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circulationmodels(GCMs)is importantfor anumberof reasons.First of all, thesensibleandlatentheatfluxesat

thesurfacearethelowerboundaryconditionsfor theenthalpy andmoistureequationsin theatmosphere.Theland

surfaceschemesarealsolargely responsiblefor thequality of modelproducednearsurfaceweatherparameters,

suchasscreenlevel temperatureanddew point,andlow level cloudiness.Furthermore,thesurfaceconditionsneed

to besuchasto providetheadequatefeedbackmechanismsfor theotherphysicalprocessesin theatmosphere:low

level cloudinessinfluencesthesurfaceradiativebalance,sensibleheatandlatentheatfluxesinfluencetheboundary

layerexchangesandtheintensityof themoistconvective processes.Finally, thecorrectpartitioningbetweensen-

sibleandlatentheatfluxesdeterminesthesoil wetness,whichactsasoneof theforcingsof low frequency atmos-

phericvariability (DelworthandManabe,1988,1989,Milly andDunne,1994).Thesoil layeracts- throughits

watercontent- asanintegratoror low passfilter of thetimeseriesof rainfall. Understandingthesoil wetnessvar-

iability in theseasonalscale(e.g.,extendeddroughtperiods),mayleadto abetterknowledgeof low frequency at-

mosphericvariability. Timeseriesof soil moistureanomaliesareprimarily controlledby potentialevaporationand

the ratio of potential evaporation over precipitation (Milly , 1994).

Therole playedby continentalandoceanicsurfaceson theglobalheatbudgetof theatmosphereis illustratedby

Fig. 1 . Themeanatmosphericenergy budgetis shown in Fig. 1 (a) for all ECMWF forecastsverifying in August

1993;thex-axisspecifiesforecastdays,thepictureshows resultsfrom day1 to day10 in the forecast. For the

wholeatmosphere,thenetradiative forcing is negative (thesignis reversedin thepicture),implying a coolingof

around110W m-2, balancedby warmingat thesurface(sensibleheatflux), andlatentheatreleasecorresponding

to moistprocessesin theatmosphere.Thesurfacesensibleheatflux providesaround20%of theenergy to balance

thenetradiative cooling. Themoistprocesses(separatedin thepictureinto convective processesandlarge-scale

condensation)show adifferentlevel of activity at thebeginningof theforecastrange,becauseof initial imbalances

in thethermalandhumidity atmosphericfields(Arpe, 1991):in contrast,thesensibleheatflux is almostconstant

duringtheforecast.Figs.1 (b) and(c) show thesurfaceenergy budgetfor thesameperiod,for all landpointsand

for all seapoints,respectively. Netsolarradiationis theenergy inputto thesurface,balancedby thesumof thermal

radiation,latentandsensibleheatfluxes,labelledtotaloutputin thepanels(b) and(c). While theradiativefluxes

areof thesameorderfor landandsea,thepartitioningof theavailableenergy at thesurfacebetweenlatentand

sensibleheatflux is markedly different. Thefiguresindicatea globalvaluefor theBowenratio (ratio of sensible

heatflux over latentheatflux) of order1 over thecontinentsand0.1 for theoceans,suggestingdifferentphysical

mechanismscontrollingtheexchangesat thesurface:i) theoceanshavea largerthermalinertia,slowervariations

of thesurfacetemperature,imbalancesareallowedona longertimescale;ii) thelandmasseshavea fasterrespon-

sive surface,thenetheatflux at thesurface(sumof theradiative fluxes,latentandsensibleheatflux) is generally

small. All theabove balancesareonly exact(no residuals)at a global/annualtimescale;at any particularperiod,

andover a particulararea,no exact balanceis achieved, implying heattransportby the atmosphericcirculation.

Thelatentheatflux overlanddecreases20%from day1 to day10in theforecast,suggestingadryingof thesurface

throughoutthe forecastrange,possiblydueto eithertoo muchradiative solarenergy at thesurfaceor too much

evaporation in the presence of correct solar fluxes.
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Figure  1. Mean atmospheric and surface energy budget for August 1993 ECMWF forecasts: (a) Atmospheric

energy budget; (b) Surface energy budget for all land points; (c) As (b), but for all sea points.

Processesatthesoil-vegetation-atmosphereinterface,andtheir impactonGCMsarereviewedin Mintz (1984)and

Garratt(1993). Firststudiesontheroleof soil water(Namias, 1958)ledto thedevelopmentof theso-called"buck-

etmodel"for evaporationandcomputationof surfacerunoff (Manabe, 1969). With thework of Deardorff(1978),

theattentionhassomehow beenswitchedfrom therole of soil waterasa slowvariablein theclimatic system,to

thecontribution of thevegetationto thelatentheatflux (evapotranspiration).Many of theschemesusedtodayin

GCMs(e.g.Dickinsonet al., 1986;Sellerset al., 1986;Abramopouloset al. , 1988;NoilhanandPlanton,1989)

mimic theeffect of plantphysiology in usingtheamountof photosyntheticactive solarradiationto regulatethe

openingandclosingof leafstomata,thuscontrollingtheflow of waterfrom thesoil into theatmosphereanddefin-

ing thetranspirationrate. Theconceptof stomatalconductanceasa productof differentstressfunctions(Jarvis,

1976)is centralto all the above models. On the otherhand,many GCMs incorporatean interceptionreservoir,

collecting rain and re-evaporating at the potential rate (Rutteret al., 1972).

Thekey issuesin landsurfaceparameterizationare:i) therole of vegetationin controllingevapotranspirationand

rainfall interception;ii) anadequatedescriptionof heatandwatertransferin thesoil; andiii) for high latitudesand

overmountainsacorrectdescriptionof energy/waterexchangesfor thecryosphere.Thedirectinfluenceof theland

surfaceon timescalesrangingfrom thediurnalcycle to theseasonalcycle is illustratedby thedualrole of evapo-

ration. Evaporationcontrolsthe amountof waterkept in the soil during Spring,allowing its releaseduring the

Summer:in aclimatemodel,systematicover-evaporationduringtheSpringmeansdry, warmSummerbiasin the

lower troposphere.However, for any particularSummerday, awetsurfacewill tendto evaporatemorethanadry

surface,and,for thatreason,it will in generalbecooler(seeSection2on combinationequations):for thatreason,

anover-evaporationfor a typical Summerday, generallymeansa cold,wet biasfor theboundarylayer. Therole

of land-surface parameterization in NWP models reflects these two apparently conflicting roles.

Recentreviews of methodsfor representingLSP in NWP andclimatemodelsincludeGarratt(1993),Bougeault

(1991),Blondin (1991),Rowntree(1991),AvissarandVerstraete(1990),Laval (1988),VerstraeteandDickinson

(1986). To theabove,moregeneralpapers,oneshouldaddat leastDickinsonetal. (1991),andSellers(1992),for

therole of thebiospherein controllingtheevapotranspiration,Dickinson(1992),Strickeret al. (1993),andShut-

tleworth(1993a),describingtherole of thesurfacein relationto theclimatesystem,andDooge(1992a, 1992b),
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for anhydrologistperspective on thesubject. In this review, no attemptwill bemadeto give comprehensive de-

scriptionsof landsurfaceparameterizationschemes:thereaderhasalargechoiceof review papersin theliterature.

Instead,wewill focusonafew issuesthatweconsiderrelevant:thechoicereflectsworkatECMWFin recentyears,

in boundarylayeraspects(Bettsetal., 1993),andin thesurface(BeljaarsandViterbo,1994;Beljaarsetal., 1995;

Bettset al., 1995;Viterbo and Beljaars, 1995).

Section2 presentssomegeneralremarksontheroleof thesurface,while in Section3 thebasicconceptsof thesoil

energy andwaterbudgetareintroduced:theroleof vegetationversusbaregroundondefiningtheevapotranspira-

tion rateis described,theconceptsof interceptionandsurfacerunoff asperceivedby largescaleatmosphericmod-

els arepresented,and the Penman–Monteithequationis derived asan exampleof an useful interpretative tool

combiningtheheatandwaterbudgetin thesoil. Section4 presentsthreeexamplesof parametrizationschemes,

with differentcomplexity level.Section5 discusseswaysof representingsubgridscaleheterogeneity, andmethods

for defininginitial conditionsfor thesurfacevariables.Brief remarksonvalidationandintercomparisonaremade

on Section6, while Section7 dealswith processesaffecting thecryosphere.Theconcludingsectionemphasizes

areasof uncertainty, andcurrentneedsfor data.Throughoutthepapertheemphasiswill beonsimplicity andcor-

rectphysical representationof theprocesses:In NWP thesensitivity to initial conditionsprohibitstheuseof too

complex LSPmodels,with a largenumberof surfaceparameters,while for climatemodelling,thecomplexity of

themoreadvancedLSP(e.g.SSiB,Xueetal., 1991)canbeanadvantageto handlecorrectlytheatmospheric/sur-

face interactions.

2. GENERAL REMARKS

Fig. 2 shows thesizeof themoisturereservoirs of the terrestrialatmosphereandthemarineatmosphere,theex-

changesof moisturebetweenthem,andbetweentheatmosphereandthesurfacebelow. Surfaceevaporationover

seais morethan6 timesaslargeasthecorrespondingvalueover land. Theseasurfaceevaporatesat thepotential

rate,while over land thereareadditionalmechanismsthat reducetheevapotranspirationrate:drynessof thesoil

or, overvegetatedareas,physiologicalmechanismsthatcanreduceor shuttranspirationfrom theplantleavesand

trunksmakingthewaterfrom theroot zoneeffectively unavailablefor theatmosphereabove. Precipitationover

landis abouta quarterof thatover sea. Notethatprecipitationexceedsevaporationover land,while over seathe

reverseis true. In orderto haveaclosedbudgetfor theterrestrialatmosphere,advectionof moistureacrossaver-

ticalwall projectingoverthecontinentboundarieshastomatchthedifferenceprecipitationminusevaporation.Ad-

vectionis roughly half of the waterevaporatedover land,suggestingan annualrecirculationratio (ratio of the

rainfall comingfrom local evaporationover total rainfall rate)of 67%(71/107). To closethehydrologicalcycle,

theadvectionhasto bematchedby theriver runoff: theglobally averagedinflux of freshwaterinto theocean,is

estimatedin this way as36x1015 kg yr-1. For continentalareas,annualrunoff, evaporationandprecipitationare

approximatelyin theratio 1:2:3. Therainfall rateandthesizeof theterrestrialatmospherereservoir canbecom-

binedto give a timescale4.5/107=0.042years=15days:theterrestrialatmospherereservoir would beemptiedby

rainfall in 15 days. In a similar way thereservoir would bereplenishedby surfaceevapotranspirationin 23 days

(4.5/71years). The timescalesassociatedto marinerainfall areonly 7.5 days,andthe correspondingvaluefor

evaporationis 6.8days. Thissuggests:i) aorevigoroushydrologiccycleover theocean;ii) a landsurfacecontrol

over largetimescales(weeksto months),throughtheevapotranspirationflux of waterat thesurface.Theimplica-

tion of theaboveontheextendedpredictabilityof theatmospheredueto theexchangesof waterwith thelandsur-

facehasbeendiscussedin many papersseee.g.,Namias, 1958,Mintz, 1984,Dümenil and Bengtsson,1993,

Dirmeyer and Shukla, 1993), and were already mentioned inSection 1.
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Figure  2. The global water cycle (fromChahine 1992). Units of water in the reservoirs: 1015 kg; units of water

fluxes: 1015 kg yr-1.

Beforeproceedingany further, in theinterestof claritywewill now discussafew conceptualnotionsof evaporation

anddefinesomebasicquantities.Potentialevaporation(PE)is theamountof waterevaporatedperunit area,per

unit time from an idealizedextensivefreewater surfaceunderexisting atmosphericconditions(Shuttleworth,

1993b). Severalproblemsexist with this concept(seeBrutsaert, 1982for a thoroughdiscussion).First,potential

evaporationis oftenestimatedbasedon measurednearsurfaceatmosphericconditions,which correspondto the

idealizedsituationdescribedabove only shortlyafteranepisodeof precipitationor dew deposition.Theamount

of waterin thesoil conditionstheactualevaporation,which, for a given incidentradiation,determinestheactual

valuesof surfaceair temperatureandhumidity. If thesoil wasan idealizedextensivefreewatersurfacethemeas-

uredvaluesof air temperatureandhumiditywouldchangefrom its actualvalues.Thissortof ambiguityhasbeen

thesourceof confusionin the literatureabouthow to computePE in atmosphericmodels:Pan(1990)presenta

methodfor its estimation,by useof a modifiednearsurfaceair temperature,andMilly (1992)shows thatthis es-

timate matches early PE definitions ofManabe (1969) andBudyko (1974).

Theotherproblemof potentialevaporationis its failureto recognizetherole of thesurfacecover. As detailedin

following sections,thesurfacewatervapourflux from apatchy naturalcoveredsurfaceis thesumof differentcon-

tributions:thelakesandrivers,thebareground,thewet fractionof thecanopy, andplanttranspirationfrom stems,

leavesandtrunks. Whencomparedto theothercontributions,planttranspirationhasanadditionalresistanceto the

watervapourflux, dependentonphysiologicalconditions,soil stateandenvironmentalfactors.Themaximumpos-

siblevalueof transpiration,so-calledunstressedevaporationor potentialevapotranspiration (Penman, 1948)cor-

respondsto a minimum(non-zero)valueof this resistance.If, in orderto obtaintheidealizedfreewatersurface

definingPE,wedonotchangetheroughnesslength,unstressedevaporationis alwayssmallerthanpotentialevap-

oration. Following commonusein the literature,we will distinguishbetweenevaporation at the potentialrate

(whenthecanopy is wet) andunstressedevaporation.Notwithstandingtheproblemsreferredabove for its defini-

tion, PEis still a very usefulconceptasanupper"energy-limit" valueof evaporation,for a givenincidentenergy

at the surface (Milly , 1993).
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A syntheticillustration of the interactionsbetweenthe land surfaceandthe atmosphereis presentedin Fig. 3 ,

adaptedfrom Dooge(1992a).Thediagramillustratesthebehaviour of thesoil andtheatmospherewithin a com-

pleteidealizedcycle composedof a wet periodfollowedby a dry period. Let usstartjust aftera long episodeof

rainfall, point A in thepicture. Thesoil wateris availablein abundancein theroot layer(for a precisedefinition

of theconceptof field capacityreferredin thepictureseeSection3.3(b)), andits evolution(drying) is goingto be

determinedby evaporation.While thesoil hasplentyof water, therateof evaporationis controlledby theatmos-

phericmoisturecontentin thenear-surface:the regime is controlled by theatmosphere andtheevaporationis at

thepotentialrate. Below a certainlevel of soil moisture(point B in thepicture),physiologicalmechanismswill

limit thesupplyof waterfrom theroot layer into theatmosphere,andevaporationwill dropbelow its maximum

value(potentialrate). Theregimeis undera soil (vegetation)control. Whenprecipitationstarts(point C), it will

meeta soil dry enoughduringtheinitial stages,sothat infiltration (theamountof waterthatfalls asprecipitation

andis effectively collectedby thesoil for futureuse)will equalprecipitation.Theevolution of waterin thesoil is

oncemoreatmosphericcontrolled, via therateof precipitation.Beyondacertainvalueof soil water(pointD), the

soil doesnothave theability to infiltrateall precipitation,someof it goesinto runoff. This lastphaseis againsoil

controlled: the state of the soil determines a rate of infiltration.

Landsurfaceparametrizationshave to representcorrectlythesurfacefluxesandtheevolution of soil moisturein

all four phasesof thecycle,andto switchfrom theatmospherecontrolinto thesoil controlregime. Theevolution

of soil moisturewill determinewhenpoint D will occur, andtheevaporationformulationwill determinepoint B.

Thecrucialareas,from thepoint of view of theatmosphere,areB-C andC-D. During springandsummer(when

theatmosphericevaporativedemandis very large),thesystemstaysmuchlongerin thestatesB-D thanin theop-

posite part of the cycle.

Figure  3. Schematic depiction of the interaction between the soil hydrology and the atmosphere (fromDooge,

1992a).

Beforegoinginto furtherdetail,wewill presentanearlyexampleof awarenessof theroleof thedifferentmecha-

nismscontrollingthesurfaceheatandwaterbudget:Richardson(1922),in hisclassicalbookonnumericalweather

prediction,identifiedpracticallyall therelevantsubjectsin landsurfaceparameterization.Firstof all, henotesthat

lowerboundaryconditionsfor theatmosphericequationssimplify greatlyif onemakesaforecastfor thesoil water

content. Thesurfaceof theearthis separatedin sea,baregroundandvegetatedpart,andheproposesto usethe

relative fractionsof theabovewithin agrid square.Thesoil heatbudgetandwaterbudgetareto besolvedby dis-

cretizingthepartialdifferentialequationsrepresentingthesoil heattransferandsoil watertransfer. Thedepthsof

the5 soil layersarein a logarithmicdistribution,with a total soil depthof 1.5m, commonto soil temperatureand
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soil moisture(in orderto takeinto accounteasilytheenergy exchangesinto phasechangesin thesoil waterandthe

energy transported with the water in the soil).

He is probablythefirst authorto write anequationfor thewatertransferin theunsaturatedpartof thesoil. The

ideaof generalisingDarcy's law (establishedin 1856for theflow of waterin a saturatedmedium)to theflow of

waterin unsaturatedsoil, is normallyattributedto Richards(1931). In fact,Richardsonhaddoneit nineyearsear-

lier. He proposesto integratetheresultingpartialdifferentialequationwith precipitationandevaporationastop

boundaryconditions,andto specifysoil waterproperties(matric pressureheadandhydraulic conductivity) de-

pendingonsoil watercontent.Moreoverheincludesin thesoil waterbalanceanadditionaltermrepresentingthe

effect of transportof waterin vapourphase.For soil heattransfer, theclassicalFourier law is applied,with heat

conductivity dependingonsoil moisture.Two additionaltermsareincluded:thefirst for theheattransportedwith

the water, the secondfor the heatinvolved in phasechanges(liquid–vapour)within the soil. The top boundary

conditionis thenetheatflux at thesurface,addedto theenergy contentassociatedwith waterfalling asprecipita-

tion.

For computationof theevaporationfrom a canopy, herecognizesthephysiologicalcontrolof plantsin reducing

transpirationbelow acertainthresholdvalueof soil moisture,madedependentonsoil type. Thenotionof canopy

resistance,togetherwith its "electrical"analogy, is properlyintroduced.An interceptionreservoir is used,repre-

sentingtheleaves,collectingprecipitationandevaporatingat thepotentialrate. Thebaregroundevaporationde-

pends on the  relative humidity in the air pores of the top soil layer.

All theprinciplescurrentlyusedby mostcurrentsurfaceparameterizationschemeshave beenproposedby Rich-

ardsonin 1922. Theway heinfersvaluesfor theconstantsinvolvedis reminiscentof currentpractice,whereone

valuefor a particularsite is generalizedto thewholeglobe:a noticeabledifferenceis thatheperformedfield ex-

perimentsin orderto estimateparametersor studyphenomenafor which therewasinsufficient evidence,e.g.,for

canopy interception.

Beforeclosingthesection,we will presentcombinationequationsfor estimatingevaporation:a specialfamily of

equationsobtainedby simultaneoussolutionof thesurfaceenergy balanceandturbulenttransportof heatandwater

vapour, takinginto accounttheinternalplantresistanceto transpiration.Penman(1948)wasthefirst to obtainsuch

anequation,for anopen-water(or well-watered)surface. Theintroductionof theeffectof vegetation(throughthe

stomatalresistanceof a singleleaf or a canopy resistancefor theeffect of the entirecanopy) givesriseto whatis

normallycalledthePenman–Monteithequation.For a review of combinationequations,andthedifferentderived

formsof thePenmanequation,seeBrutsaert(1982),Milly (1991),andMonteith(1980,1981). In thefollowing, a

sketchy derivationof thePenman–Monteithequationwill bepresented.Combinationequationsareinterestingfor

a numberof reasons.First, they areusefulfor micrometeorologicalestimatesof evaporation,becausethey elimi-

natethesurfacetemperaturefrom thesurfaceenergy budget.Secondly, they canbeusedto estimateregionalevap-

orationon a daily or monthlybasis(PriestleyandTaylor, 1972). Thirdly, they canbeusedin NWP models(Pan,

1990)asa basisfor thesurfaceparametrization.Finally, they area powerful interpretative tool for analysingex-

perimental or model results and understanding the physical mechanisms responsible for evaporation.

Whenstoragetermsin thevegetationareneglected,energyconservationattheinterfacesoil/vegetation/atmosphere

implies

(1)

where is thenetradiationat thesurface(sumof netshortwave,thedownwardlongwave,andtheupwardlong-

waveemittedby thesurface), thelatentheatof vaporisation(sublimationif thewaterexistsat thesurfacein the

solid phase),and , and arethegroundheatflux, rateof evaporation,andsensibleheatflux, respectively.

All fluxesarepositive downwardsandhave unitsof W m-2. canalsobe interpretedasminusthe rateof heat

�
n

� ��� �
+ + + 0=

�
n �
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�
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storagebeneaththesurface(vegetationplussoil), in which case(1) representstheheatbudgetof a finite vertical

slabof soil+canopy. Eq.(1) statesthatall significantwaterin thesoil availablefor evaporationexistsin theliquid

(solid) state,thewateris transferredto theatmospherein thevapourstateat theexpense,energetically, of thesur-

face: the surface provides the latent heat, with a corresponding cooling in case of an upwards moisture flux.

Using Monin–Obukhov similarity, the sensible heat flux can be written as

(2)

where , , , , and are,respectively, theair density, specificheatatconstantpressure,wind speed,

temperature,roughnesslengthfor heatandmomentum,thesubscript representsanarbitrarylevel (atheight )

within thesurfacelayer, is theskin or canopy temperature,thetemperatureat a point in theair immediately

adjacentto thecanopy (or thesoil, in caseof bareground). is theexchangecoefficient for heatand is the

Obukhov length;a functionalform of canbefound,e.g.,in BeljaarsandHoltslag(1991).Eq. (2) canbere-

written in resistance form,

(3)

By comparing(2) and(3), we obtain

(4)

relating the aerodynamical resistance,, to the product of the wind speed and the exchange coefficient for heat.

Theevaporationflux, theflux of waterbetweentheair insidethestomata,at saturation,andtheair in thesurface

layercanbemodelledfollowing (3). Wehavenow conceptuallytwo resistances,onefrom theair insidethestomata

up to the surface of the leaves, , and the second one from the surface of the leaves up to level

(5)

where and arethespecifichumidityat level andthesaturationspecifichumidity, respectively. By as-

sumingthesameaerodynamicalresistancefor heatandwatertransfer, weareimplicitly assumingidenticalrough-

ness lengths for heat and moisture.

Assumingwecanspecify (standardturbulenceestimates,usingEq.(4)) and (from theknowledgeof canopy

stateandcanopy type,andotherenvironmentalfactors)andhaveanestimatefor (standardSYNOPobservation

or lowest model level value). Eq. (5) has still one unknown . By performing a Taylor expansionof

, canbeeliminatedby usingEqs.(1) and(3). If we retainthe linear termin the

expansion(seeMilly , 1991,for higherorderapproximations),usetheClausius–Clapeyron equationfor theslope

of thesaturationspecifichumidity function, , thePenman–Monteithequationis finally ob-

tained:

(6)
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Evaporationis drivenby a combinationof two terms,thefirst proportionalto thesaturationdeficit at screenlevel

height(theadvectionterm),andthesecondproportionalto net radiationminusthesoil heatstorage(theenergy

term). During daytime summer is smallcomparedto for a vegetatedarea(typical instantaneousmidday

valuesare80W m-2 and600W m-2, respectively) andcaneitherbeneglectedor madeproportionalto . In win-

ter, and aresmallandthesaturation-deficittermdominates.If wealsohaveanunstressedcanopy,

takesits minimumvalue,andevaporationdependscruciallyon theaerodynamicalresistance(thecombinedeffect

of stabilityandroughnesslength). Typicalvaluesof aerodynamicalresistancesare(seeShuttleworth,1993b)45s

m-1, 18 s m-1, and6.5s m-1 for grassland,agriculturalcropandforest,while theminimum(unstressed)stomatal

resistancevariesfrom a valueof 60 s m-1 over grasslandto 120s m-1 over forest. Thefactthatsmallervaluesof

areassociatedwith largervaluesof makesthefirst term in thedenominatorof (6) to changesignificantly

between grassland and forest; with the numbers given above, it will vary by a factor of 10.

UsingEq. (6), we cannow quantifysomeof thedifferentidealizedevaporationconceptspresentedearlierin this

section.Potentialevaporation is obtainedwhentherein awell wateredsurfaceor awetcanopy . It cor-

respondsto themaximumpossiblevalueof evaporation;notealsothat hasto bereplacedby thevaluethat it

would assumewhenthesurfaceis wet (seebelow). Unstressedevaporation (or potentialevapotranspiration) is

obtainedby replacing by its minimumvalue:theeffectof thecanopy evenin unstressedconditionscanmodify

thefirst termin thedenominatorby a factorof 10, thereforemaking,e.g.,forestunstressedtranspirationsubstan-

tially smaller than potential evaporation.

Pan(1990)usedEq.(6) asbasisfor theparametrizationof evaporationin theNMC globalmodel. Unstressedevap-

orationis computedusingamodifiedtemperature characteristicof awell wetsurface;notethat changes

thevalueof theadvectiontermandtheradiative term(throughthe thermalradiationemittedby thesurface). A

practicalwayof computingtheeffectsof is basedonTaylorexpansionsof bothterms. Actualevaporationis

computed as the product of an evaporative fraction, , times unstressed evaporation.

To summarize,thePenman–Monteithequationstressesthat: (i) evaporationis drivenby two largeenvironmental

factors,anenergy cappinggivenby thenetradiation,andan"advection"factorgivenby thesaturationdeficit term;

(ii) therateof evaporationis controlledby thenatureandstateof thesurfacecover, givenby theratio , the

presence of  indicating the physiological control by the plants.

3. SOIL ENERGY AND WATER BUDGET

3.1  Soil energy transfer

Neglectingthecouplingof watertransferin thesoil with theheattransfer, we canassumethe following Fourier

law of diffusion to govern the soil heat transfer

(7)

where is thevolumetricsoil heatcapacity(J m-3K-1), T is thesoil temperature(K), is theverticalcoor-

dinate(distancefrom thesurface(m), positive downwards), is time (s),and is thethermalconductivity (W

m-1K-1).  In Eq. (7), the heat transfer is assumed to occur only in the vertical direction.

Thevolumetricheatcapacityandthethermalconductivity dependonthesoil typeandits watercontent,andthere-

fore we will shortly review heregeneralpropertiesof soils. For moredetailson descriptive informationon soil

sciencesee,e.g.,Hillel (1982),Duchaufour(1984),MarshallandHolmes(1988). Thesoil is a threephaseheter-

ogeneoussystem,wherethesolidphaseis calledthesoil matrix, theliquid phaseis thesoil waterandthegaseous
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phaseis themoistair trappedin its pores(Hillel , 1982). Thesoil phaseincludesthemineralmatterand,in some

cases,organicmatterattachedto themineralgrainandbindingthemtogether. Thefractionof soil occupiedby the

soil poresis calledporosity, or volumeof air trappedover totalvolume, (m3m-3). is thesymbolusedherefor

soil wetness,ands thesubscriptfor saturation.Indeedporositycoincideswith thetotal amountof waterthatcan

beheldby thesoil in its pores(saturationsoil wetness).Porosityof mostsoilsis of theorderof 0.5m3m-3, except

for soils with high organic content, e.g., peat, where values as high as 0.8 m3m-3 can be found.

Thesoil is characterizedby its texture(thesizedistributionof thesoil particles),structure(thespatialorganization

of thesoil particles),composition(thetypesof mineralsexistentin thesoil), andwatercontent.For heatandmois-

turetransfer, themostrelevantvariablesarewatercontentandtexture,theformermodulatingtheintensityof heat

andmoisturefluxes,while the latterdeterminesessentiallytheamountof waterthat thesoil canhold againstthe

combinedeffectsof gravity andpressure(seenext section). In termsof texture,any givensoil is normallycharac-

terizedby its percentageof clay, silt andsand.For thepurposesof classification,theUnitedStatesDepartmentof

Agriculture(USDA) hasdefinedatextural triangle,eachsidecorrespondingto atypeof particles,sand,silt or clay.

Any particularsoil becomesapoint insidethis triangle,accordingto its texture. Areaswithin thetrianglebecome

soil types.USDA defineselevensoil types,rangingfrom thefinertextures(clay),throughtheintermediatetextures

(loam), and coarser textures (sand).

In orderto integrateEq.(7) oneneedsto specifyvaluesfor its coefficients. Thesoil heatcapacitycanbeestimated

asanweightedsumof theheatcapacityof its phases(deVries, 1963,1975).Theair heatcapacitybeingthreeor-

ders of magnitude smaller than the other phases, we can write

(8)

wherethesubscriptm andw referto thesoil matrix andwaterrespectively. rangesfrom J m-3K-

1 for mostminerals,up to J m-3K-1 for organicmatter. Because is J m-3K-1, typical

valuesfor arearound J m-3K-1, andvary by a factorof two dependingon its watercontent. For a

frozen soil,Eq. (8) can be modified to

(9)

where and standfor theliquid andice watercontentof thesoil, respectively and J m-

3K-1. Thermalconductivity dependsnot only on soil textureandwatercontent,but alsosoil structure.deVries

(1975)developeda generaltheory, thatcanbeusedfor a givensoil in thefield, but inadequate(too detailed)for

applicationto largescalemodelling.A simpleexpressionin termsof watercontentandsoil typecanbefoundin

McCumberandPielke (1981). For amediumtexturesoil (loam,type5 on theUSDA classification),valuesrange

from 0.428 W m-1K-1 for a dry soil up to 2.24 W m-1K-1.  Values for coarser (sandy soils) can be twice as large.

A completetheoryof heatandmoisturetransfermustdescribethemoisturetransferunderthecombinedinfluence

of gradientsof temperatureandmoisturecontent(seenext section),andthe heattransferunderthe influenceof

temperaturegradientsandmassflow of moisture. Thetheoryhasbeendevelopedby Philip anddeVries (1957)

anddeVries (1958),andfurthergeneralizedby Milly (1982),in thepresenceof hysteresis,but it is not in useby

currentGCM parametrizations.In practiceEq. (7) canbeusedfor all cases,provided(9) is usedfor theheatca-

pacity, andsomeotherrelationis usedto defineheatconductivity in termsof soil wetness.A notableexceptionis

thetreatmentof frozensoils. In theabsenceof snow cover, a soil thatis coolingfrom, say5 C, up to thefreezing

temperaturewill stayat a constanttemperature,around0 C, duringa coupleof weeks(seeWilliams andSmith,

1992,andVerseghy, 1991),andafterwardswill continueitscooling. Thiscorrespondstoheatreleasedby thephase

changeof thewaterin thesoil into ice: until thewholewaterin thesoil columnis frozen,any furtherradiatively

drivencoolingwill not producelower soil temperatures.This is a commonphenomenonin high latitudesduring

θs θ
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theautumnandearlywinter;thereversemechanism,whenthesoil is thawing in spring,holdsthetemperatureclose

to 0 C for muchlongerthanEq.(7) wouldpredict. If amodeldoesnotconsiderphasechangesof water, andtheir

impacton theheatbudget,thenearsoil temperaturewill reveala cold biasduringthefreezingin theautumn,and

awarmbiasin springthawing - thewarmbiaswill belesscommon,becausethesoil will typically becoveredwith

snow, acting as an insulator layer.

Thetopboundaryconditionfor theintegrationof Eq.(7) is of theflux form, thenetheatflux atthesoil/atmosphere

interface. At thebottom,theboundaryconditioncanbegiven(a) asa no-flux boundarycondition(if thesoil is

deepenough),(b) by specifyinga seasonalheatflux at thebottom,or (c) specifyinga seasonallyvaryingtemper-

atureat thebottom. In practice,for integrationof Eq.(7) oneneedsto discretizein spaceandtime. Discretization

in spacemeanschoosingsoil layersof a givendepth,eachlayerwill becharacterizedby its thermalinertia(War-

rilow et al., 1986), the upper layers changing more rapidly than the lower layers (see alsoDickinson, 1988).

3.2  Soil water transfer

The movement of water in the unsaturated zone of the soil obeys the following equation

(10)

where is thedensityof water(kg m-3), F is thewaterflux in thesoil (postive downwards,kg m-2s-1), and

is avolumetricsourceterm(m3m-3s-1), correspondingto rootextraction(theamountof watertransportedfrom the

rootsystemupto thestomata- dueto thedifferencein osmoticpressure- andthenavailablefor transpiration),and

phasechangesof ice to liquid water. Eq. (10) assumesthathorizontaltransfersarenegligible, which holdsfor a

grid box of  km: for much smaller scales, local terrain slope can induce large horizontal water fluxes.

As seenin Section2, Richardson(1922)andRichards(1931)extendedDarcy's law to theflow of waterin theun-

saturatedcase,expressingthe waterflux in termsof a gradientof the hydraulic head,a sumof matric head,

(units m of water), and gravitational potential,

(11)

Oncemorewe areneglectinglateralgradientsof in themechanismsresponsiblefor watertransfer. The

matricheadis homogeneous(hasthesameunits)to thesymmetricof pressure , and canbeinterpreted

asanenergy perunit mass,or thework necessaryto extract from thesoil a unit massof wateragainstcapillarity

andgravity. Thehydraulicconductivity (m s-1) is a functionof thepressurehead.In orderto integrate(10)with

theflux definition(11), anexpressionis neededfor , or, alternatively, . Suchanexpression

would allow us to write

(12)

(13)

Hysteresiseffectsmeanthat is neitherauniquefunctionof or . Definingthehydraulicdiffusivity, (m2s-

1), as , (12) can be rewritten as
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(14)

Combining(14) with (10), we obtain

(15)

Eq.(15)with azerosourcetermis normallycalledRichardsequation.Neglectingthesecondandthird termin the

r.h.s.,Eq.(15) lookslikeaFickianequationfor diffusion. Hillel (1982)cautionsagainstpushingtoo far thisanal-

ogy, becausetheprocessmodelledby Eq.(15) is not molecular(or turbulent)diffusionbut watertransferthrough

aporousmedia. Theotherdifferencebetween(15)and(7), of amorepracticalnature,is in theforcing(Savijärvi,

1992):theheatflow equationin thesoil is forcedin springandsummermainly by net radiationat thesurface,a

sumof harmonicscorrespondingto thediurnalandtheseasonalforcingmodulatedby thepresenceof cloudiness.

In contrast, the forcing of(15) at the surface is the quasi-random signal of precipitation.

Integrationof Eq.(15)needsfunctionalrelationshipsfor and . Hillel (1982)reviewsseveral

empiricalequationsproposed,andMahrtandPan(1984)comparedanextensivesetof measuredrelationshipsfor

different textures.  They all obey the functional form (Clapp and Hornberger, 1978,Cosbyet al., 1984)

(16)

where and arethevaluesat saturationof hydraulicconductivity anddiffusivity, respectively, and is a

non-dimensionalcoefficient, calledtheClappandHornbergerexponent. Note thatEq. (16) indicatesa stronger

variationin termsof soil moisturefor conductivity thandiffusivity, with twice asmany ordersof magnitudecov-

ered. ClappandHornbergerandCosbyet al. measuredvaluesfor and for a very largesampleof soils

classifiedin theelevensoil classesof theUSDA classification.Thethreecoefficientsvarywidely over thetextural

classes:(i) variesbetween and m s-1 betweencoarsertextures(sand)andfiner textures

(clay), respectively; (ii) variesbetween m2s-1 and m2s-1, betweencoarserandfiner

textures;(iii) valuesrangefrom 2.8 to 11.5for coarserandfiner textures,respectively. For a givensoil type,

variationsin termsof soil moistureareevenmoredramatic. For a mediumtexturesoil (loam), variesbetween

m s-1 and m s-1 for a rangeof acceptablevaluesof soil moisturefrom adry soil to awet

soil, respectively;  for the same soil moisture values is  m2s-1 and  m2s-1, respectively.

Thenon-linearvariationsof and in termsof soil moisturemakesEq. (15) (or its counterpartexpressedin y
terms)difficult to integrate,evennumerically. Wang(1992)reviewsanalyticalsolutionsof theRichardsequation

for somesimplerepresentativecasescoveringeachof thefour quadrantsof thehydrologicalrosette(Fig. 3 ), with

very idealizedformulationsfor precipitation,evaporationandtherechargeflow aslower boundarycondition(see

alsoEagleson, 1978a). Boundaryconditionsfor Eq. (15) are,at thetop, infiltration (thatpartof precipitationthat

is availableto wet thesoil, i.e.,precipitationminussurfacerunoff minusinterception)and,at thebottom,theflow

of waterfrom underneath.Two lower boundaryconditionscanbeenvisaged(Abramopouloset al., 1988),corre-

spondingto thetwo limit casesof bedrockor no bedrockunderlyingthesoil domain,theformerspecifying as

its drainage( ) part,while thelattercorrespondsto a zerowaterflux. Someauthors(seee.g.,Wang, 1992,Dü-

menil andTodini, 1992)includein thelower boundaryconditiona baseflow, mimicking theeffect of lateralsub-

terranean flow, as well as vertical water loss.
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Fromall generalizationsto equation(15) (seePhilip anddeVries,1957;Philip, 1957;Milly , 1982),therearetwo

of itemsof relevancefor largescaleatmosphericmodels.Thefirst onerelatesto theinclusionof watervapour. For

arid regions,thesoil vertical transferin theupperfew cm is drivenby variationsof thewatervapourin thesoil

pores(for a moredetaileddiscussionseeSubsection3.3below). However, becausethis transferoccursin a very

shallow top layer, averticalresolutiontypicalof currentparameterizationschemespreventsits explicit considera-

tion. MahrtandPan(1984)proposedaparameterizedwayof dealingwith it. Theseconddealswith theinclusion

of thesolidphaseof water, essentialfor modellingthesoil watertransferin high latitudes. Its is possibleto write

additionalequationsfor the conservation of frozenwaterat differentsoil layers(Verseghy, 1991,Pitmanet al.,

1992). An alternativeway to dealwith it is to specifythepercentof soil waterin thefrozenstate,in termsof tem-

perature,andto specifyits effectonsoil watertransferin termsof a frozenwatermatricpotential(PeterCox,per-

sonalcomm.,BlackandTice,1988, Williams andSmith,1992,Miller, 1980). Thelatterapproachavoidstheuse

of additionalprognosticvariables,but requiresthesameverticaldiscretizationfor soil moistureandtemperature.

The term in thatcasewill includemelting/freezingeffects,with anequivalentterm for theenergy equation.

Properconsiderationhasto begivento theroot extractionterm,in orderto make it ineffective in thepresenceof

frozensoils: in borealforeststhis retardsthebeginningof significantevaporationuntil lateMay or Junewhenthe

whole column of the soil is thawed, long after the solar radiation starts to increase (Sellerset al., 1995).

3.3  Boundary conditions

3.3 (a)  Surface sensible heat flux.A wayof definingthesensible-heatflux hasalreadybeenpresentedin Eq.

(2), includingthedependency onatmosphericstabilityandtheconsiderationof differentroughnesslengthsfor heat

andmomentum.Many versionsof Eq.(2) havebeenpresentedrecentlyin theliteratureandthereaderis referred

to Dyer (1974),Garratt(1992),Högström(1988),andStull (1988)for details.Wewill mentionhereonly acouple

of relevantpoints. Beljaars(1995)includein thedefinitionof velocityaconvectivevelocityscale,or freeconvec-

tion velocity, , characterizingtheintensityof turbulencein well mixedunstableboundarylayers. Its inclusion

ensuresa properasymptoticlimit of thestability dependentfunctionsin caseof freeconvection. Theskin layer

temperature, , canalsobeuseda temperaturerepresentativeof thesurface. Theskin layertemperatureis rep-

resentative of a infinitesimally thin layerwith zeroheatcapacity, isolatingtheunderlyingsoil from theradiative

heatingabove. Theuseof theskin layer, insteadof theaveragesoil temperaturecharacteristicof thetop few cm

in thesoil, reducesthegroundheatflux amplitudeandphaseerrors,andthephaseerrorin thediurnalcycleof sen-

sibleandlatentheatflux (Bettsetal., 1993). If anaveragesoil temperatureis used,thedepthof thesoil represented

by thattemperaturehasto bewarmed,for thetemperatureto risein responseto theradiative forcing, introducing

a phaselag of 1–2hoursbetweenthepeakof radiative forcing andthepeakof thetop soil temperature(Beljaars

and Betts, 1993).

Most GCMsdo not distinguishtheroughnesslengthfor heatandmomentum.However, themechanismsrespon-

siblefor dragarerelatedto bluff bodyeffects,andaremoreefficient thantheconductionat theinterfacethrough

which theheattransferis performed.Brutsaert(1982)presentsabundantexperimentalevidencefor thedifference

betweenthetwo roughnesslengths,while BeljaarsandViterbo(1994)show theimpactof properlyseparatingthe

two valuesontospringsystematicerrorson nearsurfacehumidity over well wet mid-latitudeareas(Cabauw, the

Netherlands).Theproblemis moreseriousin GCMsbecauseroughnesslengthsareorderof magnitudeslarger

thantheirmicrometeorologicalvalues(seeMason, 1988,1992),wherethenecessarycompensatingdecreaseof the

roughnessfor heatis hardlyever used. A stability formulationin termsof allows a directuseof measured

stability functions,andaneasyway of separatingheatandmomentumroughnesslength. Thedisadvantageis the

needto solve a non-linearequationfor every time stepexpressingtheObukhov lengthin termsof thebulk Rich-

ardsonnumber. A stability formulationin termsof a Richardsongradientnumber, for is presentedin

Mascartet al. (1995).
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3.3 (b)  Evaporation . Formally, an equation analogous to(2) can be written for the evaporation,

(17)

where and arefactorsdependenton thesoil cover andstate,vegetationtypeandphenologicalstate,envi-

ronmentalfactorslike radiative forcing andhumidity saturationdeficit at the surface: . The first ap-

proachfor specifyingevaporationin a GCM wasgivenby Manabe(1969)basedon theconceptof "evaporative

factor"  (Budyko, 1974).  In our notation, that corresponds to

(18)

where and aretheactualandmaximumcontentsof asinglereservoir of water(bucket) in thesoil. A sep-

arateprognosticequationfor is neededfor thedefinitionof (18) at every time step. Milly (1992)discussesthe

properuseof (17)and(18); asmentionedearlier, in somecasesadifferentequilibriumtemperature, , charac-

teristicof theconceptualirrigatedsurface,is needed,definedas , andcompatiblewith

Budyko's notion of evaporative fraction and potential evaporation.

Thebucket modelis inadequatefor a numberof reasons.First, theuseof only onelayer in thesoil (a singlesoil

reservoir) doesnotallow aquickresponseto precipitationevents.For baresoil, it is anobservationalfactthat,after

averybrief periodat thepotentialrate,evaporationis greatlyreducedafterthelossof waterin thefirst few cm of

thesoil (representingat most1 cm of water). Thebucket modeloverestimatesbaresoil baresoil evaporationin

almostall regimes. For vegetatedareas,thebucket modelfails to recognizedtheimpactof thecanopy resistance

onevaporation.For unstressedvegetation,thebucketmodelgivespotentialevaporation( ), insteadof un-

stressedevaporation(minimum,non-zero,valueof ), asanestimatefor realevaporation.As discussedbefore,

thiswill produceasignificantover-estimationof transpiration:this leadsto overevaporationfollowing aprecipita-

tion event,producinga rapiddryingof thesoil and,afterwards,toosmallevaporationbecausethereis notenough

wateravailablein thesoil for evaporation.For thatreason,anumberof alternativemethodsexist to estimateevap-

oration in GCMs, and in the following sections we will present their physical/physiological basis.

1) Canopy evaporation

Thecanopy evaporatesdueto two differentmechanisms.Thewet partof thecanopy, coveredby a

thin film of water, shortly(a few hours)aftera precipitationeventor depositionof dew, evaporates

at thepotentialrate(Deardorff, 1978);notethat this canbesubstantiallylarger thantheunstressed

transpiration,hencethe interestin the distinction. In our notation . The role of

surfaceparametrizationin thiscaseis to establishthefractionof thecanopy thatis wet,andto have

a predictive equationfor the interceptedwater, in order to establishhow long the canopy can

evaporate at the potential rate.

For dry canopy, most of the current parametrizationschemesuse the so-called"big leaf-big

stomata"(Monteith, 1965)approach.Thesemodelsrecognizethatplantsevaporatedueessentially

to a two-pathmechanism:(i) the first, physiologically controlled,transportswater from the root

zone up to the stomatal cavities, where water vapour is at saturation; (ii) the second,

aerodynamically(environmentally)controlled,transportswaterfrom thestomataupto theair in the

surfacelayer. Plantsregulateevaporationby controlling the apertureof the stomata. In a steady

state,the apertureof the stomatais the mechanismthat controls the root water upflow, and is

enoughto characterizethe whole physiological control of evaporation.In most species,stomata

regulatetheoutflow of watervapourandtheintakeof carbondioxidefor photosynthesis;theenergy
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requiredfor openingand closing the stomata,and for the uptake of the root zonesoil water is

provided by radiation (photosyntheticallyactive radiation, PAR, mainly the visible part of

shortwave radiation,roughly 55% of the total shortwave). Undermostenvironments,the system

appearsto operatein sucha way asto maximizethe carbondioxide intake for a minimum water

vapour loss.  When soil moisture is scarce, the stomata close to prevent desiccation of the plant.

The integratedbehaviour of the whole canopy canbe conceptuallyrepresentedby the schematic

resistancediagramof Fig. 4 (from Dickinson et al., 1991). The right handside representsthe

sensibleheattransfer, while theleft handsiderepresentsevaporation.Theequationcorresponding

to such a resistance network is

(19)

where is thespecifichumidity in thestomatacells. Thecanopy resistanceis the integral mean

of the resistance of the individual leaves, assumed to act in parallel (Dickinsonet al., 1991):

(20)

where the brackets representa leaf-area inverse average (conductances, , are linearly

averaged)

(21)

Figure  4. Schematics of the surface transpiration resistance.
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The quantitymeasuredfor a singleplant is the stomatalresistance, . Most of the atmospheric

modelsuse the multiplicative approachof Jarvis (1976), to expressthe surface resistanceas a

product of a minimum factor times a number of limiting factors

(22)

where , and is the vapour-pressuredeficit at the air surroundingthe leaves.Typically,

variesbetween0 with no insolationand 0.9 at 200 W m-2 (Dickinson et al., 1991,Sellers,

1985). hasa bell-like shape,peakingat some(speciesdependent)optimal temperatures ,

andcloseto 0 for too-low or too-hightemperatures.The saturationdeficit conductancefunction,

, is a dominant mechanism for forests, but unimportant for grassland.

The dependenceon soil wetness is implemented differently for almost every surface

parametrizationscheme. representsameasureof thewaterin therootzone,which is typically the

top 1 m of the soil, but varieswith ecologicaltype:( i) It is shallower (around0.5 m) for crops

which, being "man-nurtured"have a lessadaptive nature;(ii) Around 1 m for mid-latitudeand

borealforests;(iii) severalmetres(up to 10 m) deepfor savannah-like vegetation;andiv) only 0.5

m for thetreesof equatorialforests. A mapof thedepthof theroot zonecanbefoundin Patterson

(1990).

All modelsshutevaporation( ) below acritical point, thepermanentwilting point,or

the value at which plants can no longer recover turgidity even when placed in a saturated

environment(Hillel , 1982). Beingrelatedto theenergy involvedin thetransportof waterup to the

root zone,thepermanentwilting point correspondsto a very largevalueof thematricpotential, .

A valueof m (15bar)is widely acceptedascharacteristicvaluefor mostsoils. Based

on Cosbyet al. (1984) estimates,it is possibleto obtain for eachsoil type of the USDA

classification. Valuesrangefrom 0.033m3m-3 for coarsersandysoils, up to through0.145 for

loamyintermediatesoils,and0.25for finer soils. Patterson(1990)presentsa critical review of the

experimental estimates of .

All modelshave a stress-freeevaporation( ) beyonda critical point which is a fractionof

the field capacity;the fraction should lie in the range0.5 to 0.8 (Shuttleworth, 1993b),but in

parametrizationschemesrangesbetween0.7 and1. Thefield capacityis themaximumamountof

wateranentirecolumnof soil canhold againstgravity, or theequilibriummeanvalueof a column

soil water24–48hours after wettingthesoil (Hillel , 1982).Having sucha "loosedefinition", it is

not surprisingthat estimatesof field capacityfor oneparticularsoil type vary so widely. Hillel

(1982)discussestheproblemsassociatedwith theconceptanduseof field capacity, andPatterson

(1990)reviews experimentalestimatesfor differenttypesof soil. It is commonto associatefield

capacityto a certainvalueof hydraulicconductivity, with valuesrangingfrom 0.05mm d-1 to 0.1

mm d-1 (Warrilow et al., 1986,Eagleson, 1970,JacqueminandNoilhan,1990):thevalueof

canbeestimatedin thisway from Eq.(19). Theseestimatesgivegenerallytoosmallavalueof field

capacity, andanalternativequantitativewayof definingit is to assignacertainvalueof , ranging

from 1 m (0.1bar) to 3.4m (0.33bar). Patterson(1990)concludesthatno singlevalueof is

appropriatefor every soil texture. A value of 3.4 m overestimates for fine textures and

underestimateit for coarsetextures. Estimatedvaluesof rangefrom 0.093through0.288up

to 0.384m3m-3, for coarse,medium,andfine texturesoils,respectively. Giventhatevaporationis

zerobelow andat theunstressedrateabove theavailability, or availablewatercapacity,

 defined as
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(23)

is a very importantquantity(Patterson, 1990,Henderson-Sellerset al., 1993). Whenmultiplied by

the root depth,it gives the total amountof wateravailable for evaporationor total waterholding

capacity(unitsm of water):thisquantitydeterminesthesizeof thereservoir and,assuch,is crucial

in determiningtime constantsin long drying periods. A geographicaldistribution of total water

holding capacity is given byPatterson (1990).

The differentwaysof applying relateto the shapeof the curve linking the 0 and1 branches.

Someauthorshave a linear dependency in (Abramopouloset al., 1988;Federer, 1979),while

othershave linearity in (Warrilow et al., 1986;NoilhanandPlanton,1989;Blondin, 1991). The

otherdifferencelies in thespecificationof in multilevel models:(i) It canbetakenasa weighted

averagevalueover theroot zone,with theweightsproportionalto theroot profile (Blondin, 1991);

(ii) It canbetakenastheminimumvalueof thesoil moisturein therootzone(Abramopoulosetal.,

1988),thewateris borrowedfrom whereit is "energeticallycheaper";andiii) is a productof

correspondingvaluesfor eachroot layer(Federer, 1979). A largeuncertaintyexiststo whatmethod

is a better representation of nature.

2) Soil (bare ground) evaporation

As illustrated schematicallyby Fig. 5 (from Mahfouf and Noilhan, 1991), soil (bare ground)

evaporationis dueto a combinationof two physical processes(Kondo et al., 1990,Mahfouf and

Noilhan,1991):(i) Moleculardiffusionfrom thewatertrappedin theporesof thesoil matrix up to

thesurface/atmosphereinterface,definedby thehumidity roughnesslength, (Brutsaert, 1982);

(ii) Laminarandturbulentexchangein theair between andscreenlevel height(e.g.2 m above

). Process(ii) can be characterizedby the atmosphericresistance, , definedby Eq. (4).

Process(i) involvesa soil resistance, , andis dependenton relative humidity adjacentto the

free-watersurfacein thesoil matrix. Thehumidity equilibriumvaluecanbeexpressedby anexact

thermodynamicrelationshipin termsof soil temperaturecloseto the pores(Philip, 1957). In dry

situationstherelative humidity in theporeshasa strongverticalgradientin thetop few mm of the

soil. is inverselyproportionalto thediffusivity of watervapour, andstronglydependentonsoil

textureandstructure(Kondoet al., 1990).An accuratedescriptionof baresoil evaporationcanbe

obtainedwith a soil model with circa 10 layers in the top 5 cm of the soil, in order to model

explicitly thediffusivity of watervapour(McCumberandPielke,1981,Sasamori, 1970,Camillo et

al., 1983). Thesmall time steprequiredin sucha modelmakesits costprohibitive for largescale

problems. The depthof the first soil layer in GCMs is typically a few cm, too coarseto define

explicitly the water vapour transfer.
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Figure  5. Schematic illustration of the interaction between the atmosphere and a bare soil.

MahfoufandNoilhan(1991)madeacomparativestudyof severalformulationsof evaporationover

bareground. Giventheabove descriptionit is not surprisingthatmostmethodsreviewedarevery

sensitive to the top soil discretizationof NWP models. The methodspresentlyavailable were

classifiedin bulk parametrizationapproaches( -type and -type, following Kondo et al., 1990)

and threshold methods.

-methodsmodeltheevaporationasa bulk transferof watervapourbetween (assumedto be

at relativehumidity ) anda referenceheight,typically theheightof thelowestmodellayer. They

correspond,in Eq. (22), to , . canassumeseveralparametrizedforms(seee.g.,

NoilhanandPlanton,1989andBarton, 1979),dependingon thesoil watertypically in thetop5 cm

of soil. In -methodsthe evaporationis a fraction times the bulk transferof water vapour

betweentheair trappedin thesoil porescloseto thewaterin thesoil andthe referenceheight.

canberelatedto a resistance, , for thetransferof waterbetweenthesoil poreand , andis

dependenton theavailability of waterin the top soil layer (seee.g.Deardorff, 1978,Dormanand

Sellers,1989). The -methodrequiresthe specificationof the relative humidity, , of the air

trappedin the soil pores accordingto Philip (1957) formula (and different from , relative

humidity at ). It corresponds,formally, to a rewriting of Eq. (5), with the stomatalresistance

replacedby , and replacedby the specifichumidity in the soil pores. Using the

notation ofEq. (17), , .

In thresholdformulationsevaporationproceedsat potential rate above a certainamountof soil

water. In dryingconditions,whenthesoil wateris depleted,evaporationis determinedby thewater

flux from below (seeMahrt andPan,1984,WetzelandChang,1987,Abramopouloset al., 1988).

The evaporation is given by
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(24)

where specifiesa maximum waterflux from below. In Eq. (24) thefirst termin ther.h.sis the

soil limited evaporation( regimeof soil supplyin Fig. 3 ), while thesecondtermis theatmospheric

demandterm. canbe specifiedin several ways,e.g., the hypotheticalwaterflux betweenthe

centreof thetop soil layerandthesurfaceassumedat (Mahrt andPan,1984),who notedthat

thethresholdmethoddependson theestimationof thesoil waterflux in a top layerof depth , and

is highly sensitive to the value of .

The main conclusionsof Mahfouf andNoilhan (1991)canbe summarizedasfollows. Threshold

methodsarevery sensitive to thespecificationof thedepthof the top soil layer, wherethediurnal

cycle is felt, andprovideneitheracorrectdiurnalcycleof evaporation,nor thecorrecttransition(on

weekly timescales)betweenthe regimeof atmosphericdemandandthe regimeof soil supply. -

and -methodsgive resultsof similar quality at daytime.During night time,specialcarehasto be

taken in order to handle correctly the dew deposition: the two methodsgive differencesin

cumulative evaporation of up to 20%.

3.3 (c)  Interception. Theroleof vegetationin interceptingprecipitationandcollectingdew is a relatively old

subjectin themeterologicalliterature. Horton(1931)establishedstatisticalrelationships,valid for monthlyperi-

ods,betweenmeasurednet rainfall reachingthegroundandover thecanopy. Parallel to thestatisticestimatesof

interception(thedifferencebetweentherainfall over thecanopy andthenetrainfall reachingtheground),physi-

cally basedmodelsof theinterceptionreservoir havebeendeveloped,startingwith thework of Rutteretal. (1972,

1975). Thosemodelsevolvedfrom abulk representationof thecanopy into multi-layerplantmodels(Sellersand

Lockwood,1981).Multi-layercanopy modelsaretoodetailedtobecoupledwith GCMs,but thebasicmechanisms

of thebulk representationof vegetationhave beenincorporatedinto many landsurfaceparametrizationschemes

(Deardorff, 1978,Dickinsonetal., 1986,Sellersetal., 1986,Xueetal., 1991,NoilhanandPlanton,1989,Blondin,

1991).For a review of suitableinterceptionmodelsfor couplingwith atmosphericmodelsseeMahfouf andJac-

quemin(1989). They donot includeapropertreatmentof interceptionof snowfall: seeMiller (1967)for adiscus-

sion of snowfall interception.

All interceptionmodelsobey thefollowing equationfor theevolutionof thegrid boxestimateof thecanopy water

content,  (m)

(25)

whereall quantitiesarepositive downwards. (kg m-2s-1) is a modifiedprecipitationrateat the top of canopy

level, takinginto accountthesubgridscaledistribution of precipitation, is theevaporationcomingfrom the

interceptionreservoir (or wet evaporation), (kg m-2s-1) is a rateof drainagefrom thecanopy (it is a sink term

in theequation, ), and (kg m-2s-1) is theevaporationrateof thewet fractionof thegrid box,definedas

thepotentialevaporationrate. and arenon-dimensionalfactorsexpressing,respectively, theefficiency of

interceptionandthepercentof thegrid box coveredby theinterceptionreservoir (wet fraction). is the

interceptionof rain by thecanopy, (kg m-2s-1). is calledthroughfall, all "rainfall" that

is availableat thegroundlevel. Someauthorsseparatedrainageinto drippingfrom thecanopy andstemflow, but

we will ignorethedistinctionhere. Becausethetotal sizeof theinterceptionreservoir is very small (0.1–1mm),

interceptionhasto balancewetevaporationonadaily timescale.Notethatwhen , or , theabso-

lute valueof throughfall anddrainageareidentical. Whatdistinguishesany individual modelis thespecification

�
min

�
t

ρ�
a

---- � sat  sk( ) �
a–[ ],

 
 
 

=

�
t

�
t

θpwp $
$

α
β

2
l

ρw

∂
2

l

∂ �----------  03 & *  l

�
l )+( )+ 4  l

�
l+= =

& *

 l

�
l

)
) 0≤

�
l !3  l  !3 & * )+

4 & 4– &  !3 & *– )–=

& & *=  03 1=



A review of parametrization schemes for land surface processes

20 Meteorological Training Course Lecture Series

 ECMWF, 2002

of , , , and the subgrid scale assumptions involved in  .

, expressingtheprobabilityof interceptionof rainfall by thecanopy, is estimatedto be0.75overaCorsicanpine

plantation,by Rutteret al. (1972),while Shuttleworth(1988a)gives0.92for theAmazonforest. Warrilow et al.

(1986)andDolmanandGregory (1992)use . Thesensitivity of daily canopy evaporationto thevalueof

is smallwhen liesbetween0.85and1 (Shuttleworth, 1988b). NoilhanandPlanton(1989)set ,

where is thefractionof thegrid boxcoveredby vegetation,while Blondin (1991),somewhatempiricallyuses

, probably as an attempt to include the subgrid-scale variability of interception.

Whenan interceptionmodelis usedto validatepoint measurements,theobservedprecipitationratecanbeused

directlyasaforcingtermin Eq.(25), . However, globalmodelgrid boxesvarybetween and

and,for this scales,it is unrealisticto assumeanuniform coverageof precipitationover thegrid

box,particularlyin thecaseof convectiveprecipitation.Theatmosphericparametrizationschemesprovideanav-

eragerainfall raterepresentingtheaveragevalueoverthegrid box,separatedin large-scaleprecipitation(occurring

dueto supersaturationof themeanvaluesof humidity) andconvective precipitation. Thesubgriddistribution of

precipitationis describedin many hydrologicalandmeteorologicalpapers. A review of formulationsthat have

beenappliedto GCMscanbefoundin ThomasandHenderson-Sellers(1991)andPitmanet al. (1993);seealso

Chapter4 for anexampleof thesensitivity of thesurfacebranchof thehydrologicalcycleof GCMsto thesubgrid

scaledistributionof precipitation.A properwayof takinginto accounttheheterogeneityshouldbedependenton

thegrid box sizeandthe time stepused. Note thatalthoughthe instantaneouscover of precipitatingconvective

elementswithin a grid box is a smallvalue(of theorderof 0.1),theeffective cover canbeseveraltimeslarger, in

orderto take implicitly into accountthemovementof convective cells insidethegrid box duringonetime step.

Two distributionsfor precipitationintensityinsideagrid boxhavebeenused:anexponentialdistribution(Shuttle-

worth, 1988b),anda box distribution (Viterbo andIllari, 1994). Theideais to assumethatanequationlike (25)

holdsfor eachgrid point,with where representsthe local precipitationrate:thevalueof is ob-

tainedby multiplying by its probabilitydensityfunction(pdf) valueandintegratingover thegrid box. Note

that , thegrid-boxprecipitationrategivenby theatmosphericforcing, is theexpectedvalueof over thegrid

box. obtainedin this way dependson a shapeparameterof thepdf which, for thebox distribution of Viterbo

andIllari (1994),is thefraction of thegrid boxcoveredby precipitation,takenas1 for large-scaleprecipitation

and0.5for convectiveprecipitation.For thefunctionalform of usingtheexponentialdistributionseeDolman

and Gregory (1992); a slightly different distribution was used byEltahir and Bras (1993).

Let usnow turnourattentionto theevaporationpartof Eq.(25). Thefraction multiplying thepotentialevapo-

rationratewasfirst definedby Rutteretal. (1972)as where is aconstant,themaximumcapacity

of theinterceptionreservoir. Assumingaconstantpotentialevaporation,Eq.(25)will giveanexponentialdecrease

of thewaterin the interceptionreservoir. Underthesole effect of evaporationthe interceptionreservoir would

nevergo to zero,which ledDeardorff(1978)to assumeapower law for . Thepre-

viousexpressioncanbemultipliedby thevegetationcover, in whichcase canbeinterpretedasthe

fractionof thevegetationcoverthatis wet(Warrilow etal., 1986,NoilhanandPlanton,1989). Themaximumsize

of theinterceptionreservoir, , is proportionalto theleaf areaindex, timestheamountof waterthatcan

be stored on a single leaf  or, in case the reservoir includes ponding of bare soil (Blondin, 1991),

(26)

Theremainingtermto bespecifiedin Eq.(25)is drainage.Thisis thetermwheremostexistingformulationsdiffer.

We will disregardstemflow in our discussion,becauseits considerationrequireanadditionalreservoir of water

relatedto the storagein the trunks(Rutteret al., 1975). Formulationsin the literaturearedivided in two broad

classes:i) Allowing drainagebeforethe interceptionreservoir is saturated(Rutteret al.,1972,Warrilow et al.,

1986,or DolmanandGregory, 1992,for thecaseof asubgridscaledistributionof precipitation);ii) Thresholdfor-
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mulations,wheredrainageoccursonly if thereservoir is saturated(Dickinson, 1984,NoilhanandPlanton,1989,

or Blondin, 1991, for the case of subgrid scale distribution of precipitation).

The total storageof thecanopy reservoir, , is themainparametercontrolling thebehaviour of a particular

interceptionmodel(Shuttleworth, 1988b). Model resultsarealsosensitive to detailsof thesubgriddistributionof

precipitation,asshown by Shuttleworth(1988b),DolmanandGregory (1992),ThomasandHenderson-Sellers

(1991)andViterboandIllari (1994). If thecanopy storageis alsoallowedto varywithin agrid box, thedrainage

andinterceptiontermsassumeadifferentform,dependingontheassumedpdfdistributionfor : acompletegen-

eralization ofEq. (25) can be found inEltahir and Bras (1993).

Sincetheprocessesdescribedin thissectionareveryfast(smalltimescales),theintegrationof Eq.(25)posessome

numericalproblems.Thefirst is stability: themethodof KalnayandKanamitsu(1988)is commonlyused,where

thefastestnon-linearterm(evaporation)is treatedimplicitly. Thesecondproblemrelatesto timetruncationerrors

(seeDolmanandGregory, 1992).Thethird problemis mass-conservation:it is not trivial to formulateanumerical

implementationof thresholdmethodsfor thedrainagetermthatconservesmassfor thewatersubstance.In theEC-

MWF model,a rateof evaporationfrom theinterceptionreservoir is neededfor thespecificationof thetotalevap-

oration,for useasa boundaryconditionfor the turbulent vertical diffusion of watervapourin the atmosphere.

Becauseof thesemi-implicitschemeusedin thetime integrationof thesurfaceequations,it is not possibleto en-

surea perfectmatchingbetweenwet evaporation,asseenby theatmosphere,andtheamountof waterlost by the

interceptionreservoir. Viterbo andBeljaars(1995)discussa schemethatattemptsto minimizethedifferenttime

truncationerrorsdescribedabove, while at thesameconservingthemassof thewatersubstanceandhaving the

necessary requirements of stability.

3.3 (d)  Runoff and infiltration. A properaccountof runoff is not commonin mostGCMs,especiallythose

usedin NWP. In connectionwith ongoinginternationalprograms,suchastheGlobalEnergy andWaterbudget

EXperiment(GEWEX) andtheGEWEX Continental-scaleInternationalProject(GCIP),it is likely thatthis situ-

ationwill changerapidly in thenearfuture. Notethatacorrecttreatmentof runoff will bespeciallyimportantfor

coupledocean–atmosphericmodels(to definethe fresh-waterinflow to theoceans)andlong timescales.In this

section,somebasicterminologyandconceptsfrom hydrologywill be introducedandtherelationwith similarly

namedquantitiesin GCMswill beexplored. A qualitativedescriptionof runoff will bepresented,emphasizingits

role in thesoil-watercontrolledpartof thehydrologicalrosette(phasesA–D, Fig. 3 ). A rainfall-runoff scheme,

makinguseof subgrid-scaledistribution of soil parameters,andcurrentlyusedin GCMs (Dümenil andTodini

1992;Liangetal. 1994)is presented;all otherdiscussionsrelatedwith subgridheterogeneityarepostponedto Sec-

tion 5. Two routeingschemes,for thelateraltransportof soil waterin GCMs,arereferredto. They allow thecom-

putationof freshwaterdischarge of the major rivers into the ocean,andcanbe useddirectly during a coupled

ocean-atmosphereGCM run,or for post-processingtheGCM output.Themodelrunoff averagedoveralargebasin

is often compared to river discharge to the oceans (see e.g.Dümenil and Todini 1992)

Infiltration is thatpartof theprecipitationflux thatcontributesto wetthesoil.At theinterfacesoil–atmosphere,the

continuity of the water flux can be written as

(27)

where and are,respectively, theinfiltration andthesurfacerunoff (unitskg m-2s-1). Eq. (27) is partof the

boundaryconditionto integrateEq.(15) for thesoil watertransfer, theremainingpartbeingevaporation.For most

GCMs,andcertainlyfor all currentNWPmodels,Eq.(27)defines asaquantitythatis lost to themodelwater

cycle; thereis no horizontaltransferof waterin thesoil. representsin theseGCMsaninstantaneous,local re-

sponseto precipitation,with notime-lagandnonotionof adrainagenetwork or adrainagebasinattachedto it.

is a scalar because no direction of water transfer needs to be specified.
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In hydrologystudies, in Eq. (27) representsa divergenceof anhorizontalsoil-waterflux at thesurface. The

possibledifferentpathstakenby therainfall andsnow-melt water, until it reachesa streamchannel,aredescribed

schematicallyin Fig. 6 (from Dunne1978).Waterimpingingonahillsideof limited infiltration capacitybecomes

overlandflow, but if theprecipitation(snow melt) is absorbedby thesoil andencounterssomeshallow depthof

impervious material, it creates a subsurface horizontal flow, namedsubsurface streamflow.

Figure  6. Possible flow paths of water moving downhill (from Dunne, 1978).

Subsurfacestreamflow thatreturnsto thegroundsurfaceandleavesthehillsideis namedreturnflow; togetherwith

theprecipitationthat falls into saturatedareas,they form thesaturation overlandflow. Finally, if precipitationis

absorbedby thesoil it will slowly percolateuntil it reachesthesaturatedzonein thesoil, andwill eventuallybe

divertedhorizontallyto theneareststreamchannel.Thewatercollectedby thedifferentpathsdetailedabove,ar-

rivesto thestreamchannelsandis collectedin catchmentsof differentsizesuntil eventuallyarriving at theocean

as fresh-water inflow.

Theroleof parametrizationin GCMs,with regardto theterm , wouldbeto representthetransportby theabove

four mechanisms,plusthewatertransportby thestreamchannels.Thetimescalesof the responseto aprecipitation

eventby eachof theabovemechanismareverydifferent.Hydrologistsseparateflow into astreamflowresponding

directly (but with a timeandspacelag) to aprecipitationevent,andabaseflowthatis thepartof theflow thatis, to

a largeextent, independentof precipitationevents(but its intensitywill reflectlong-termanomaliesof precipita-
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tion). Thefirst threemechanismsdescribedin Fig. 6 areessentiallycontributorsto stormrunoff, while path4 will

beacontributor, partly to thebaseflow andpartly to thestormflow (dependingon thepositionof thewatertable).

As describedin Fig. 3 , whenprecipitationstarts,following a dry spell,it will first meeta dry soil with a largein-

filtration capacity(routeB–C in thefigure); therateof changeof soil wetnessis determinedby theprecipitation

rate,theregimeis atmosphericcontrolled.If theprecipitationevent is long enough,theinfiltration capacity—the

maximumrateof topinfiltration for agivensoil condition—will reducewhile thesoil graduallyfills upwith water,

until it eventuallybecomessmallerthantheprecipitationrate(point D in thepicture).Beyondthatpoint, partof

theprecipitatingwatergoesinto runoff; thefractionof waterthatgoesinto runoff is determinedby thesoil state

and its morphology, area C–D inFig. 3 is under soil control.

Two possiblemechanisms,namelytheHortonrunoff andtheDunnerunoff (see,e.g.Bras1990),have beeniden-

tified to describethedifferentwaterpathsin Fig.6 . Any realrunoff eventwill bedueto eitheroneof thetwo mech-

anismsor to a combinationof thetwo, dependingon theprecipitationintensity, thetypeandstateof thesoil, the

morphologyof theterrain,andthesoil cover. TheHortonmechanismoccursmainlyin upslopeareas,in thoseparts

of thewatershedwhereconductivitiesarelowest;runoff occursin areaswheretheinfiltration capacityis lowerthan

theprecipitationrate.Thenear-surfacesoil-watercontentincreasesuntil thehydraulicconductivity at thesurface

(or infiltration capacity)is identicalto theprecipitationrate;beyondthatpointrunoff occurs.Thesoil wettingfront

comesfrom above in this mechanism.In the Dunnemechanism,in near-channelwetlands,the overlandflow or

surfacerunoff will occurwhenthewatertablerisesupto thesurface;it happenspreferentiallyin thosepartsof the

watershedwherethewatertableis shallowest.Runoff startswhenthewatertablerisesandeventuallymeetsthe

surface;thesoil wetting front comesfrom below in this mechanism.TheHortonmechanismwasthefirst to be

identified,andis responsiblefor runoff in arid andsemi-aridareas,wherethetotal annualprecipitationwill tend

to comein only a few largeevents,or in humidareaswheretheoriginal vegetationandsoil structurehasbeende-

stroyed;thereducedvegetationcoveror soil erosioncreatesa landsurfacewith low infiltration capacity. In humid

temperateareaswith a densevegetation,thesoil infiltration capacitiesarelargerandtheprecipitationis well dis-

tributed during the year; the Dunne mechanism will be predominant.

It is clearfrom theabove descriptionthat therunoff fraction( ) will dependon thesoil type,terrainslope,

moisture conditions, vegetation cover, precipitation intensity, and subgrid-scale variability of the above.

TheArno scheme,designedto representin a GCM someof thebasicmechanismsdetailedabove, is presentedin

thefollowing. Basedon a standardhydrological‘lumped’ model(Becker1992),it wasadaptedfor usein GCMs

by DümenilandTodini (1992)andWoodetal. (1992),in connectionwith asinglesoil-moisturereservoir (‘buck-

et’), andlaterwith multi-level reservoirs(Liangetal. 1994;KatiaLaval, personalcommunication).Theversionof

DümenilandTodini (DT) is described.Theoriginalbucketmodel,without the‘hydrology’ parametrizationgives

the time variation of water in a soil of depth

(28)

 where and  is computed as a threshold quantity

(29)

is thecapacityof thereservoir, originally definedas15 cm worldwideby Manabe(1969).Theterm has

beengeneralizedby DT to representstormrunoff asoverlandflow anddrainagethroughthereservoir. To compute

thestormrunoff, a local balanceequationof precipitation,runoff andinfiltration (similar to Eq. (29)), is coupled
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to a subgrid-scaledistribution of local storagecapacity. For a givenwatercontent, , thestoragecapacitydistri-

bution is thefractionof thebasinarea(or grid-cell in a GCM) for which theinfiltration is lessor equal . Using

thatinformationfor thespatialdistributionof water, thelocalbalanceequationcanbeintegratedfor theentireba-

sin.Theshapeof thestorage-capacitydistributioncurvecanbeparametricallycontrolled,dependenton thestand-

arddeviation of orography in a grid cell; steepersubgrid-scaleslopesimply largervaluesfor runoff. A grid value

for storm runoff, taking into account the subgrid-scale distribution of soil moisture, is therefore obtained.

Runoff, asproducedby Eq. (29), togetherwith themodelsubgrid-scaledistribution assumptions,representsthe

amountof waterthatis lost locally by thesystemsoil–atmosphere;wewill referto in thissectionasthesource

runoff (Miller etal. 1994). A horizontaladvectionschemein thesoil canbeappliedto thatfield of localimbalance,

or sourcerunoff, to produceanhorizontalflow of wateracrosslandgrid boxes,eventuallyarriving into themouth

of therivers. If (unitskg m-2) representsthewaterin thesoil that is freeto move (representingtheriver flow

and groundwater flow),

(30)

where (unitskg m-1s-1) is avectorfield representingthehorizontalflux of waterin thesoil/surfaceof themodel.

It is proportionalto thequantityof waterupstream,with thedirectionandtheproportionalitybeingaspecifiedset

of advectionrates . Sausenetal. (1994)andMiller etal. (1994)presentalternativewaysof definingtheadvection

rates.

4. EXAMPLES OF PARAMETRIZATION SCHEMES

As emphasisedin theprevioussections,land-surfaceparametrizationschemesfor usein GCMsdefinethesurface

boundaryconditionsfor theatmosphericmomentum,heatandmoistureequations;surfacestress,surfacesensible-

heatflux andsurfaceevaporationflux, respectively. Becauseof the long timescalesinvolvedwith soil moisture,

andbecauseof thediurnalcycle of theforcing (thenetradiationat thesurface),theland-surfaceparametrization

schemes need to deal accurately with a timescales ranging from 1 hour to several months

TheProjectof Intercomparisonof Land-SurfaceParametrizationSchemes(PILPS,Henderson-Sellersetal. 1993)

is at thecentreof avery largeprojectcoordinatingthemodellers'efforts.Its goalsincludeareview of existingpar-

ametrizationschemes(partof PhaseI, hasalreadybeencompleted),followedby comparisonof themodelresults

whenforcedby syntheticdatasetsandfield experimentdata.Table1, from Pitmanet al. (1993)summarisesthe

characteristicsof a largenumberof schemes.Many schemesincludea fast-responsive reservoir for evaporation

(theinterceptionreservoir), andseparatedescriptionsof evaporationfrom thebaregroundandtranspiration.The

representationof longertimescales(suchasacompletecycleof thehydrology"rosette"in Fig. 3 ) is guaranteedif

the soil watertransferis capableof quick infiltration of soil waterat the beginningof a precipitationevent,and

retentionof thatwaterin thesoil until theevaporativedemandof theatmospherereclaimsit. Heatstoredin thesoil

duringsummercanserveasasourceof energy for thewintermonths.Finally, in high latitudesor overmountains,

the representationof the insulationeffectsof thesnow mantle,with its higheralbedoandlargeheatcapacity, is

essential for a bias-free near surface temperature.
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Land Surface Parametrization schemes (LSP) can be classified in two classes in terms of their potential use:

(i) For short,mediumandextendedrange(1–2days,3–10days,10 daysup to a season,respectively)

forecastswith NWPs. Operationalrequirementsandthesensitivity to critical conditionsprohibits

the use of too complex LSPs, with many prognostic variable parameters.

(ii) On theotherhand,longer-term(climate)integrationsaremoredependenton initial conditions,and

the complexity of advancedLSPs can be an advantagefor correctly handling the atmosphere/

surface interaction.

Becauseof thelackof observationsto initialisethesurfacestatevariables,land-surfacemodelsin theNWPcontext

work very oftenin ‘climate mode’,with theinitial conditionstakenfrom a very-short-rangeforecast(seeSection

7). Sincethis requiresacorrecthandlingof thelongertimescalesby theland-surfacescheme,thetrendshouldbe

to try to unify theschemesandabolishtheabovedistinction(seeSubsection4.2) below, ISBA hasbeenappliedto

both mesoscale and climate modelling).

In thefollowing wedescribeafew schemes:thebucketmodel,chosenfor its simplicity andhistoricalimportance;

theISBA model,aforce–restorescheme;andtheECMWFmodel,amulti-level modelof heatandsoil-watertrans-

fer. Theemphasisis on highlightinga few relevantproperties;for a completedescriptionof thefeaturesof each

model the reader is referred to the documentation of these schemes.

4.1  The bucket model

Thebucketmodelhasbeenintroducedby Manabe(1969)asthefirst attemptto parametrizeland-surfaceprocesses

in GCMs. It is basedon Budyko'sconceptof evaporative fraction, . Theevaporationis theproductof times

thepotentialevaporation.Thereis asinglereservoir of waterin thesoil, with its contentschangingwith thecom-

TABLE 1. CHARACTERISTICSOF SEVERAL LAND-SURFACE PARAMETRIZATION SCHEMES

Key
model

Number of
canopy layers

Interception
treated

Number of layers included
for

Canopy Philosophy for
temperature

Soil moisture Reference

Roots
A. BATS1E 1 Yes 2 3 2 Penman/Monteith Force-restore Darcy’s law Dickinsonet al. (1986,1993)
B. BEST 1 Yes 3 2 2 Penman/Monteith Force-restore Philip de Vries Pitmanet al. (1991)

Cogleyet al. (1990)
C. BUCKET 0 No 0 1 1 Instantaneous

surface heat balance
Bucket +
variation

Robocket al. (1993)

D. CLASS 1 Yes 3 3 3 Penman/Monteith Heat diffusion Darcy’s law Verseghy (1991)
Verseghyet al. (1993)

E. CSIRO 1 Yes 3 2 1 Aerodynamic Heat diffusion Force-restore Kowalczyk et al. (1991)
F. GISS 1 Yes 6 6 6 Aerodynamic Aerodynamic Darcy’s law Abramopouloset al. (1988)
G. ISBA 1 Yes 2-3 2 1 Aerodynamic Force-restore Force-restore Noilhan and Planton (1989)
H. TOPLATS 1 Yes 1 2 1 Penman/Monteith Heat diffusion Philip de Vries Famiglietti and Wood (1994)
I. LEAF 1 Yes 7 7 3 Penman/Monteith Heat diffusion Darcy’s law Avissar and Pielke (1989)
J. LSX 2 Yes 6 6 6 Penman/Monteith Heat diffusion Philip de Vries
K. MAN69 0 No 1 1 1 Bucket Manabe (1969)
L. MILLY 0 No 1 1 1 Bucket Manabe (1969)
M. MIT 0 No 3 3 3 Heat diffusion Darcy’s law Abramopouloset al.(1988)

Entekhabi and Eagleson (1989)
N. MOSAIC 1 Yes 2 3 2 Penman/Monteith Darcy’s law Koster and Suarez (1992)
O. NMC-MRF 1 Yes 1 1 1 Lumped with soil Pan (1990)
P. CAPS 1 Yes 2 2 1 Penman/Monteith Heat diffusion Diffusion Mahrt and Pan (1984)
Q. PLACE 1 Yes 30 30 2 Ohm’s law analogy Force-restore Force-restore Wetzel and Chang (1988)
R. RSTOM No 0 1 1 Bucket +

variation
Milly  (1992)

S. SECHIBA 1 Yes 2 2 1 Penman/Monteith Force-restore Choisnel Ducoudréet al. (1993)
T. SSIB 1 Yes 2 3 1 Penman/Monteith Force-restore Diffusion Xueet al. (1991)
U. UKMO 1 Yes 4 1 1 Penman/Monteith Heat diffusion Diffusion Warrilow et al. (1986)
V. VIC 1 Yes 1 2 1 Penman/Monteith or

full energy balance
Heat diffusion Philip de Vries Lianget al. (1994)
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binedactionof precipitationandevaporation. is givenby theratio of thecurrentcontentsof thereservoir and

its maximum capacity.  Runoff exists when the reservoir exceeds its maximum capacity.

As mentionedin theprevioussection,thebucketmodeloverestimatesevaporationoverbaregroundin all regions,

andover vegetatedareasin dry conditions. Milly (1992)describessomeimprovementsto thebucket modelthat

greatlyreducetheabovebias.DelworthandManabe(1988,1989)demonstratedthat,whencoupledto aGCM, the

bucket modelcorrectlyworksasa low-passfilter to theprecipitationforcing; it is capable,therefore,of correctly

representingthesoil asa sourceof low-frequency variability to theatmospherevia theevaporation. Pan(1990)

hasappliedthesingle-reservoir concept,but usesaPenman–Monteithevaporation,estimatingskintemperatureun-

der saturated soil conditions.

4.2  ISBA

ISBA (NoilhanandPlanton,1989)representsa refinementof theDeardorff(1978)model. Thesoil is composed

of a thin reservoir at thetop andtheroot layerunderneath.Thediurnalandseasonaltimescaleforcethethermal

equationswhile, for thewaterbudget,theforcingfor eachlayeris parametrizedbasedonthesoil textureandClapp

andHornberger(1978)relationships.Evapotranspirationis a sumof thebare-groundcomponent,theinterception

and the transpiration.

Thereare,however, severalcharacteristicsthatdistinguishISBA. It is a modelthathasbeenappliedsuccessfully

at singlepoint (NoilhanandPlanton,1989),to themesoscaleandto globalGCMs(Mahfouf et al, 1993). There

hasbeenaconstantvalidationeffort (seesummarizingtablein thepaperby MahfoufandNoilhan,1994)compar-

ing modelresultsto observationsin field experimentsin a varietyof atmosphericconditionsandfor a wide range

of ecosystems.Moreover, theauthors’demonstrateherethatit is possibleto derivethemodelparametersfrom soil/

vegetationcharacteristicsin aconsistentway(NoilhanandLacarrère,1995);parameterdefinitionis basedonathe-

maticmappingof theterrain,andtheconceptof ‘effective’ parameters(seenext section),representingthehetero-

geneity of the terrain in a GCM grid box.

4.3  ECMWF surface model

Themotivationfor developingthecurrentECMWF surfacemodel(Viterbo andBeljaars,1995),which hasbeen

in operationssinceAugust1993,wastomodelcorrectlytheheatandwaterair–soiltransferwith timescalesranging

from thedaily cycle to theseason.Diagnosticsof errorsof thepreviousmodel(Blondin, 1991),when compared

againstfield experimentsdata(Bettsetal., 1993,BeljaarsandBetts,1993)formedthebasisfor developinganew

scheme.Thenew schemehasfour predictedsoil layersfor waterandtemperatureplusa predictedskin tempera-

ture,anda thin surface-waterlayerrepresentingthe interceptionof precipitationandthecollectionof dew. The

bottomboundaryconditionsarezeroheatflux andfreedrainage.Thefour soil layershavedepthsof 7, 21,72,and

189cm,with arootzonein thefirst threelayers. Thedeepestlayeractsasareservoir andamemoryfor thelonger

timescales(of theorderayear). Theformulationof thesoil hydraulicpropertiesis basedontheRichardsequation

with theClappandHornberger(1978)relationshipsfor thedefinitionof thesoil hydraulicdiffusivity andconduc-

tivity.

Theintroductionof askin temperature,which is calculatedfrom flux equilibriumataninfinitesimallythin layerat

thesurface,reducestheerrorsin thegroundheatflux andthephaseerrorsin thesensible-andlatent-heatfluxesat

thesurface.A smallerroughnesslengthfor heat(andmoisture)thanmomentumwasintroducedwith thefollowing

benefits:i) it increasesthe differencebetweenthe surfaceandair temperatures,verifying betterwith FIFE data

(BettsandBeljaars,1993);ii) it improvestheaccuracy of thesurfacelongwaveemissionfor theFIFEdata(Beljaars

andBetts,1993);iii) it improvesthesimulationof winterevaporationfor theCabauwdataset(BeljaarsandViter-

bo, 1994).
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The evaporationis basedon a vegetationfraction, derived from the datasetof Wilson and Henderson-Sellers

(1985),treatingseparatelyonagrid box theevaporationof thewetcanopy fraction,thetranspirationfrom thedry

canopy, andthebareground. Theschemehasbeenextensively validated,with emphasison thelong timescales,

basedonsingle-columnintegrationsfor theFIFE,ARME andCabauwdatasets(ViterboandBeljaars,1995),and

theSEBEXdataset(BeljaarsandViterbo,1995).Someexamplesof theone-columnvalidationeffort arepresented

in Section6. Parallelwith theone-columnintegrations,a five-year3D run wasperformed(Viterbo andBeljaars,

1995),andtheperformanceof theschemein dataassimilation/forecastmodewasanalysedfor theUS floodsof

July 1993 (Beljaarset al., 1995).

5. SUBGRID-SCALE HETEROGENEITY

Thesizeof currentGCMgridboxesrangesfrom (ECMWFT213modelusedfor NWP)upto ,

while the time stepsusedrangefrom 5 min up to 1 hour. It is clearthatnoneof thevariablesor parametersde-

scribedin thepreviouschapterarehomogeneousin aGCM grid box.Speciallyfor thelargertimesteps,theforcing

appliedto asurfaceschemecannotrealisticallybeassuredto beuniformin time;e.g.convectiveprecipitationhard-

ly everhasaconstantintensityduring periodslongerthan10min. Thissectionwill describewaysof dealingwith

the heterogeneity in a grid box or subgrid-scale heterogeneity.

Thelandsurfaceis heterogeneousin all spatialscales,bothin its physiography andits physicalstate.For example,

WetzelandChang(1987)reporton ananalysisof varianceof soil moisturein the top 10 km of soil, for spatial

scalesrangingfrom 10-1 m2 to 103 km2, andthey foundsignificantvariancein thewholespectrum.Anotherex-

ampleof variability canbefoundin any satelliteimageof a snow coveredsurface,revealingheterogeneityin the

snow cover, linked mainly (but not only) to terrain elevation and orientation of the slope.

Theproblemsinvolvedin subgridscaleheterogeneitycanbeillustratedwith thewaterbalanceequation(15), to-

getherwith theparametricrelationsfor theconductivity anddiffusivity (16), andtheboundaryconditionsat the

top, defining the surface water fluxes, and at the bottom, the drainage flux.

• Thefirst non-homogeneousquantityis theevaporationflux. Partsof a grid box over landwill be

coveredwith vegetationwhich, in turn, canhave moisturedepositedon its leaves. In winter, there

will be snow-coveredandsnow-free partsof the terrain. As detailedin the previous chapter, the

rate of evaporationof all the above parcelswill be substantiallydifferent. Heterogeneityin the

fluxes (which are part of the output of a land-surface scheme) is discussed inSubsection 5.1.

• Themain forcing termof Eq. (15) is precipitation. Precipitationis far from uniform in a grid box

sizeportionof land:i) thesizeof therain generatingconvective cellsis typically 1/10of a grid box

(Emanuelet al, 1994); and ii) frontal rain shows very often organisationin the mesoscale,with

variations in intensity in scales only partly resolved even in the finer resolution GCMs.

Heterogeneity of the forcing is discussed inSubsection 5.2.

• Mostof thecomponentsof theland-surfaceparametrizationdependonparameterswhichcannotbe

consideredhomogeneousin a grid box,evenin a uniform fractionof it: e.g.thedry-vegetationpart

of a grid box will have non-uniformevaporationratesarising from a varying canopy resistance,

correspondingto different stomatalapertureswithin the canopy, due to a different phenological

state. Otherparameters(e.g.conductivities, diffusivities, roughnesslengths)will vary in thesame

way. Heterogeneity of the parameters is detailed inSubsections 5.2–5.3.

• Finally, thevariablesoil moistureitself cannotbeconsideredhomogeneousin a grid box. Reasons

includethevariability in theforcings,theparametersandthefluxes,asdescribedabove,but alsothe

non-accountedvariability arising from, e.g. the differencesin soil type, the terrain shape,the

vicinity of local featureslikeanaquiferor ashallow-watertable,etc.‘Intrinsic’ heterogeneityin the
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prognosticvariable,e.g.thatpartof thevariancethathasnot beentakeninto accountby theabove

three items, is detailed inSubsection 5.4.

5.1  Heterogeneity in the surface cover

Let usconsidera grid box with a fraction coveredby lakes. Thelandcover partof thegrid box will

havea fractioncoveredby snow, . Thesnow freepartwill becoveredby bareground , while a frac-

tion of thevegetationwill becoveredby interceptedwater. Thegrid-boxevaporationcan,therefore,bewritten

asa weightedsumof theexpressionof eachdifferentsection(Abramopouloset al., 1988;NoilhanandPlanton,

1989;Pitman, 1991;Blondin, 1991;Ducoudréet al., 1993):

(31)

In theabove expression and areconstant,geographicallyprescribedfractions(althoughthevegetation

cover canbeallowedto vary seasonally),while and dependon thenatureof thesurfaceandalsoon

thestateof thesoil and,therefore,will vary in a forecast.Typically will dependon theamountof snow and

on thewatercontentof theinterceptionreservoir. Thelake evaporation, , theevaporationof intercepted

water, , andthesnow sublimation, , canbecomputedat thepotentialrate. Equation(19) canbeusedfor

dry canopy evaporation, , while canbecomputedby any of themethodsdiscussedin Subsection3.3 (b).

Notethatall thedifferentevaporationrateswill becomputedin this approachby usingasinglevaluefor thetem-

perature and soil water, representative of the entire grid box.

If thedifferentheterogeneityelementscorrespondingto its fractionaredistributedrandomlyin agrid box,Eq.(1)

givesagoodapproximationto thegrid-boxevaporation(typeA heterogeneity, asdetailedby Shuttleworth, 1988b).

However, if thereis organisationin theheterogeneity(e.g.asinglerectangularlakeoccupying half agrid box)mes-

oscalecalculationscandevelopandtransporta significantpartof theheatandwaterinvolved(AvissarandChen,

(1993) type B heterogeneity in the paper byShuttleworth (1988b); see alsoSubsection 5.4).

Theapproachof Eq. (1) canbedownscaledonestepfurther. If thereis morethanonespeciespresentin thegrid

box, the transpiration can be written as (Ducoudréet al, 1993;Avissar and Pielke, 1989;Li  and Avissar, 1994)

(32)

wherethesummationis doneacrossthe vegetationspecies,with cover . For thecomputationof , a

differentcanopy resistancefunctioncanbe appliedto eachspecies.In this way, eachgrid box is schematically

distributedin tiles (up to sevendifferentvegetationecotypesin Ducoudréetal, 1993). As for Eq.(31), Eq.(32) is

only valid if thedifferentmicro-elements,whichconceptuallyaggregatedconstituteatile, arerandomlydistributed

in thegrid box. Theapproachdetailedin Eqs.(31) and(32) is inexpensive, both in computationaltermsandin

termsof memory. Theonly computationalburdenis to calculatetheevaporationformula timeswhile carrying,

in the case ofEq. (32), an additional file detailing the different ecosystems existing in a grid box.

Onestepfurtherin theline of complexity is to havedifferentenergy andwaterbudgetsfor eachof theseparatetiles

(or fractions,asrepresentedin theprevious two equations).Thegrid box will becharacterisednot only by one

temperatureandsoil watercontent,but temperaturesandN soil watercontents,correspondingto the differ-

ent tiles (AvissarandPielke,1989;Li andAvissar, 1994). Thecostin memorycanbeprohibitive for GCMsbe-

causeit multipliesthenumberof surfaceprognosticfieldsby . Notethatall thedifferentsurfacetileswill have
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the same atmospheric forcing, namely  radiation, precipitation and near-surface atmospheric variables.

5.2  Prescribed subgrid-scale distribution of variables

Over a scaleof 100x 100km, precipitationrateis far from uniform; thecharacteristicsizeof an individual con-

vectiveelementis of theorderof 1–10km,whereasits lifetime is of theorderof thetimestepusedin GCM models

(0.5–1hour). During thattime theindividualconvectiveelementwill beadvected,hencethefractionof the100x

100km squarewettedby thecloudwill belargerthanthevaluein any snapshotatany giventime. Theactualpre-

cipitationintensitywill follow somedistribution law, with slopeandamplitudedependenton thegrid riseandthe

timeinterval considered(EntekhabiandEagleson,1989;Warrilowetal, 1986).Theoutputof aconvectionscheme

in aGCM (e.g.Tiedtke, 1989)will beaprecipitationratecorrespondingto ameanratein thattimestepandfor the

grid box considered.Thepartitioningof thatrain into interception,andsubsequentlyinto infiltration andrun-off,

will bemarkedly differentif therain is assumedto fall uniformly or if, say, it falls in a fraction of thegrid box

with amplitude (seeViterboandIllari (1994)for moredetails). Themoreconcentratedin spacetherainfall

is, the higher are the chances of reaching soil infiltration limits and therefore of producing run-off.

Threedistributions(probabilitydensityfunctions,pdf) of precipitationhave beenusedin GCM modelling:a -

distribution (Eagleson, 1978b;EntekhabiandEagleson,1989),anexponentialdistribution (Warrilow etal., 1986;

DolmanandGregory, 1992;Shuttleworth, 1988b;Pitmanet al, 1990)anda box-distribution (Viterbo andIllari,

1994). All thesedistributionsdependonparametersthatdefinetheirsharpness;reliableestimationof theseparam-

etersbasedon observed eventsexists only for a handfulof cases(e.g.EaglesonandWang,1985),with a larger

uncertaintyin the tropicsbecauseof thedearthof observationalevidence. Thesensitivity of theoutputof land-

surfaceschemes(evaporationandrun-off) to thevalueof thesharpnessparameterwasanalysed:i) in stand-alone

mode(i.e. runningthe land-surfacemodeluncoupledfrom the GCM) by Pitmanet al (1990)andPitmanet al

(1993)(seealsoreview by ThomasandHenderson-Sellers,(1991))andii) whenfully coupledto aGCM (Viterbo

andIllari, 1994). Thesharpnessparametershouldbemadedependenton resolution(Eltahir andBras,1993);it

depends on the grid rise , the time step  and the precipitation intensity .

Whena (pdf) for precipitationexists, the fractionof thegrid box with rainfall intensitybetween and

is , with . Applying Eq. (15) for thesoil-waterbalanceover thatfraction

of thegridbox,theforcingiswrittenas , andtheresultcanbeintegratedacrosstherangeof precipitation

intensities.Theschemeintegrationcanbemadenumerically(with techniquessimilar to theonesdetailedin Avis-

sarandPielke (1989))duringtheGCM integration,or analyticallybeforehand(DolmanandGregory, 1992).The

lattercasewill produceamodifiedEq.(15); for simpledistributionsthemodificationmadeto theequationsis triv-

ial (Viterbo and Illari, 1994).

Thetechniquedetailedabovecanbeappliedto any variable;astatistical–dynamicalapproachfor consideringhet-

erogeneityis any approachwherethevariationsin theinputandthemodelstatearequantifiedin termsof different

probabilitydensityfunctions(pdfs),andtheoutputcomputedasthecontribution of theforcing with thedifferent

modelstates,properlyweightedby their own pdf functions. The run-off schemeof Dümenil andTodini (1992)

presentedin Subsection3.3 is anotherexamplewheretheinfiltration capacityof thesoil in a grid box is assumed

to follow adistribution law. Furtherexamplescanbefoundfor variationsoneparameter(Avissar, 1992)or in the

statevariables(WetzelandChang,1988;Johnsonet al, 1993). Avissar(1992)considersthesubgrid-scalevaria-

tion of stomatalconductance.Thesurfaceenergy-budgetequationis writtenfor agivenvalueof stomatalconduct-

ance.Theappropriatesoil-waterandheatequationsarealsocomputedfor thegivenvalueof stomatalconductance.

Thesystemis valuedfor thegroundsurfacetemperature.Theresultis computednumericallyfor all valuesin the

rangeof stomatalconductancesandthesolutionsareaveragedaccordingto thepdf. WetzelandChang(1988)con-

sidertheir statistical–dynamicalvariationsof boththesoil water(with a pdf takenfrom observations)andof sto-

matalresistance.Averagedresultsarecomputednumericallyby doubleintegration acrossthesoil-moistureand
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thestomatal-resistanceranges,andtheresultsarecomparedwith observations.Thetraditionalapproach,consid-

eringonly meangrid-squarevalues,is shown to underestimateevaporationin casesof dry soil andunderestimates

it whenthesoil is closetofieldcapacity. Johnsonetal (1993)reportonthetestingwithin aGCM of aschemewhere

both run-off andevaporationusedpdfs to characterisetheir dependenceon precipitationandsoil wetness.Their

methodgeneralisesDümenilandTodini's(1992)work. Finally, Mahrt (1987)computedthegrid-averagedsurface

fluxes when the static stability is not uniform in one grid box.

5.3  Effective parameters and blending height

As mentionedbefore,theeffect of subgrid-scaleheterogeneitiesdependson their lengthscale.For smallerlength

scales(lessthan10km) noorganizationis seenin thePBL andturbulenceis responsiblefor theverticaltransport

of heat,moistureandmomentum(Shuttleworth, 1988b).For theaboveconditionsit is possibleto definetheblend-

ing height, theminimumheightin thePBL wheremeanatmosphericconditionsareapproximatelyin equilibrium

with theunderlyingsurface(Wieringa, 1986;Mason, 1988;Claussen, 1991). As anexample,let usconsiderthe

dry vegetatedpartof thecanopy, fraction in Eq.(31). Previously, wehavealreadyseenhow to compute

theaveragesurfaceflux asa meanacrosstheheterogeneityelementsof termsproportionalto thedifferencebe-

tweenan atmosphericterm andthe appropriatesurfaceterm. The atmosphericterm hasto be computedat (or

above) the so-called blending height.

A simpleralternative way of consideringtheheterogeneityin, e.g.,thedry vegetatedpartof thecanopy, is to use

valuesof a meansurfacestatein thecomputationof thefluxes,but with modifiedparametersin thetransfercoef-

ficients(or surfaceresistances).Themodifiedparametersthatyield thecorrectvaluefor themeanfluxesarecalled

effectiveparameters (FiedlerandPanofsky, 1972;Mason, 1988;Warrilow andBuckley, 1989;NoilhanandLacar-

rère,1995). It is usefulatthisstageto distinguishbetweenprimaryparametersandsecondaryparameters(Noilhan

andPlanton,1989;NoilhanandLacarrère,1995). In the following, we assumethata datasetof theprimarypa-

rametersexistsat a finer resolutionthantheGCM resolution. Thevaluesof a few primaryparameters(e.g.depth

of soil, dominanttypeof soil texture,dominanttypeof vegetation)in a detaileddatasetdeterminethevaluesof

secondaryparameters(roughnesslength,LAI, mainstomatalresistance,fractionalvegetationcover)at theresolu-

tion of theoriginaldataset. Theproblemconsistsof findinganeffectivevalueof eachof thesecondaryparameters

at theGCM resolutionby stableaveragingprocedures.Theaveragingoperatorfor eachparameteris chosenfor

consistency with anarithmeticaveragingof thefluxesthemselves;in otherwords,for agivenparameter, theaver-

ageshouldbelinear in therelatedquantitythatscaleslinearly with thefluxes. For instancetheeffective canopy

conductanceof aGCM grid boxis definedasaweightedsumof theconductancesof theelementaryareas(for other

examples seeWarrilow and Buckley (1989) andNoilhan and Lacarrère (1995)).
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Figure 7. Comparisonbetweenthearea-averagedsurfacefluxescomputedfrom the3D model(solidpoints)and

the 1D prediction with dominant (dashed line) or effective (solid line) properties. The vertical bars represent the

standard deviation of the fluxes in the 3D model. (a) Latent heat flux, (b) sensible heat flux, (c) net radiation, (d)

soil heat flux, (e) plant transpiration, and (f) bare soil evaporation (fromNoilhan and Lacarrère, 1995).

Fig. 7 presentsa comparisonbetweenthefluxescomputedwith a detailedmesoscalemodelandthefluxescom-

putedusingthe effective parameterconceptfor a situationin the HAPEX–MOBILHY database(André et al.,

1986).Despitethenonlinearityof thedependenceof surfacefluxeson vegetationparametersandsoil-watercon-

tent,it is clearthattheeffectivesurfacefluxescomputedwith a1D modelmatchthe3D mesoscaleestimateswith

arelativeerrorof %. For thecasesexamined,theeffectsof nonlinearitywerefoundto besmallerfor theveg-

etationparameters(e.g.stomatalconductance)thanfor thesoil-watertransferparameters(e.g.hydraulicdiffusiv-

ity).

As pointedoutby NoilhanandLacarrère(1995)andBlyth etal. (1993),theeffectiveparameterapproachdoesnot

work wheni) themesoscalefluxesareof thesameorderof magnitudeasthe turbulentfluxes(seenext section);

andii) thewater, snow andice surfacesareincludedin theaverage,becauseheatandevaporationfluxesaregov-

ernedby quitedifferentphysicalmechanisms.Whenoneof thoseconditionsexist, thefluxesshouldbeaggregated

using eitherEq. (31), with a single surface temperature or different surface temperatures (Subsection 5.1).

5.4  Additional remarks

In the previous sectionswe have seenhow variationsin the input of the modelandits parametersimply spatial

variationsin theoutput;theabovevariationswould,in principle,bepresentat thesmallerspatialscales(e.g.below

1 km) andhampereventhemesoscalesimulationsthataretakenas‘truth’ in mostheterogeneitystudies.Avissar

(1991,1992)callsvariationsin thesespatialscales‘ heterogeneity’,andarguesthatsomeof thevariability in these

scalesmight be ‘self-regulating’ (Avissar, 1993). Studyingthevariationsin stomatalresistancein anotherwise

homogeneouspotatofield, hearguesthatadecreasein thestomatalresistancein asingleleaf causestranspiration

to increaseandthis, in turn,will humidify thesurroundingair. As a result,thespecific-humiditydifferencefor a
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neighbouringleaf increasesandcausesthestomatalresistanceof thoseneighbouringleavesto increase,thuscom-

pensatingfor thetranspirationincreaseof thefirst leaf. If ‘self-regulation’dominates,thesensitivity of quantities

like stomatalresistanceto environmentalvariablesat theGCM scaleis muchlessthanits correspondingvalueat

the plot scale.

For lengthscalesof land-surfacevariationslargerthan10km, mesoscalecirculationsaregeneratedthataffect the

wholedepthof thePBL (AvissarandPielke,1989;Bougeaultet al, 1991). Theconceptof blendingheightis no

longervalid (Claussen, 1993). It hasbeenarguedthatthesecirculationsareresponsiblefor theverticaltransports

of sensibleandlatentheatof thesameorderto magnitudeastheturbulentfluxes(Li andAvissar, 1994;Chenand

Avissar, 1994;Segalet al, 1988). AvissarandChen(1993)presenttheequationsfor theso-called‘mesoscaleki-

neticenergy’, definedin asimilarway to theturbulentkineticenergy (Stull, 1988)exceptthattheaveragingoper-

atoris limited to mesoscalelengths.Theresultsobtainedsuggestmesoscalefluxeslargerthanturbulentfluxesare

normallyobtainedin calmsituations,whereaswhenthereis somemeanwind, turbulencetakesover asthemain

mechanismof verticaltransport.For themuchmoredifficult problemof theverticaltransportof heatandmoisture

in stable cases and in the presence of topography see the review by Kaimal and Finnigan (1994).

6. VALIDATION AND INTERCOMPARISON

6.1  Point validation

Resultsof field experimentsmeasuringsurfacefluxesandvariablesaslocalpointvalues,or onaregionalscale,are

regularly usedto testsurfaceparametrizationschemes.To give just a few examples,ARME (Shuttleworthet al,

1984)dataovertheAmazonbasinhavebeenusedin validatingSiB (Sellersetal, 1989),ISBA (Noilhanetal, 1993)

andtheECMWF new surfacemodel(Viterbo andBeljaars,1995). FIFE (Sellerset al, 1988,1992)dataover the

KonzaPrairiein Kansas,US andCabauwdatain theNetherlandshave beenusedto validatetheECMWF model

(Bettset al, 1993;BeljaarsandViterbo,1994)and,in thecaseof FIFE, to validateISBA. HAPEX/MOBILHY

datain southernFrancehave beenusedto testthe ISBA modelandtheECMWF model. SEBEXdata,over the

Sahelianregion,havebeenusedtovalidatetheECMWFmodel(BeljaarsandViterbo,1995).Forareview of recent

experimentsusefulfor thevalidationof surfaceparametrizationdata,thereaderis referredto Shuttleworth(1991).

Noilhanetal. (1993)describeall thevalidationefforts for whatis probablythemostthoroughlyvalidatedsurface

parametrizationmodel,ISBA. A summaryof field experimentsis presentedin Table2. It is clearfrom thattable

thatmany valuableexperimentaldatasetshaveneverbeenusedto validateany large-scalesurfacemodel. Snow is

verymuchunder-represented.Campaignsthathavejustfinishedfor theCanadianborealforest(BOREAS,Sellers

etal, 1995)or arecurrentlyunderway for theScandinavian forest(NOPEX, 1994)will, hopefully, fill thatgapin

validation data.
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In pointwisevalidation,thesurfacemodelrunscoupledto a PBL model(1-column)or uncoupled(surface1-col-

umn,or 0-column),areforcedby timeseriesof observedvalues.Thequalityof themodelcanbeassessedby com-

paring its output (e.g. latent and sensibleheat,or soil moisturetime series)with observed values. 0-column

validationrequiresa timeseriesof observedvaluesof surfacewind andnear-surfaceatmospherictemperatureand

humidity, solarradiationanddownwardlong-wavereduction(Henderson-Sellersetal., 1993).Theadvantagesare:

i) currentautomaticmeasurementstationsallow themeasurementof theabove quantitiesduringseveralmonths,

thereforethemodelbehaviour canbevalidatedin its longertimescales;ii) sinceradiationis partof the forcing,

mismatchesbetweenthemodeloutputandobservationscanbeattributedto thesurfacemodel’s surface-fluxfor-

mulation. On theotherhand,becauseof theabsenceof negative feedbackfrom theboundarylayer, modeldrifts

areperhapsexaggeratedin this validationmodel(JacobsanddeBruin, 1992). Nevertheless,0-columnvalidation

remainstheonly form of validationgiving aclearmessageaboutthequalityof theland-surfacescheme.A major

intercomparisonexercise,PILPS(Henderson-Sellerset al, 1993)is currentlyunderway, wherebymostof theex-

isting surfacemodelsarecomparedin 0-columnmode,forcedfirst by syntheticdatasetsandthenby a time series

of observedvalues. Thefirst observeddatasetschosenwereCabauwandHAPEX/MOBILHY. It is planned,in

thenext phaseof PILPS,to coupleeachof theland-surfaceschemeswith thesamehostGCM andcomparetheir

behaviour in trueinteractivemodel. A similarEuropeanintercomparisonexercise,SLAPS,wasdesignedto assess

thequality of theland-surfaceschemeswhencomparedwith catchment-scalemodelsdevelopedby hydrologists,

and concentrates in the hydrological aspects of the land-surface schemes.

TABLE 2. RECENT FIELD EXPERIMENTSAND THEIR USE FOR VALIDATION OF LAND SURFACE MODELS.

Experiment Reference Location Data
Model

validation
ARME,1983–85 Shuttleworthet al. (1984) Amazon basin Surface energy and

water balance,
soil wetness

ISBA,
SiB,
ECMWF

SEBEX, 1989-90 Wallaceet al. (1991)
Dolmanet al. (1993)

Sahel As above ECMWF

HAPEX–MOBILHY, 1986 Andréet al. (1986) Southwest France As above, information
on mesoscale variability

ISBA,
ECMWF,
PILPS

Cabauw, 1987 Beljaars and Viterbo (1994)Netherlands Surface energy and
water balance

ECMWF,
PILPS

FIFE, 1987, 1989 Sellerset al. (1988, 1992) Kansas, US As above ISBA,
SiB,
ECMWF

La Crau, 1987 Marseille, France As above
LOTREX,
HIBE88, 1988

Germany As above

Niger, 1988 Northern Sahel As above
HEIFE, 1990 Tibetan plateau,

Gobi desert
As above

Kurex-88, 1987–88 Basin of river Seym Hydrological data,
including runoff and
snow

EFEDA, 1991-95 Central Spain Surface energy and
water balance

ISBA

HAPEX-SAHEL, 1992 Sahel as above
BOREAS, 1991–95 Canada As above,

snow measurements
ABRACOS, 1991–95 Amazon basin Surface energy and

water balance
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Whenanestimateof theregionaldistributionof thefluxesisavailable(asin HAPEX/MOBILHY), anotherpossible

wayof validationis to runamesoscalemodelover thefield-experimentarea.This typeof modellinghasbeenes-

sentialin validatingtheequivalent-parameterconcept(seeprevioussectionandNoilhanandLacarrère(1995))and

is crucial for assessing the importance of the organisation of fluxes in the mesoscale (Avissar andPielke, 1989).

It needsto bestressedthatthevalidationeffort hasbemadein closecooperationbetweentheexperimentalistsand

themodellers,theformerbringingtheir expertisein doingerroranalysisandsuitableaveragingof thedata,while

the latterbring the interpretationof modelresultsandsuggestionsfor improvement. Field experimentscollecta

very largevolumeof data(of theorderof a few Gbytes,seeSellerset al. (1992))thathasto beaggregatedinto a

muchsmallersetof valuesthatwill betheforcingdatasetfor thesurfacemodel,andanothersetthatwill serve to

validatetheresults(eachsetbeingno morethana few Kbytes). This is, by no means,a trivial exercise(Bettset

al, 1993;BeljaarsandViterbo,1995)but, onceit hasbeendonefor usewith onemodel,it is readilyavailablefor

validating other models.

Onefinal remark. Fieldexperimentsarenormallyorganisedwith concentratedmeasuringeffortsona few daysto

few weeks,theso-calledIntensiveObservationPeriods(IOPs),with gapsfor somequantities,suchasevaporation

betweentwo consecutiveIOPs. Dueto thedifferenttimescalesinvolvedin soil moisture(rangingfrom thediurnal

to theseasonalscale),it wouldbedesirableto have,in futureexperimentalefforts,continuousmonitoringof evap-

oration,radiationandsensible-heatfluxes,togetherwith soil moisturein therootzone,at leastfor anentireseason.

In that way, a closed soil-water budget can be performed for the observations.

6.2  Other forms of validation

Forecast/assimilationsystemshave theinfrastructureto monitor theforecastresultsagainstobservations(Strauss

andLanzinger, 1993). Near-surfaceatmosphericvariablesroutinelycomparedwith theplentiful SYNOPobserva-

tionsinclude2 m temperatureandhumidity, low-level cloudinessandprecipitation.As detailedby Lanzinger(this

volume),theinterpretationof thedatadisplayedgivesimportantcluesaboutmodelproblems,andthesignatureof

model/analysis changes is often found in a long time series of data.

A setof global-,continental-andregional-scaledatasetsthatcanbeusedto validateresultsfrom GCM climateruns

or to monitortheperformanceof NWP assimilation/forecastsystemsis presentedin Table3. In this typeof vali-

dation,it is not alwaysobvioushow to link errorsin thevariablesto deficienciesin onespecificparametrization

scheme.For instance,feedbacksbetweenmodelprocessescanberesponsiblefor modeldeficienciesin avariable

suchasprecipitation(Arpe, 1991). Someof thedatasetsin Table3 areestimated;for instancelatent-heatfluxes

andtheothercomponentsof thesurfaceenergy balanceareestimated,basedon theextentof empiricalformulas

and energy-conservation principles. Thesemethods,althoughmaking the datasetself-consistentin energetic

terms, cast some doubt on their validity for verifying model results.

To give anotherexample,run-off datahave beenusedto validatethemodelcounterpartfor major rivers(Russell

andMiller, 1990;DümenilandTodini, 1992). Mostof thetimeproblemsin modelrun-off arerelatedto deficien-

ciesin modelprecipitation,ratherthanto thedetailsof modelsurfacedrainageor infiltration. Separationof errors

in forcing (the precipitation field) from the errors in the surface model is a difficult task (Miller et al., 1994).
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7. INITIAL VALUES

Despitethesensitivity of medium-rangeweatherforecaststo theinitial soil-waterconditions(seereviewsby Gar-

ratt (1993)andRowntree,this volume),thereare,at present,very few methodsto definethesoil-watercontentin

data-assimilationsystems.Currenttechniquesfor ground-basedmeasurementof soil-watercontent(reviewedby

Hillel (1982),CuencaandNoilhan(1991)andSchulinetal. (1992))includethegravimetricmethod,neutronscat-

tering,electromagnetictechniques,andthetensiometer. Noneof thesemethodsis adequatefor routinemeasure-

mentsand,therefore,therehasbeenan effort in recentyearsto provide satellite-basedestimatesof soil-water

content(seereviewsbyChoudhury(1991)andSchmuggeandBecker(1991)).Thetechniquescanuseinformation

from thethermalinfraredchannels,or from activeor passivemicrowavesystems,but they haveseveralcalibration

problemsandprovide only estimatesfor thewatercontentsin thetop few centimetresof thesoil. We cansafely

statethatnoneof thecurrentmethodsof measurementof soil watercanprovidea weeklyglobal estimateof the

soil-water contents in the root zone.

Almostall schemesfor initialisationof soil waterin NWParebasedonfinding theequilibriumvalueof soil mois-

ture,givenclimatological estimatesof sensible-andlatent-heatfluxes,andradiative fluxesat thesurface(seee.g.

Mintz andSerafini,1992). They are,therefore,inappropriatefor usewith data-assimilationschemes,wherethe

goalis to find asoil-waterfield representinganadequatebalanceof real-timeestimatesof theabovefluxes. Many

currentNWPpredictionsystemscircumventtheproblemby assigningshort-termforecastvaluesto theinitial con-

ditionsof soil moisture. Any deficienciesin theland-surfacemodelor, moreseriously, in theforcing terms(pre-

cipitation and net radiation) will causethe model to drift in time, and theseshort-termforecastvalueswill

eventuallybeaffectedby biasescorrespondingto theclimatic biasof the land-surfacemodelor thenear-surface

atmospheric forcing.

Theonly methodologythatcanbeappliedin aforecast/data-assimilationsystemis onebasedontheideasof Mah-

fouf (1991). As mentionedin theprevioussection,theerrorof short-rangeforecastsof summertimenear-surface

temperatureanddew point,whencomparedwith theplentiful SYNOPobservations(of theorderof 10000for any

synoptictime), is normallyagoodindicatorof thequalityof thesoil-waterfield; in broadterms,toowarmandtoo

dry near-surfaceatmosphericmodelstatesduringdaytimeareassociatedwith awrongpartitioningof theavailable

surfaceradiative energy in latent-andsensible-heatflux, andwith too dry valuesfor thesoil wetness.Mahfouf

(1991)developedanoptimal interpolationschemefor initialisationof soil water, relatingtheanalysisincrements

of soil moisture to short-range forecast errors of near-surface temperature and dew point.

As with any data-assimilationscheme(Daley, 1991)usedfor medium-rangeforecasts,it is moreimportantto ini-

tialisecorrectlythevariablesin thesystemassociatedwith a longermemory, larger timescales.Variableswith a

subdiurnaltimescalewill adjusttheir initial valuesto somevaluescompatiblewith themodelphysics;theadjust-

mentprocesswill take just a few hours,andbeyondthis adjustmentperiodthe‘memory’ of theinitial conditions

TABLE 3.GLOBAL DATA SETSTHAT CAN BE USED TO VALIDATE SURFACE-RELATED GCM RESULTS.

Dataset Parameter (Measured/Estimated)/Area
Jaeger, 1983 Rainfall M / global
Legates and Willmott, 1990 Rainfall M / global
UNESCO, 1974 Runoff M / global
Henning, 1989 Energy balance componentsE / global
Wallis et al., 1991 Precipitation, runoff, temp. M / US
Hollinger and Isard, 1994 Soil moisture M/Illinois, US
Vinnikov andYeserkepova,1991 Soil moisture M / former USSR
GCIP, 1995-2000 Water balance componentsM andE / US
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is lost. For soil moisture,this meanshaving a specialconcernaboutthedeeperlayers,otherthantheshallow top

layer, becausethe formerhasa timescaleof weeks,ascomparedwith thediurnal timescaleof the latter. Notice

thatthedeeperlayersstill interactwith theatmospherevia transpiration,transportingthewaterfrom theroot layer

to the atmosphere.

Figure  8. Evolution of soil water in 48-hour data assimilation with a mesoscale model. Top row: Starting

condition dry. Bottom row: Starting condition wet. Values are shown for top soil water (left) and root soil water

(right). Solidcurves(A): meanvaluesover thearea;Dashedcurves:maximumandminimumvalues;Solidcurve,

unlabelled: reference simulation, representing the truth (fromBouttieret al, 1993b)

Mahfouf (1991)developedanoptimal interpolationscheme(Daley, 1991)for initialising thesoil water, relating

theanalysisincrementsof soil moistureto short-rangeforecasterrorsof near-surfacetemperatureanddewpoint.

Theschemehasbeendevelopedfurtherandappliedto theinitialisationof soilwaterin amesoscalemodel(Bouttier

etal, 1993b).As shown by one-dimensionalsensitivity andnumericalsimulationstudies,in bare-groundareasthe

errorsin the two-metretemperatureanddewpoint areassociatedwith errorsin the top soil-waterlayer, while in

vegetatedareasit is relatedto theroot-layersoil-moistureerrors. Themostcritical aspectof thealgorithmis the

definitionof theoptimumcoefficientsin thematrix relatingtheerrorsin two-metretemperatureanddewpoint to

the analysisincrementerrorsin the top androot-layersoil moisture. A continuousparametricformulationde-

scribedin Bouttieret al. (1993a)allows for thecomputationof thesecoefficientsat eachmodelgrid point. They

will dependuponsolarzenithangleandsurfacecharacteristics(vegetationcoverage,roughnesslengthandsoil tex-

ture).
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A 48-hourclear-sky periodfrom theHAPEX-MOBILHY experiment(Andréetal., 1986)wasstudiedby Bouttier

etal. (1993b)andis presentedin Fig. 8 . Theresultsof theassimilationdemonstratetherapidconvergenceof the

method when starting from a wet- or dry-soil moisture guess.

Recently, asimplifiedversionof theMahfouf (1991)algorithmwasintroducedinto operationsatECMWF(Viter-

boandCourtier, 1995).It correctsfor adry andwarmbiasin thesurfaceandboundary-layerforecastsin latespring

andearlysummer. Thebiasis associatedto anunderpredictionof cloudcovercausingtoomuchsolarradiationat

thesurface,driving too largeanevaporationrate,anddrying thesoil tooquickly andtooearly. Thesoil-waterini-

tialisationschemepreventsthesoil-watervaluesfrom dryingtooquickly. Fig. 9 , comparingtheroot-mean-square

(rms)errorfor 20forecastsrunwith (moist)andwithout (ops)thesoil-waterinitialisationscheme,showsthelarge

impactof theinitial valuesschemein theforecastquality. Theimpacton thermscomesmainly from a reduction

in the lower-troposphericbiasof temperature;a wettersurfacecausesa colderlower troposphereand,dueto the

hydrostaticrelationship,a shallower 20 kPa modelsurface.Thelargesensitivity of summertimecontinentalfore-

casts to the definition of soil-water initial conditions confirms the results reviewed inGarratt (1993).

Figure  9. Mean root mean square of geopotential height for control (ops) and test (moist), and the mean

difference and confidence interval at the 95% level, 1–20 June 1994, 20 kPa North America.

8. SNOW MODELLING

Theeffectsof thesnow mantlehave to betakeninto accountfor appropriateconsiderationof thesurfacethermal

balanceon high latitudesandmountainousregionsin GCMs. Thepresenceof snow reducestheenergy available

at thesurface;thealbedoof freshsnow is 0.85,while thealbedoof a naturalsurfaceis in therange0.12to 0.25

(Dickinson, 1988).Snow meltingis themostimportantsourceof soil moisturein springin high latitudes. In gen-

eral,dueto its thermalproperties,snow actsasaninsulatorbetweentheair aboveandthesoil underneath(Peixoto

andOort,1992;Walshet al., 1985). Thethermalandmassbudgetsof a layerof snow lying on thegroundis rel-

atively easyto establishona local scale(e.g.Anderson, 1976),but morecomplex at scalesof a typicalGCM grid

box,dueto theheterogeneityof snow cover. In spiteof its importance,thereis very little observationalevidence

of relevanceto GCMsontypicalmeltingrates,albedo,snow coverandmetamorphicchangesfollowedby thesnow

mantle.

Most, if not all, current GCMs carry a prognostic equation for snow mass (Manabe, 1969)
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(33)

where is thesnow depth(m of waterequivalent), is thesnowfall (Kg m-2s-1) and is therateof melting.

Thesnowfall is eithergivenasanindependentamountfrom otherphysicalparametrizationsin themodel,or is the

totalamountof precipitationif thesurfaceair temperatureis below acertainthreshold.Theroleof snow parametri-

zation schemes is to specify the melting rate, , and the snow albedo entering the thermal budget equation.

Melting conditionsaremet whenthe equilibrium groundtemperatureis above 0 C. In that case,an adjustment

down to 0 C is madeby meltingthenecessaryamountof snow, while theuppersoil reservoir collectsthemelted

water. Themeltedwaterexceedingthemaximumcapacityof that reservoir is lost into runoff. Albedo in snow-

coveredareasis modelledasa backgroundvalueplusa correctiondependenton thesnow amount. Somemodels

take into accountsnow ‘masking’ by thevegetationin thecomputationof thealbedo,soasto reducethesnow-

coveredareain thepresenceof tall vegetation,whencomparedwith baregroundterrain(Blondin, 1991).Thesnow

contribution to the albedocanalsobe madedependenton temperature;snow undermelting conditionsis made

darker to simulate the effect of surface ponding (Dickinsonet al., 1986).

Snow-cover fraction(the fractionof thegrid box coveredby snow) is importantfor its effectson thealbedoand

melting. Inspectionof any satelliteimagerevealsthatsnow-cover fractionis essentiallydependentonvegetation,

andontopographicdetailssuchasslopeandaspect.In GCMs,thesnow-cover fractionnormallydependslinearly

on theamountof snow up to athresholdvalue,beyondwhich it is takenas1. Thethresholdvaluecandependon

roughness length, a crude way of parametrizing orography and vegetation effects.

Morecomplex snow modelsarenormallyintroducedby carryingextrapredictivevariables:snow density(Pitman

et al, 1991;Verseghy, 1991;Douville et al, 1995),snow temperature(Verseghy, 1991;Dümenil,privatecommu-

nication),andsnow albedo(Douville etal, 1995).Detailsof thesnow-packmetamorphism,e.g.distinguishingbe-

tweencoarseandfine grain,or betweenold darksnow andfiner freshsnow, canbeconsideredby introducinga

snow age(timeelapsedsincelastsnowfall, Verseghy, 1991)dependency on thedensityandon thealbedo.For its

independentthermalbudget,thesnow packis consideredasanadditionalvariable-depthlayer, with thermalcon-

ductivity and heat capacity dependent on snow density.

Melting of thesnow packcanoccurin thesemorecomplex modelsin two differentways:surfacemeltinganddeep

melting. If thesurfaceenergy-balanceequationgivesa temperatureabove 0 C, meltingof snow occursat theex-

penseof theexcessof energy obtainedby coolingthesurfaceto 0 C. Theresultingamountof waterpercolatesinto

thesnow layerandmight refreezewithin thesnow packatsomeunspecifieddepth,in aprocesscalledripeningof

thesnow pack. Theremainingwaterwetstheupperlayerof soil. Deepmeltingoccursby heatconductionfrom

underneaththesnow packif thesoil is above0 C. Thereis aadjustmentof temperature,asin thesurfacemelting,

but no ripening is allowed,thewaterbeingimmediatelyavailableto thesoil layer. Note thata separatethermal

budgetof thesnow layeris necessaryfor properseparationof thetwo meltingmechanismsandtheripeningof the

snow pack.

As referredearlierin Section3, phasechangeof thewaterin thesoil is anotherimportantmechanismin high lati-

tudes(BlackandTice,1988, Williams andSmith,1992,Miller, 1980).A parametricinclusionof theeffectsof the

solid phaseof water, althoughessentialfor modellingthesoil waterandenergy transferin high latitudes,is not

consideredin mostGCM models. Its is possibleto write additionalequationsfor theconservationof frozenwater

atdifferentsoil layers(Verseghy, 1991,Pitmanetal., 1991).Modificationsto thetraditionaltreatmentinclude,in

orderof importance:i) Thethermaleffectsrelatedto thelatentheatof fusion/freezing;ii) Substantialreductionin

transpirationin the presenceof a frozenground;iii) Soil-watertransferdependenton a soil-waterpotentialthat

includestheeffect of frozenwater. Thereareindicationsthat theseeffectsarevery importantfor characterising

the role of boreal forests in the climate system (Sellerset al., 1995).
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9. CONCLUSIONS

Currentatmosphericmodelsplay a majorrole in estimatingthesurfacebranchof thehydrologicalcycle. There-

view presentedabove tried to emphasizethespecialrole of NWP forecast/dataassimilationsystemsasa continu-

ously operatingnumericallaboratoryfor the study of the interactionsof the atmospherewith the underlying

surface. Theonly practicalway of estimatingglobally thegeographicaldistribution of thedifferenttermsof the

surfacehydrologicalbudgetonaday-to-daybasisis to usedataassimilationwithin aglobalforecastingsystem.In

this systems,conventionalsynopticdataplussatelliteobservationsarecombinedwith a very-short-rangeforecast

to produceananalysedstateof theatmosphere.Short-rangeintegrationsstartingfrom theseinitial statescanpro-

vide an internallyconsistent(althoughmodeldependent)pictureof precipitation,evaporationandrunoff. Since

thehydrologicformulationof currentatmosphericmodelsis akey componentof theprocessdescribedabove,it is

importantto review the currentstate-of-the-artland-surfacemodels,and to identify the deficienciesand areas

where current research is likely to bring substantial improvements.

However, operationaldataassimilationsystemsdo not provide a time-homogeneoussequenceof values,because

of theregularchangesin eitherthedata-assimilationmethodsor in theforecastmodelused.Alternativeestimates,

basedon multi-yearclimateintegrationsof themodel,arehamperedby systematicerrorsin themodels;they do

notbenefitfrom thecorrective influenceof theobservations,regularly fed in thedata-assimilationcycles. In order

to combinethebenefitof a long-periodseriesof simulationgivenby theclimateintegrationswith thecontrolling

effect of theobservationsgivenby thedataassimilation,severalCentresstartedrecentlyre-analysingtheatmos-

pherewith a frozensystem(BengtssonandShukla,1988). TheECMWFRe-AnalysisProjectis currentlyre-ana-

lysing theatmosphereatT10631 levels,for theyears1979–1993.Theprojectwill becompletedin 1996,andthe

examinationof resultsrelatedto thesurface–atmosphereinteractionwill provideinvaluableinsightonmechanisms

involved in different timescales, ranging from the diurnal cycle to the seasonal cycle.

Thelast20 yearshave beencharacterisedby a wide acceptancein theGCM communityof therole of vegetation

in controllingevaporation.ThePILPSprojectis currentlythecatalystin theonly way aheadto developandim-

proveparametrizations:validationandcomparisonwith observations.Thereis muchto learnon thelongertimes-

cales of the atmosphererelated to soil-water contents,the complicatedinteraction betweensoil water and

precipitation, and the role of snow in the climate system.
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