-pointsaredistributed regularly in

longitudeandsineof latitude,defininggrid-cellsof equalareaacrosstheglobe.For this study, we used11

verticallevelsand64 | 50grid-pointsin thehorizontal,resultingin grid-cellsof approximately160,000kmz
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Boundary

GCM:

RiTHM:

1024 x 800 grid-cells

16 x 16 cells / GCM cell

TOPOGRAPHY (5’)

slopes

flow directions

64 x 50 grid-cells

Riverflow 1.

2. Riverflow 

runoff

production

routing

P E

Total

Basin’s

To the basin’s outlet 2

2~ 160,000 km  / cell

~ 625 km  / cell

basin’s boundaries

Figure1: Overall strategy to simulateriverflow in theLMD GCM usingRiTHM.
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anda resolutionin thetropicsof about5.6}`~ 2.4} .
Theresolutionof RiTHM ismuchfinerthanthatof theGCM,sinceeveryGCMgrid-cell is subdivided

into 16 ~ 16cells.Like in theGCM, thegrid-pointsaredistributedregularly in longitudeandsineof latitude,

and all the grid-cells in RiTHM have the sameareaof about625 km� . Total runoff (surface runoff +

baseflow) simulatedin a GCM cell is uniformly distributedover the 256 underlyingRiTHM cells, where

a “ri verflow production”moduletransformsrunoff over theRiTHM cell into riverflow at theoutletof this

RiTHM cell (section2.5).

Then,a “ri verflow routing” module(section2.4) performsthedownstreamtransferof the riverflow

from eachRiTHM cell to theoutletof the river basin,at thedaily time step. This routing is a functionof

topography, which wasderived at RiTHM’s resolutionfrom a 5-minuteresolutiondigital elevation model

(DEM). Basedon this topography, onecancharacterizethe slopeof a grid-cell, then the dominantflow

directionfrom eachcell (amongfour directions:north, east,southandwest),andthereforedelineatethe

boundariesof theriver basinsandcharacterizetheir drainagenetwork (section2.3).

2.2 Runoff production in the LMD GCM

Runoff in the LMD GCM is calculatedat the 30-minutetimestepby the land-surface schemeSECHI-

BA (Ducoudŕe et al., 1993).This modelrepresentsvegetationowing to the“mosaic” strategy (Avissarand

Pielke,1989;KosterandSuarez,1992):theheterogeneousvegetationcoverof aGCM grid-cell is described

by asetof homogeneous“tiles”, eachtile representingadifferentlandsurfacetype(baresoil or oneamong

seven vegetationtypes). The total evaporationis computedas the weightedaverageof the contributions

from all thetiles in a grid-cell. Themodeledevaporative fluxesfrom eachtile are: interceptionloss(evap-

orationof thewaterinterceptedby thecanopy), snow sublimation,baresoil evaporationandtranspiration,

controlledby resistancesincreasingwith environmentalstresses(dry soil, dry air, high insolation).

Watercanbestoredin thecanopy interceptionreservoir, a 1-layersnowpackanda 2-layersoil reser-

voir. The original functioningof the latter is basedon Choisnel’s ideas(Ducoudŕe et al., 1993;Choisnel

etal.,1995)anddescribedin detailsin DucharneandLaval (2000).Thedepthof activesoil is onemeterand

thewater-holdingcapacityis globally equalto 150kg.m� � (exceptin desertswhereit is setat 30 kg.m� � ).
The describedsoil hydrologicalprocessesarethe partitioningbetweensurfacerunoff andinfiltration, the

diffusion betweenthe two soil layers,and baseflow. The parameterizationof surfacerunoff relies on a

statistical-dynamicaldescriptionof thesmall-scalevariability of soil, known astheArno (DümenilandTo-

dini, 1992;RowntreeandLean,1994)or VIC (Woodetal.,1992;Liangetal.,1994)approach.It introduces

asubgrid-scaledistribution of localstoragecapacity, with localcapacitiessmallerthan150kg.m� � thatcan

reachsaturationandgive riseto runoff beforethesaturationof thewholegrid-cell.

Thesnow processes,andtheir influenceon runoff, arevery simplein SECHIBA. The1-layersnow-

packis representedby onewater-equivalent prognosticvariable,expressedin mm of water. This term is

increasedby snow fall (the form of precipitationwhenair temperatureis below freezing)anddecreased

by snow sublimationandsnow melt (all threetermsin mm of water). Snow melt occurswhenthesurface
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Figure2: Precipitationdifference(in mm/d)betweenthemeanannualfieldsimulatedbytheLMD GCMover

1980-1988and the annualclimatology of Legatesand Willmott (1990). Thepositive/negative differences

appearin dark/lightgray.

temperatureof acell is above freezing,at theratewhich insuresthatthesurfacetemperature(herethesnow

temperature)doesnot exceed273.15K. Theresultingwaterflux compriseswith throughfall thewaterthat

is partitionedbetweensurfacerunoff andinfiltration. The correspondingenergy flux is consideredin the

surfaceenergy budgetandinfluencesthesurfacetemperatureof thecell.

Runoff in thepresentapplicationcomesfrom a formersimulationof theLMD GCM coupledto the

above versionof the land-surfaceschemeSECHIBA (simulation“TOT” of Ducharneet al. (1998)). In

this simulation,the LMD GCM is forcedwith 10 years(1979-1988)of interannuallyvarying seasurface

temperatures(SST)from theAMIP dataset(Gates,1992).This simulationshows a largeoverestimationof

meanprecipitationover land(1021mm/y) comparedto theavailableclimatologies.For instance,Legates

andWillmott (1990)provide an estimateof 820 mm/yr for gauge-correctedprecipitationover land. This

overestimationof meanprecipitationover land (large enoughto be significantdespitedisparitiesin the

time periodof thesimulationandtheclimatologies)is relatedto asystematicoverestimationof continental

evaporation(518 mm/y) andtotal runoff (503 mm/y). Beyond global waterbudgets,Figure2 shows the

main weaknessesof the simulationusedin this studyin termsof spatialpatterns.The overestimationof

precipitationis especiallystrongover themountainousareas(whereit is persistentmostof theyear)andin

theInter-TropicalConvergenceZone.Theregionalunderestimationsof precipitationareusuallyweaker, and

onereasonis that they areseasonalfor a largepart. This is thecasein Amazonbasin,wherethesimulated

precipitationis the lowestduring the rainy season,andin the northernhemisphererainbelts(Europeand

easternNorth-America),whereit is too low in summer, but overestimatedin winter, althoughto a lesser

extent.A moredetailedanalysisof this simulationcanbefoundin Ducharneetal. (1998).
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2.3 DrainageNetwork

Topographywasinterpolatedto RiTHM’s resolutionfrom the5-minuteresolutionDEM ETOPO5(NGDC,

1988). This resolutionis consistentwith the recommendationsof Maidment(1996)to constructa global

drainagenetwork. Theslopes�����
��� et �^���
�^� alongthemeridianandzonaldirectionswerecomputedfrom

theaverageelevationof eachcell, usinga third-orderfinite-differencemethod(LebloisandSauquet,2000;

Cavazzi,1995).Thefinal slopewasthengivenby

�����P����� � �^���
�^������� � �����
���=��� (1)

andtheflow directionby ������� �=¡�¢!£¥¤#��¡�¦�� � � �����
����^���
�^� (2)

In eachcell, the latter wasfinally binnedinto oneof four directionsclasses:north,east,south,andwest.

For example,thedirectionclass“east” comprisesall directionsin §c¨0©��-ªP«�©��-ª�§ . Thedefinitionof aunique

flow directionfrom eachcell forbidstherepresentationof divergentflows typical of deltas.Thereciprocal

advantageis to preventcircularflow, whichmorethancounterbalancestheapproximationof deltasby single

streams.

At this point, otherproblemsarosefrom usinga meanelevation in every grid-cell: oneproblemis

theexistenceof “pits” (whenthe4 possibleneighboursof a cell have higherelevation,which interruptsthe

drainagenetwork), andanotheroccursin flat zones,whereno flow directioncanbedefinedfrom elevation

only. A standardpit-removal algorithm(looking for a lower-elevationcell in a distanceof threecells from

thepit) allowedusto eliminatemostartificial pits,but ensuredthatlargenaturaldepressionswereretained.

Differentmethodshavebeenproposedto furthercorrectnumericaldrainagenetworksfrom theflat areasand

remainingpits. Onemethodis “streamburning” (Maidment,1996;RenssenandKnoop,2000):thelocation

of themainstreams,derivedfrom mapsor availabledatasets,is digitalizedat theresolutionof thedrainage

network, and this information is usedto alter the meanelevation in the problemareas.We choserather

to performcorrectionson flow directions,which weremanuallyforcedto mimic mapsof thehydrographic

network. Thisstrategy is similar to theoneusedby Oki andSud(1998).Whereflow directionwasmodified,

theoriginal slopewaskept,exceptof coursein flat areas.There,aminimumslope
�����a�a¬

wasimposed.We

imposeda minimumelevation differenceof 0.5 m betweentwo connectedcells in a flat area,which leads

on averageto the minimum slope
�����P� ¬

=2.10­a® . Anotherpossibleproblem,relatedto resolution,is the

artificial captureof onestreamby anotherwhenthetwo streamshappenin reality to flow in thesamecell.

Thisproblemis alsocorrectedmanually, by forcing thetwo streamsto flow in adjacentcells.

Thecorrectedflow directionsallowedusto recursively characterizetheentiredrainagenetwork and

delineatetheboundariesof theriver basins.Figure3 comparestheresultingareasof 15 majorriver basins

(shown in Figure8) to their areaestimatedat theGCM resolutionfrom a manualdelineation(a GCM grid-

cell beingincludedeitherentirelyor not at all in a river basin). Thesecalculatedareasarealsocompared

to a referencevalue,which is themeanareaof severalpublishedsources(RenssenandKnoop,2000).This

figurefirst shows theexcellentaccuracy of theriver basinsareasin RiTHM. It alsorevealsa logical gainin
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Figure3: Comparisonin 15 large-scaleriver basinsof thecalculatedarea(at theresolutionof RiTHMand

theGCM) vs. a referencearea. Thelatter is themeanareaof several publishedsourcesandtheerror bars

indicatetheminimumandmaximumareasamongthesesources(RenssenandKnoop,2000).

accuracy whenthe resolutionincreasesfrom theGCM to RiTHM, dueto a betterdefinition of thebasins

boundaries.

2.4 Riverflow Routing

Themainsimplificationof RiTHM comparedto thehydrologicalmodelMODCOUis basedontheassump-

tion that, in any 625km̄ grid-cell, thereis at leastonestreamhydraulicallyconnectedto thewatertable.

As a result,thewaterthat infiltratesto theaquiferin a grid-cell — andis later transferredlaterally in this

aquifer— shallbedrainedby a streamin thesamegrid-cell wherethe initial infiltration took place. This

hypothesisassumesthat thegroundwaterflow throughdeepconfinedaquifersystemis low in comparison

to theflow throughthephreaticone. This legitimateassumptionbringsa lot of convenienceto themodel

becauseit allowedus to discardall physicalparameterizationsrelatedto groundwater: vertical infiltration

throughthevadose(unsaturated)zone,groundwaterflow andinteractionsbetweenriversandwatertables.

In thissimplifiedframework, thelag relatedto theseprocessesis accountedfor by oneinfiltration reservoir

(section2.5).An importantadvantageof this simplification,beyondthespareof CPU,is to avoid having to

prescribemany parameters(thicknessandverticalpermeabilityof thevadosezone;structure,transmissiv-

ity, storagecoefficient of aquifers;seepagecoefficient describingheadlossbetweenriver andwatertable),

whicharerelatedto physicalquantitiesthatarenotknown in all studiedriverbasins,andfor whicheffective

valuesat thegrid scalearedifficult to define.

Groundwatertransferbeingneglected,all watertransfersacrossgrid-cellsoccurin thesurfacedrainage

network, andwe refer to this processasriverflow routing. The latter is performedin RiTHM at thedaily
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timestep,undertheassumptionof puretranslation.Thus,thetransferfrom onecell is completelyindepen-

dent from the transferfrom any othercell, and from any possibleinteractionwith the environment(like

evaporation,flooding, etc.). Under this assumption,the transfertime °T±T²T³ betweentwo adjacentcells is

definedby

°T±T²T³µ´N¶ ·¸ ¹�º�»P¼ (3)

where· is thedistanceand
¹�º�»=¼

theslopebetweenthetwo grid-points,andwhere ¶ is ascalingparameter,

including the influenceof roughnessof the river bed. This formulationcanbe seenasa simplificationof

Strickler’s formula, the influenceof the waterstagebeingneglected. At a larger scale,the river basinis

characterizedby two basin-widequantities. ½�±T¾i¿ is a purely topographicalcharacteristic,equalto thesum

of theratio of distanceto slopefollowing thelongestpath(i.e. thepaththatmaximizesthesum):

½�±T¾i¿À´ ÁÂ ÃQÄTÅQÆÈÇÊÉËTÌ ÉÎÍ ·¸ ¹�º�»P¼ (4)

The concentrationtime ÏuÐ is the only adjustableparameterof the routing module. It definesthe time (in

days)requiredto routewateralongthelongestpath,andallows usto scalecoefficient ¶ in (3):

¶�´ÑÏ�Ð!Ò
½�±T¾#¿ (5)

Becauseof its highresolution,RiTHM stronglybenefitsfrom theefficienttransferalgorithmof MOD-

COU, basedon isochronism.For eachcell, the transfertime to theoutlet is definedasthesumof the °T±T²�³
whenonefollows thedrainagenetwork from thechosencell to theoutlet. Usingthesetransfertimes,one

cansubdivide theriver basininto isochronouszones,which compriseall cellshaving a transfertime to the

outletwithin thesameday(in thepresentcaseof a daily timestep).Thecorrespondingtotal watervolume

is thentransferredasa whole toward outlet of thebasin(or any predefinedintermediategaugingstation).

Figure4 illustratesthis framework for riverflow routing in the caseof the Niger river basin. The transfer

timesto the outlet decreasefrom dark to light grey, whenthe distanceto the outlet decreases,this effect

beingmodulatedby theinfluenceof theslope.Theblackcells indicatethemainstreams,characterizedby

a contributing arealarger than150000kmÓ . Onecanthenrecognize:theNiger river, flowing throughK-

oulikouroandMalanville, with its distinctiveconcavity; theBenoúe river, theeasternmostandsouthernmost

affluentof theNiger river; OuedAzaouk,which flows southwardto Malanville from thenorthernmostpart

of thebasin,andis anephemeralstream.

Figure5 shows the influenceof Ï Ð on themeanroutedhydrographat Malanville. This hydrograph

wasobtainedby forcing RiTHM with the 10-yeardatasetof runoff from the LMD GCM (section2.2).

The resultingmonthly streamflow at Malanville wasaveragedover the last nine yearsonly, to reducethe

effectsof initial conditionsthesimulationsby both theGCM andRiTHM. In this applicationof RITHM,

we did not allow any infiltration in the riverflow moduleto delayriverflow comparedto total runoff (see

section2.5). Therefore,when ÏuÐ =0, thehydrographis equivalent to the spatialaverageof meanmonthly

total runoff over thecontributing areaat Malanville. When ÏuÐ increases,peakdischarge is delayedandthe

entirehydrographis laggedanddampeddown, with slowerfloodsandrecessions.Theeffective lagbetween
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Figure4: Spatialdiscretizationof theNiger Basin,andlocationof twogaugingstations:Koulikouro (Mali)

and Malanville (Niger). Theblack cells indicate the main river streams,the transfertimesto the outlet

decreasefromdark to light grey, andthecoarsegrid is theLMD GCM grid.
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Figure5: Influenceof theconcentration time Öu× onthemeanannualhydrograph: caseof theNiger Riverat

Malanville, with no infiltration allowed.Thetimeaxisstartsin May.
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Figure 6: Transformationof total runoff simulatedin the GCM into riverflow, through a seriesof two

reservoirs characterizedby threeparameters þ ÿ , ��� and þ � (thelatter is optional).

peakrunoff andpeakdischargeis muchshorterthanthecorrespondingvalueof Ö × : for instance,theformer

is about3 monthsfor theone-yearÖ�× . Thereasonis that (1) thehydrographis observedat Malanville and

doesnotcorrespondto theentireriverbasin,and(2) rainfall distribution is nothomogeneousthroughoutthe

basin.

2.5 Riverflow Production

Riverflow production,which chronologicallyoccursbeforeriverflow routing, is basedon a two-reservoir

conceptualmodel at the daily timestep(Figure 6). In every cell of RITHM, the total daily runoff from

the GCM is first partitionedbetweensurfacerunoff andinfiltration, usinga simplelow-passreservoir, of

capacity þ ÿ (in mm.d��� ). At every daily timestep,total runoff in excessof þ ÿ comprisessurfacerunoff,

which is an instantaneouscontribution to riverflow from thecell; therest,lower or equalto þ ÿ , is entirely

transferredto an infiltration reservoir, throughwhich it is delayedbeforebeingaddedto riverflow. This
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(a)

(b)

Figure7: Influenceof the riverflow productionparameters on themeanannualhydrograph: (a) recession

coefficient ��� (andcharacteristictimescale	
� ) and(b) capacityof low-passreservoir �
� . Caseof theNiger

Riverat Malanville, with ��� = 360d. Thetimeaxisstartsin July.

reservoir is characterizedby a linearrecessioncoefficient ��� (in d ��� ), sothat ������������� at eachtimestep.

In thisequation,��� is theresultingdelayedinfiltration, alsocalledbaseflow in RiTHM, and ��� is thevolume

storedin the reservoir. This volumemaybe limited by thecapacity ��� (in mm). For simplicity, however,

this lastfunctionalitywasnotusedin thepresentapplication,in orderto remove onenon-linearity.

Figure7 shows the influenceof the two remainingparameterson the meanannualhydrographof

the Niger river at Malanville (with ��� = 360 days). When ��� = 1 d��� , infiltration is not delayedby the

infiltration reservoir andtheonly differencebetweentotal runoff from theGCM andstreamflow is dueto

routing(seeFigure5). Thesamebehavior occurswhen � � = 0 mm.d��� , whichcancelsinfiltration.

The parameter��� canbe relatedto a characteristictimescale	
� (d), which correspondsto (1) the

time requiredto divide any storedvolumeby ����� � , and (2) the timelagbetweenrunoff andriverflow

centroids(Dingman,1994). When � � decreases(Figure7a), this timescaleincreases,andpeakdischarge

is delayed.This correspondsto slower floodsandrecessions,anda flatterhydrograph.Thethreeexamined

valuesfor � � : 0.01,0.02,0.03d ��� , correspondingto characteristictimescales	
� between33 and100days,

are in the rangeof publishedvalues(e.g. Pilgrim andCordery, 1992; Liston et al., 1994; Hagemannet

Dümenil, 1998; Arora andBoer, 1999) for interflow (returnflow from infiltration in the soil andvadose
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Figure8: Selectionof 15 river basinsandgaugingstations(darkdots).

zone)andbaseflow (returnflow from groundwater).They tendto besmallerthanthe + , valuescommonly

usedin MODCOU,thatrangebetween0.1 to 0.02d -�. (Ledoux,1980;Gille, 1985;Boukerma,1987).The

reasonis that the infiltration reservoir of RITHM accountsfor thedelaycausedby infiltration into thesoil

but alsoby vertical flow throughthe vadosezoneandby the much slower horizontalgroundwater flow,

which areboth explicitly describedin MODCOU. + , = 0.01d-�. , however, imposesan excessive lag on

infiltration in all studiedriver basins(presentedin section3).

A similar lag anddampingdown of thehydrographhappenswhen /
0 increases(Figure7b),because

morewateris thendelayedinfiltration. Thecommonlyusedvaluesfor this parameter( 1 100mm.d-�. ) are

in therangeof thehydraulicconductivity of soils(e.g.Rawls etal, 1992).Anotherinterestinginterpretation

of /
0 is to relatethisparameterto thepercentageof totalrunoff thatinfiltratesin agivenbasinovertheentire

simulationperiod.This makesit possibleto identify thevariationsof /
0 which aresignificantin regardto

thebasinhydrology. In thefollowing evaluationof RiTHM, in orderto minimizetheneedfor calibration,

thevalue + , =0.02d -�. wasusedin all grid-cellsandtheimportanceof infiltration delaywasadjustedusing/
0 only.

3 Application to 15macro-scaleri ver basins

The drainagenetwork wasextractedin 152 of the largestriver basinsaroundthe world. It coversa high

fraction of land masses,with the exceptionof smallercoastalriver basinsandendorheicbasins. Fifteen

of the largestriver basins,shown in Figure8, wereselectedto testRiTHM, basedon the availability of
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observedstreamflow dataandtherepresentativity of thehydrometeorologyof thesebasins.In thesebasins,

RiTHM was forcedwith the 10-yeardatasetof total runoff simulatedby the LMD GCM (Figure 2 and

section2.2). Our primary goal was to evaluatethe skills of the associationof RiTHM and the GCM to

reproduceobservedstreamflow. Specificquestionswere:how well is it possibleto calibrateRiTHM’s two

freeparameters( 2�3 and 4
5 ), andwhatis thequality of theresultingsimulatedstreamflow ?

An importantconcernin this framework wasthestrongsystematicerrorsof theLMD GCM on pre-

cipitation andtotal runoff (section2.2). This preventsthe time-accumulatedvolumeof streamflow from

beingaccurate,aswell asany goodadjustmentof simulatedstreamflow to the observed one. Given that

themaindifferencebetweenstreamflow andthespatialaccumulationof total runoff is thetimelagbetween

thesetwo quantities,it wasdecidedto focusonthecorrectreproductionof this timelagfor thecalibrationof2 3 and 4 5 . Thetimelagbetweenpeakrunoff andpeakdischarge wasemphasized,sincethesimulationof

floodsis expectedto haveahigherimpacton thecoupledsystemthanthatof low flows(relatedto asmaller

freshwaterinput to oceans).

We consideredobserved streamflow datafrom two often redundantsources:theGRDCandthe In-

ternationalSatelliteLandSurfaceClimatologyProject(ISLSCP;Sellerset al., 1996),which themselveso-

riginatefor a largepartfrom U.N. Educational,ScientificandCulturalOrganizationdata(UNESCO,1993).

In eachbasin,we selectedthefurthestdownstreamavailablegaugingstation(Figure8), wherestreamflow

integratesrunoff from ahigh fractionof thebasin.Additionalgaugingstationscanof coursebeconsidered,

asillustratedin the caseof the Niger river (Figures4 and11) Most observed streamflow dataweregiven

monthly, with gapsin thetime series,andover a time framethatgenerallyhad,at best,a few yearsin com-

monwith the1979-1988GCM simulationperiod. As a result,we comparedin eachbasintheinter-annual

meanhydrographs(composedof 12 meanmonthlyvaluesof discharges)obtainedfrom: (1) observeddata

over the entireavailableperiod(climatologicalmeans),and(2) simulateddischarge at the selectedgaug-

ing station,over 1980-1988only (1979wasdiscardedto reducethe effects of initial conditionson both

theGCM andRiTHM simulations).Similarly, precipitationsimulatedin theLMD GCM over 1980-1988

wascomparedonaverageovereachriverbasinto thegauge-correctedclimatologyof LegatesandWillmott

(1990).

At this stage,severalobjective criteriaexist to assessthequalityof riverflow simulationcomparedto

observation. Theefficiency of NashandSutcliffe (1970),which derivesfrom linear regressiontechniques,

is one of the most widely used. However, it is not adequatein the presentcase,where the compared

hydrographsarecomposedof only 12 valuesandcanhave very differentmeans.Therefore,thesubjective

adjustmentof the simulatedto the observed hydrograph,in termsof timelag especially, was privileged.

Yet, this adjustmentwasevaluatedby meansof statisticalcriteria, like Spearman’s rank-ordercorrelation

coefficient, bias,standarderror, or the normalizederror definedby Miller et al. (1994) for meanannual

cyclesat themonthlytimestep: 687 9 :<;�=;?>A@CBADFEHGI@CJLK BLM =9 : ;�=; @ =JLK B N (6)

In this formula, @CJLK B is the observed climatologicalmonthly streamflow nearthe outlet, and @CBADFE is the
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Table1: Selectedvalues,in 14 river basins,of O
P (given in mm.dQ�R and in percent of total runoff that

infiltratesover thesimulationperiod)and S�T , givenin days,andrelatedto a meanvelocity U of riverflow

runoff in thebasins.

Rivers O P S�T U
(mm.dQ�R ) (%) (days) (m.sQ�R )

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

Parańa 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 simulatedat theobservationsite.Thisnormalizederror V canalsobeusedto assess

thequalityof theprecipitationsimulatedby theGCM. It is zeroif thesimulatedandobservedquantitiesare

identical,andit increases(to a valuethatcanmarkedly exceed1) whentheerrorincreases.

4 Results

4.1 Mean annual cycleof ri ver discharge

It waspossibleto determinea couple( O
PXWYS T ) to realisticallyphasethemaximumstreamflow in all basins,

with theexceptionof theMackenzieriverbasin,wherethespatialdistribution of thesimulatedprecipitation

is highly unrealistic(Ducharne,1997). It is noteworthy that in mostbasins,many parametercouplesgive

very similar results,thequality of which cannotbeeasilydiscriminated.Oneof thesecouples( O
PZWYS T ) is
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given in Table1 for theremaining14 basins.Theconcentrationtime [�\ canberelatedto a meanvelocity]
over thebasin.In mostbasins,it falls in therange0.15-1.00m.ŝ�_ usedby many authorsfor large-scale

river velocities(seereview by Oki et al., 1999). Theonly two exceptionsarefound in theMississippiand

Yeniseiriverbasins,wherethecalibrationof [�\ helpsto overridetheincorrecttiming of theannualcycleof

runoff (seenext andsection4.2).

As anexampleof the typeof adjustmentthatwasachieved with parametersfrom Table1, Figure9

comparesthemeanannualcycle of observedandsimulatedstreamflow, closeto theoutletof theAmazon,

GangesandMississippi.Figure9 alsoshows themeanannualcycleof observedandsimulatedprecipitation

over theseriver basins.Streamflow is stronglyunderestimatedfor the Amazon;conversely, it is strongly

overestimatedfor theGangesandtheMississippi. Thesedeparturesfrom observed valuesarein all cases

relatedto differencesbetweenclimatologicaland simulatedprecipitation. In accordancewith Figure 2,

the latter is underestimatedin the first caseandoverestimatedin the last two cases,which include large

mountainousareas.

Despitetheseerrorsin volume,it waspossiblein all threecasesto phasethesimulatedandobserved

streamflow peak.For theMississippi,however, thisphaseadjustmentis ratherartificial, sincethesimulated

precipitationis not well phasedwith theclimatologicalannualcycle. In the latter, maximumprecipitation

occursin June,i.e. two monthsaftermaximumobservedstreamflow, in April. Thisadvanceof peakstream-

flow on peakprecipitationis evidenceof the importanceof springsnowmelt (from the Rocky Mountains

in thepresentcase)for runoff production.In theGCM, maximumprecipitationis not only higherthanin

the climatology, but it alsooccursearlier (in April, the monthof observed peakstreamflow). Therefore,

springrunoff productionrelatedto snowmelt is increasedin theGCM by runoff relatedto highprecipitation

rates.Thisexplainswhy peakstreamflow is sogreatlyoverestimatedin theMississippiriver. Thisadditional

runoff, which is producedtooearly, alsoexplainswhy theconcentrationtime [�\ is soshort(15days,corre-

spondingto a meanvelocity
]

= 2.24m.ŝ�_ ). Theabove examplesindicatethat thequality of streamflow

adjustmentis all thebetterasprecipitationis well simulatedby theGCM.

The quality of the14 simulationsis summarizedin Table2, wherethe river basinsareorderedfol-

lowing decreasingobserved meanstreamflow. Thestatisticallysignificantcorrelationcoefficientsbetween

the12observedandsimulatedmonthlymeansof streamflow indicatethegoodreproductionof theseasonal

cycle. Theonly non-significantcorrelationcoefficient is foundin theCongoriver, wheretheextremeoveres-

timationof simulatedmeanstreamflow (biasreaching150%of meanobservedstreamflow), combinedwith

a poor spatialdistribution of the GCM rainfall (Ducharne,1997),preventsany meaningfuladjustmentof

simulatedstreamflow. As aresult,wedid notattemptto accountin thisbasinfor theinfluenceof infiltration

on theshapeof thehydrographandtheonly tunedparameterwas [ \ (Table1).

Table2 alsoshows that bias,quantifyingsystematicerror, is an importantterm of total error (bias

is in mostcaseshigheror at leastashigh asstandarderror). In addition,thesignof this biasis generally

identicalto thesignof thebiasin precipitation.Theonly exceptionsoccurin theParańa,Yenisei,Amur and

Volga. In thefirst basin,thenegative annualbiasin precipitationis madeof underestimationduringthedry

season(borealsummer)andoverestimationduringtherainy season(borealwinter); thelatteris thecauseof
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(a) Amazonat Obidos

(b) GangesatFarakka

(c) MississippiatVicksburg

Figure9: Comparisonof observedandsimulateddischarge andprecipitationover (a) Amazon,(b) Ganges

and(c) Mississippi.Observedvaluesare theclimatological meansdescribedin section3, fromtheGRDC

for discharge, andfromLegatesandWillmott (1990)for precipitation.Theverticalbars definethestandard

deviation of monthlyobservedstreamflowover therecord period.
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Table2: Summaryof RiTHM resultsin 14 river basins(column1): comparisonof observed(column2)

and simulated(column3) streamflow, in termsof the Spearman’s rank-order correlation coefficient ( ` / a
indicatesa significantcorrelationat thelevel b =0.05/0.10)betweenthe12monthlymeans(column4), bias

(column5), standard error (column6), and thenormalizedflow error of Miller et al. (1994)(column7);

comparisonof observed(column8) andsimulated(column9) precipitation,in termsof bias (column10),

standard error (column11),andthenormalizedprecipitationerror of Miller et al. (column12).

Rivers Streamflow (10c mc .sd�e ) Precipitation(mm.yd�e )
OBS RiTHM f Bias gih�jkj lnm OBS GCM Bias gohpjAj loq

Amazon 154.9 76.1 0.93r -78.8 18.7 0.51 2205 1413 -792 420 0.52

Congo 39.5 99.4 0.25 59.9 61.4 2.13 1606 1955 349 475 0.55

ChangJiang 28.9 60.4 0.88r 31.5 9.2 1.03 1207 2166 959 356 0.33

Yenisei 17.8 10.7 0.91r -7.1 13.8 0.58 423 476 53 200 0.49

Mississippi 17.6 33.6 0.81r 16.0 13.8 1.13 865 960 95 316 0.53

Parańa 16.6 41.4 0.98r 24.8 28.8 2.25 1242 1206 -36 349 0.63

Ob 12.5 6.3 0.76r -6.2 6.2 0.55 513 367 -146 197 0.47

Ganges-Br. 12.0 29.0 0.99r 17.0 21.8 1.50 1436 2049 613 1092 0.38

Amur 9.7 9.1 0.90r -0.6 2.6 0.22 576 671 95 422 0.40

Volga 8.1 5.8 0.56s -2.3 2.1 0.30 659 508 -151 226 0.51

Danube 6.5 12.9 0.96r 6.4 5.5 1.27 884 1072 188 582 0.35

Zambezi 3.3 35.3 0.66r 31.9 24.1 11.57 1050 1730 680 499 0.41

Indus 2.2 14.6 0.80r 12.3 13.0 4.75 451 578 127 222 0.48

Niger 1.1 20.2 0.87r 19.2 14.8 20.31 797 1166 369 298 0.49
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streamflow’s overestimationandpositive bias.TheYenisei,Amur andVolgaarehigh-latituderivers,where

maximumdischarge occursin springdueto snowmelt. Anothercommonpoint betweenthem(andwith

the Ob river) is that the LMD GCM markedly underestimatesprecipitationin summerandoverestimates

it in winter/spring. The relationshipbetweenthe biasesin precipitationandstreamflow dependsin each

caseon therelative magnitudeof precipitation’s over- andunderestimation;in addition,thequality of sim-

ulatedstreamflow is influencedby the representationof snow processesin the LMD GCM, asdetailedin

section4.2 for theYeniseiriver. This biasanalysisconfirmsthatprecipitation’s systematicerrorpropagates

into streamflow’s systematicerror, asalreadyshown Figure9.

As statedby Miller et al. (1994),largevaluesof their normalizedflow error t�u aredueto a combi-

nationof (1) poorsourcerunoff, relatedto poorGCM precipitationby meansof errorpropagation,and(2)

poorsimulationof river watertransfer. Table2 shows that tnu is almostalwaysgreaterthanthenormalized

precipitationerror tnv , whichindicates,again,thestrongcontrolof precipitationonriverflow. In threerivers

(Zambezi,Indus,andNiger), t�u is muchhigherthan tov , which indicatesthattheriver watertransferitself

is in question.All threerivers,like theParańa for which t�uxwzy|{~}?tnv , flow acrossvery arid subtropical

areas.We believe thatanadditionalsourceof error is relatedto river transferin this specifichydroclimatic

regime,asexplainedin section4.3 in thecaseof theNiger river.

4.2 A high-latitude casestudy : the Yeniseibasin

The Yeniseiriver is examinedhereasa representative exampleof high-latituderivers. As such,its peak

dischargeis stronglycontrolledby springsnowmelt,asshown in Figure10by theadvanceof observedpeak

discharge(in June)comparedto observedmaximumprecipitation(in July). As for simulatedstreamflow, it

is underestimatedthroughouttheyear, but moremarkedly so at the time of peakdischarge. The underes-

timationof streamflow in latesummerandfall is relatedto thesignificantunderestimationof precipitation

in summerby the GCM. Sucha direct relationshipbetweenprecipitationandstreamflow errorsdoesnot

explain for theunderestimationof peakdischarge. Onereasonis thatprecipitationis not underestimated,

but overestimated,in winter andspring,when the flood wave builds up. A more fundamentalreasonis

that the main controlon peakdischarge is springsnowmelt andnot rainfall. The third panelin Figure10

shows that theGCM accountsfor this importantcontribution of snowmelt to runoff. In April, mostof the

availablewater, from eithersnowmelt or precipitation,infiltratesandbringsthesoil towardsaturation.This

producesstrongrunoff in May, equalto thevolumeof snowmelt. In contrast,runoff is muchweaker during

thefollowing months,whensnow hasdisappearedandtheonly waterinput is rainfall.

In this high-latitudeframework, the underestimationof peakdischarge in RiTHM is likely to be

relatedto theunderestimation,by theGCM, of runoff originatingfrom snowmelt. Onepossiblereasoncan

betheunderestimationof snowfall in theGCM. Themaximumof simulatedsnow depth,spatiallyaveraged

over the Yeniseibasin,occursin March, which is realistic comparedto the climatology of the US Air

Force(FosterandDavy, 1988). This maximumis slightly underestimated(390 mm insteadof 415 mm).

However, convertedto water equivalent using a meansnow densityof 300 kg.m�o� and spreadover the
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Figure10: Comparisonof observedandsimulateddischargeandprecipitationin theYeniseibasinat Igarka,

andmeanannualcycleof simulatedwaterfluxes(precipitation,total runoff, andsnowmelt).SeeFigure 9

for furtherdetails.
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two monthsof melting,this givesa meansnowmelt underestimationof 0.125mm.d��� , which is negligible

comparedto theunderestimationof runoff anddischarge.A morelikely reasonfor runoff underestimationis

relatedto runoff parameterizationitself. Overlandflow is only producedby asaturation-excessmechanism,

with nodependency of runoff on theintensityof waterinput. Becausethis intensityis very highat thetime

of snowmelt,runoff wouldbeincreasedif thisdependency wereaccountedfor (leadingto infiltration-excess,

or Hortonian,runoff).

Anotherlikely reasonfor theweaknessof runoff productionat the time of snowmelt is theabsence

in theLMD GCM of freezingin thesoil. At thelatituderangeof theYeniseiriver basin,suchfreezingcan

bepermanent(permafrost)andoccurscloseto thesoil surface. This createsan impermeablelayer, which

stronglylimits theeffectivewater-holdingcapacityof thesoil, andthereforeenhancessurfacesaturationand

overflow runoff production.Neglectingthis processis not realisticat suchhigh latitudes,andmustexplain

at leasta part of the runoff underestimationobserved in the Yeniseibasin(aswell asin the otherstudied

high-latituderiverbasins).In addition,themeltingof thesoil ice,fully or superficiallyin caseof permafrost,

cangive riseto summerperchedwatertables.Robocket al. (1995)suggestthat thelatterareanimportant

sourceof moisturefor summerevapotranspirationin theSiberianplains.Theabsenceof suchwatertables

in theLMD GCM might contribute to theunderestimationof high-latitudesummerprecipitation,owing to

theimportanceof evaporationrecycling in theseareasin summer(Brubaker etal., 1993).

4.3 A sub-tropical casestudy : the Niger basin

Thebehavior of RiTHM is analyzedin theNiger basinto illustrateandunderstandthe importanterror of

simulatedstreamflow in subtropicalrivers. Figure11 comparestheobserved andsimulatedstreamflow of

the Niger river at two stations,locatedin Figure4. Koulikouro is in the upstreampart of the basinand

Malanville is closerto the outlet, and their respective contributing areasare120,000km� and1,000,000

km� accordingto theGRDC.Theright panelsin Figure11comparetheclimatologicalandsimulatedmean

annualcycleof precipitationin theabove two contributing areas.

At both stations,the generalshapeof the hydrographand the timing of maximumand minimum

streamflow arewell representedby RiTHM. It representswell the one-monthtimelagbetweenmaximum

precipitationandstreamflow at Koulikouro, andthe increaseof this timelagat Malanville. However, the

simulatedstreamflow is markedly overestimated.At Koulikouro, this overestimationis stronglyrelatedto

thatof theGCM precipitationin thecontributing sub-basin.At Malanville, it is importantto noticethatthe

solid curve for streamflow doesnot representtheobserved values,but 10 timestheobserved values.This

meansthat theactualoverestimationof thesimulatedstreamflow is extreme,ascanalsobeseenfrom the

striking valueof 1745%for the biasof streamflow relatively to meanobserved streamflow (Table2). In

particular, it cannotbeexplainedby theoverestimationof precipitationonly, evenif thelatter is somewhat

largeratMalanville thanatKoulikouro.

The shapeof the hydrographis anotherimportantdifferencebetweensimulationandobservation.

At the period of highestdischarge at Malanville, which is also the dry season(seethe annualcycle of
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(a) Nigerat Koulikouro

(b) Nigerat Malanville

Figure11: Niger basin: comparisonof observedandsimulateddischarge at two stations:(a) Koulikouro,

(b) Malanville, andof precipitationin the respectivecontributive areas.For streamflowat Malanville, the

solid curvegives10 timestheobservedstreamflow. SeeFigure 9 for furtherdetails.
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precipitation),the observed hydrographis very flat, as if low-passfiltered comparedto the shapeof the

simulatedhydrograph.Our interpretationis that the real peakstreamflow hasbeendampedat Malanville

by evaporative processesthatarenotaccountedfor, in eitherRiTHM or theGCM. Theseprocessesinclude

direct evaporationfrom the river andevaporationfrom the connectedareas,eithernaturalor 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;when the flood wave

(producedduringtherainy seasoncenteredin August)arrivesat Malanville, thedry seasonhasstartedand

thismaximizesevaporation.

4.4 Towards an objective determination of the concentration time

In the 14 river basinsof Table1, themosteffective parameterwasthe concentrationtime ��� , which con-

trols the speedof large-scaletransfersin thedrainagenetwork. The purposeof this sectionis to help the

determinationof this importantparameter.

In small-scaleriver basins,many empiricalrelationshipsexist betweenthebasinconcentrationtime

andgeomorphologicalquantities.Themostcommonlyusedarethebasinarea� , thelengthof thelongest

stream� , andthemeanoverlandslope � . A particularexampleis theformulationof thetransfertime be-

tweentwo adjacentcellsin RiTHM (equation3). Many empiricallawsalsorelate��� to thevolumeof water

transferedthroughthebasin.Thiscomesfrom Saint-Venant’s equations,whichdescribetheconservationof

massandmomentumin agivenriverstretch.They relateflow velocity to thewaterlevel in thestretch,itself

relatedto a watervolumeowing to theconstantgeometryof thestretchover time. Askew (1970)proposes

thefollowing law for theconcentrationtimeof floods(timelagbetweenthecentroidsof excessprecipitation

andflood discharge),in basinsthataresmallerthan100km� :
����������������������� �L�����o��� �L�� ����o��� � � (7)

In this law,  �� is themeandischarge duringfloodsin m� .s��¡ , L is in km, S is dimensionless,and ��� is in

days.In anotherexample,proposedby Vörösmartyetal. (1989)for grid-cellsof length � =55km, themean

annualtime lag of a cell is proportionalto its length � , a sinuosityfactor, andthe inverseof meanannual

dischargeat theoutletof thecell.

We deviseda similar approach,underwhich we related��� (in days)to a geomorphologicalquantity,

theabsolutelength ��¢Y£
¤ (definedin section2.4asthesumfollowing thelongestpathof theratioof distance

to squarerootof slope,unit = km), andto themeanannualsimulatedstreamflow at thefurthestdownstream

station   ¢Y¥ (in m� .s��¡ ). Infiltration wascanceledhereto determine��� , so that the latter could account

for thetotal lag. Figure12 shows therelationshipbetween��� andtheratio ��¢Y£
¤Y¦�  ¢Y¥ . Thecorresponding

linearregressiongives: �����§��¨ª©¬«�����¢Y£
¤L¦�  ¢Y¥®­ (8)

with a significantlinear correlationcoefficient ¯ = 0.80. The latter canbe increasedif oneoptimizesthe
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Figure12: Correlationbetweenthecalibratedconcentration time °�± (with ²
³ = 0 mm.daý�µ ) anda char-

acteristicof both geomorphology and the hydrologic regime: ¶�·Y¸
¹Yº�» ·Y¼ . Seetext for details, including

units.

exponentsof ¶�·Y¸
¹ and » ·Y¼ . This leadsto thefollowing law:

° ±�½§¾�¿ªÀHÁ�Â~¿�Ã ¶�·Y¸
¹ µLÄ ÅÆµ » ·Y¼ ´�µLÄ ÇLÇÉÈ (9)

andthelinearcorrelationcoefficient Ê = 0.89.

If theselaws displaystronganalogieswith the onesproposedfor small-scalebasins(length in nu-

merator, slopeandmeanannualdownstreamdischarge » ·Y¼ in denominator),the parametersthemselves

arehighly different. For instance,usingequation7 for the14 studiedbasins(replacing ¶�Ë Ä Ì Ë�Í ´ Ë Ä ÇLÇ with¶�·Y¸
¹ Ë Ä Ì Ë ) givesconcentrationtimesthat rangein [7,35] days,whereasthe calibratedvalues(with ²
³ = 0

mm.daý�µ ) rangein [30,360] days. The valuespredictedby equations8 and9 fall much closerto this

range,asshown in Table3. We postulatethat the differencesin parameterscorrespondto a scaleeffect.

It canberelatedto many reasons,including theheterogeneityof rainfall andsoil propertiesin large-scale

basins(whereasa small-scalebasincanbeassumedto have morehomogeneousproperties),the influence

of groundwaterflow onflow velocity, andthedifferenthydraulicsin largeandsmallstreams.

Themainmotivationbehindtheproposedtwo laws wasto assistthecalibrationof °�± . Oneinterpre-

tationof thecorrelationcoefficient is thatequation9 (respectively 8) explains ÊÏÎ = 79%(respectively 64%)

of thetotal varianceof ° ± amongthe14 river basins.This permitsus to usetheseequationsto restrictthe

rangeof possiblevaluesfor ° ± , aroundthevaluespredictedusing ¶�·Y¸
¹ and » ·Y¼ , which canbecalculated

by RiTHM with any parameterset (for example ² ³ = 0 mm.daý�µ and ° ± = 1 day) becausethis model

conserveswater. A subjective adjustmentof ° ± is still required,becauseof the unexplainedvarianceand

theratherhighstandarderrorof theestimations(Table3). Onemustalsokeepin mind thatequations9 and

8 areempirical,basedon 14 river basinsonly, andlikely to be inappropriatein many cases.In addition,
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Table3: Summaryof theperformanceof equations8 and9 in termsof predictedÐ�Ñ .
PredictedÐ Ñ

Range Standarderror Standarderror

(in d) (in d) (in % of averagecalibratedÐ�Ñ )
Equation8 [48,280] 47 34%

Equation9 [70,345] 36 27%

infiltration needsto beaccountedfor in thetotal lag,andthisshallreduceÐ Ñ whichaccountsin RiTHM for

the solelag causedby transferin surfacedrainagenetwork. Last but not least,an importantlimitation of

equations9 and8 lies in theirdependenceon Ò�ÓYÔ , which is notconstantover theclimaticrecord.Sincethis

dependenceis basedon physicalconsiderations(theintrinsic relationshipbetweenvelocity anddischarge),

theconcentrationtimeof abasin,evenif carefullycalibratedusingexistingdata,is likely to requireachange

for studiesof paleo-climatesor futureclimatechange.

5 Discussionand conclusions

We have describeda new runoff routingmodel(RRM) for usein GCMs. This model,RiTHM, which can

be seenasan adaptationto the macro-scaleof the hydrologicalmodelMODCOU (Ledouxet al., 1989),

hastwo mainfeaturescomparedto RRMspreviously usedin GCMs(e.g. Miller et al., 1994;Liston et al.,

1994;HagemannandDümenil,1998;Arora andBoer, 1999).Thefirst is a high spatialresolution( Õ 25 Ö
25 km× ), allowing a precisedelineationof macro-scaleriver basinsandthe captureof sharptopographic

contrasts.The secondoriginal feature,relatedto the first oneby meansof computationalcost reduction,

is thesimplicity of its routingalgorithm. The lateraltransferacrossgrid-cellsis performedin thesurface

drainagenetwork only, underthe assumptionof puretranslation.This implies that the transferfrom one

cell is independentof thetransferfrom any othercell, andof any possibleinteractionwith theenvironment

(like re-evaporation,flooding,etc.). Therefore,it only dependson topographyanda basin-wideparameter,

theconcentrationtime Ð Ñ . Groundwaterflow (in thesoil, unsaturatedzoneandaquifers)is only considered

within thecells,undertheassumptionthat thereis at leastonestreamin every 625km× cells to insurethe

local dischargeof groundwaterto theriver. Therefore,its contribution to total lag is simply describedby a

linearinfiltration reservoir.

RiTHM hasbeensuccessfullyappliedto 14 of theworld’s largestriver basins,whereit wasforced,

at thedaily timestep,by 10 yearsof total runoff simulatedby theLMD GCM. In this GCM framework, an

importantresult,althoughnot new (e.g. Miller et al., 1994;Arora andBoer, 1999), is that the quality of

simulatedstreamflow is stronglylimited by thequality of GCM simulatedprecipitation.Any error in this

term,with respectto total amount,seasonalvariationsor spatialdistribution, affectstotal runoff (RITHM’s

26



input),andthereforeinduceserrorsin simulatedstreamflow.

As a result,theapplicationpresentedin thispapercannotbeseenasapropervalidationof themodel

RiTHM. The latter is required,however, if onewantsto usethis RRM asa validationtool for theGCM’s

LSM, or asaninteractive componentin a coupledGCM. This would requirethatRiTHM wasforcedwith

betterfieldsof total runoff thanthosesimulatedby GCMs. Onecouldusecompositerunoff fieldssuchas

thosederived by Feketeet al. (2000),at the0.5Ø�Ù 0.5Ø resolutionanddaily timestep,from observed river

dischargeandasimplewaterbalancemodel.An alternative approachis to forceastate-of-the-artLSM (like

SECHIBA in the presentstudy)with observationalnear-surfacemeteorologicaldata. As an example,the

ISLSCPInitiative I dataset(Sellersetal., 1996),at the1Ø�Ù 1Ø resolutionand6-hourlytimestep,hasalready

beenusedin theGlobalSoil WetnessProject(Dirmeyer et al., 1999)to assessrunoff from differentLSMs

usingaRRM (Oki etal., 1999).

Despiteimportanterrorsin streamflow volumerelatedto GCM precipitationinaccuracies,this work

hasprovedpossibleto realisticallyreproducetheseasonalvariationsof streamflow, and,morespecifically,

thetiming of its maximum.Thiswasachievedthroughthetuningof aminimumnumberof parameters.We

foundauniformrecessioncoefficient Ú�Û = 0.02d Ü�Ý to beadequatein all studiedbasins,andtheonly tuned

parametersweretheconcentrationtimeandtheinfiltration capacityÞ
ß , whichwaschosenasuniformin each

basin.Thesimplificationof uniform Ú Û and Þ ß hasappearedmorerigorousthana distributedassignment

of theseparameters,given thefirst-ordererrorsourcefrom simulatedprecipitation.Nevertheless,it seems

possible,in thefuture,to relate Þ
ß (andits spatialvariations)to physicalcharacteristicsof thesurface,like

hydraulicconductivity, but alsovegetation,slope,andany factorlikely to modify infiltration towardsboth

soil andaquifers. As for à�á , which is the mosteffective parameterfor fitting the simulatedhydrograph,

it may be defineda priori , usingthe relationshipdiscussedin section4.4. This concentrationtime is the

sumof transfertimesbetweenadjacentcells following the longestpathto theoutlet. Note that thereexist

otherformulationsof theelementarytransfertimesthanthesimpleoneusedin this study(equation3). An

example,proposedby Golaz(1999),is â
ãYäYåçæ§è éê ëíì�îðï ñòªóAô
õ÷öùø (10)

where
ò óAô
õ

is theupstreamcontributing area,and ú is positive, with valuesbetween0.25and1. The last

factorrepresentsthe fact that a highercontributing area,underunchangedconditionsof input runoff and

topography, correspondsto ahigherdischarge,thereforeto ahigherflow velocity.

The presentstudyhasalsopointedout an importantexternalerror sourcein additionto GCM pre-

cipitation inaccuracies,with possiblehigher impactsthan the formulationof RiTHM itself or the simple

parameterassignment.It stemsfrom the inaccuratedescriptionof somehydrologicalprocesses,suchas

snow andsoil freezingprocessesat high latitudes,or direct evaporationfrom the river bed(andhydrauli-

cally connectedareas)in the subtropics.Besidetheir effectson hydrographs(section4.2 and4.3), these

processesarelikely to have animpacton climate,eitherthroughdischarge itself (asillustratedin introduc-

tion), or by changingthe land/atmospherefluxes. Freezingmodifiesthe energy budgetof soil, leadingto

highersoil andsurfacetemperatures,which may interactwith snow melting andevapotranspiration(e.g.
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Stieglitz et al., in press). Evaporationfrom the riversor connectedwetlands,which occursat the poten-

tial rate,locally decreasessurfacetemperature.Theresultingtemperaturecontrasts,aswell astheincrease

in atmosphericmoisture,are likely to affect regional precipitation,in termsof both spatialstructureand

temporalvariability.

The above processesmust thereforebe accountedfor interactively in the simulatedsystem,i.e. at

the GCM level. Soil freezingandsnow processes,aswell as infiltration-excessrunoff (section4.2), can

be includedin the LSM (e.g. Kosteret al., 2000; Stieglitz et al., in press). In contrast,the modelingof

evaporationfrom the river streams,the flood plains(very importantin the Amazonbasin,Vörösmartyet

al., 1989), or from any other hydraulic annex, requiresa real coupling of the GCM and the RRM. An

added-valueof RiTHM for suchacouplingis to descendfrom thehydrologicalmodelMODCOU.It would

thereforebestraightforward to reintroducethephysically-baseddescriptionof groundwaterprocessesfrom

thelattermodel.Thiswouldmake it possibleto simulatetheinteractionsbetweengroundwaterandclimate,

whichcanbeimportantwith respectto long-termclimatevariations.
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Dümenil, L. andTodini, E., 1992. A rainfall-runoff schemefor usein the Hamburg climatemodel. In: O’Kane,

J. (Ed), Advancesin theoreticalhydrology, A tribute to JamesDooge.EuropeanGeophysicalSocietySeriesin

HydrologicalSciences.Volume1, pp.129–157.Elsevier, Amsterdam.

29
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