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The parametrizatiorof land surfaceprocesse$l SP) in numericalweatherprediction(NWP) or climategeneral
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circulationmodels(GCMs)is importantfor anumberof reasonsFirst of all, the sensibleandlatentheatfluxesat
thesurfacearethelower boundaryconditionsfor theenthally andmoistureequationsn theatmosphererheland
surfaceschemesrealsolargely responsibldor the quality of modelproducedhearsurfaceweathemarameters,
suchasscreerievel temperatur@anddew point,andlow level cloudinessFurthermorethe surfaceconditionsneed
to besuchasto provide theadequatéeedbacknechanism$or the otherphysicalprocesses theatmospherdow
level cloudinessnfluenceghesurfaceradiative balancesensibleneatandlatentheatfluxesinfluencetheboundary
layerexchangesndtheintensityof the moistcorvective processedrinally, the correctpartitioningbetweensen-
sibleandlatentheatfluxesdetermineshe soil wetnesswhich actsasoneof theforcingsof low frequeng atmos-
phericvariability (Delworth and Manabe,1988,1989,Milly andDunne,1994).The soil layer acts- throughits
watercontent- asanintegratoror low pasdilter of thetime seriesof rainfall. Understandinghe soil wetnessar-
iability in theseasonatcale(e.g.,extendeddroughtperiods)mayleadto a betterknowledgeof low frequeny at-
mosphericvariability. Time seriesof soil moistureanomaliesareprimarily controlledby potentialevaporationand
the ratio of potentialv@poration @er precipitation Iflilly , 1994).

Therole playedby continentalandoceanicsurfaceson the global heatbudgetof the atmospherés illustratedby
Fig. 1. Themeanatmospheri@negy budgetis shavn in Fig. 1 (a) for all ECMWF forecasts/erifying in August
1993;the x-axis specifiesforecastdays, the picture shavs resultsfrom day 1 to day 10 in the forecast. For the
whole atmospherethe netradiative forcing is negative (the signis reversedin the picture),implying a cooling of
around110W m2, balancedby warmingatthe surface(sensibleheatflux), andlatentheatreleasecorresponding
to moistprocessem theatmosphereThesurfacesensibleheatflux providesaround20%of theenepgy to balance
the netradiative cooling. The moistprocesse¢separatedh the pictureinto corvective processeandlarge-scale
condensationyhov adifferentlevel of activity atthebeginningof theforecasrange becausef initial imbalances
in thethermalandhumidity atmospheridields (Arpe, 1991):in contrastthe sensibleheatflux is almostconstant
duringtheforecast.Figs.1 (b) and(c) shav the surfaceenegy budgetfor the sameperiod,for all landpointsand
for all seapoints,respectiely. Netsolarradiationis theenegy inputto thesurface balancedy thesumof thermal
radiation latentandsensibléheatfluxes,labelledtotal outputin the panelg(b) and(c). While theradiative fluxes
areof the sameorderfor land andsea,the partitioning of the availableenepgy at the surfacebetweenatentand
sensibleheatflux is markedly different. Thefiguresindicatea globalvaluefor the Bowenratio (ratio of sensible
heatflux over latentheatflux) of order1 overthe continentsand0.1 for the oceanssuggestingifferentphysical
mechanismsontrollingthe exchangestthesurface:i) the oceandave alargerthermalinertia, slower variations
of thesurfacetemperatureimbalancesreallowedon alongertimescaleji) thelandmassesave afasterespon-
sive surface,the netheatflux atthe surface(sumof theradiative fluxes,latentandsensibleheatflux) is generally
small. All theabove balancesareonly exact(no residualskyt a global/annuatimescaleat ary particularperiod,
andover a particulararea,no exact balanceis achieved, implying heattransportby the atmosphericirculation.
Thelatentheatflux overlanddecrease20%from day1 to day10in theforecastsuggestin@drying of thesurface
throughoutthe forecastrange,possiblydueto eithertoo muchradiative solarenegy at the surfaceor too much
evaporation in the presence of correct solaretux
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Figure 1. Mean atmospheric and sud enagy budget for August 1993 ECMWF forecasts: (a) Atmospheric
enegy hudget; (b) Sudce enagy budget for all land points; (c) As (b)ubfor all sea points.

Processeatthesoil-vegetation-atmospheipterface andtheirimpacton GCMsarereviewedin Mintz (1984)and
Garratt(1993). Firststudiesontherole of soil water(Namias 1958)led to thedevelopmenbf theso-called'buck-
etmodel"for evaporatiorandcomputatiorof surfacerunoff (Manabe 1969). With thework of Deardorff(1978),
the attentionhassomeha beenswitchedfrom therole of soil waterasa slowvariablein the climatic system o
the contritution of the vegetationto the latentheatflux (evapotranspiration)Many of the schemesisedtodayin
GCMs (e.g.Dickinsonetal., 1986;Sellersetal., 1986; Abramopoulostal. , 1988; NoilhanandPlanton,1989)
mimic the effect of plant physiologyin usingthe amountof photosyntheti@active solarradiationto regulatethe
openingandclosingof leaf stomatathuscontrollingtheflow of waterfrom the soil into theatmospheranddefin-
ing thetranspiratiorrate. The conceptof stomatalconductancasa productof differentstressunctions(Jarvis,
1976)is centralto all the abore models. On the otherhand,mary GCMs incorporatean interceptionresenoir,
collecting rain and revaporating at the potential ratetteret al, 1972).

Thekey issuedn landsurfaceparameterizatioare:i) therole of vegetationin controllingevapotranspiratiomand
rainfall interceptionji) anadequatelescriptionof heatandwatertransferin the soil; andiii) for highlatitudesand
overmountainsacorrectdescriptiorof enegy/waterexchangegor thecryosphere Thedirectinfluenceof theland

surfaceon timescalegsangingfrom the diurnal cycle to the seasonatycle is illustratedby the dualrole of evapo-
ration. Evaporationcontrolsthe amountof waterkeptin the soil during Spring, allowing its releaseduring the

Summerin aclimatemodel,systematiover-evaporationduringthe Springmeangdry, warm Summerbiasin the

lower troposphere However, for ary particularSummerday, awet surfacewill tendto evaporatenorethanadry

surface,and,for thatreasonijt will in generabe cooler(seeSection2on combinationequations)for thatreason,
anover-evaporationfor a typical Summerday, generallymeansa cold, wet biasfor the boundarylayer Therole

of land-surhce parameterization in NWP models reflects thesapparently conflicting roles.

Recentreviews of methodgor representing.SP in NWP andclimatemodelsinclude Garratt(1993),Bougeault
(1991),Blondin (1991),Rowntree(1991),AvissarandVerstraet€1990),Laval (1988),VerstraeteandDickinson
(1986). To theabore, moregenerabaperspneshouldaddatleastDickinsonetal. (1991),andSellers(1992),for

therole of the biospherén controllingthe evapotranspirationickinson(1992),Strickeretal. (1993),andShut-
tleworth (1993a),describingtherole of the surfacein relationto the climatesystemandDooge(1992a, 1992b),
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for anhydrologistperspectie on the subject. In this review, no attemptwill be madeto give comprehensk de-
scriptionsof landsurfaceparameterizatioachemesthereadetasalargechoiceof review papersn theliterature.
Insteadwewill focusonafew issueghatwe considerelevant:thechoicereflectswork atECMWFin recentyears,
in boundanjayeraspectgBettsetal., 1993),andin thesurface(BeljaarsandViterbo,1994;Beljaarsetal., 1995;
Bettset al, 1995;Viterbo and Beljaars, 1995).

Section2 presentsomegeneratemarksontherole of thesurface while in Section3 the basicconceptof thesoil
enegy andwaterbudgetareintroducedtherole of vegetationversusbaregroundon definingthe evapotranspira-
tion rateis describedthe concept®f interceptiorandsurfacerunoff aspercevedby largescaleatmospherienod-
els are presentedand the Penman—Monteitlequationis derived as an exampleof an usefulinterpretatve tool
combiningthe heatandwaterbudgetin the soil. Section4 presentshreeexamplesof parametrizatiorschemes,
with differentcompleity level. Section5 discussesvaysof representingubgridscaleheterogeneityandmethods
for defininginitial conditionsfor the surfacevariables Brief remarkson validationandintercomparisoraremade
on Section6, while Section7 dealswith processesaffectingthe cryosphereThe concludingsectionemphasizes
areaof uncertaintyandcurrentneeddor data.Throughouthe papertheemphasiwill beon simplicity andcor-
rectphysical representationf the processedn NWP the sensitvity to initial conditionsprohibitsthe useof too
complex LSP models,with alarge numberof surfaceparametersyhile for climatemodelling,the compleity of
themoreadvanced_SP(e.g.SSiB,Xueetal., 1991)canbeanadwantageo handlecorrectlytheatmospheric/sur-
face interactions.

2. GENERAL REMARKS

Fig. 2 shavs the size of the moistureresenoirs of theterrestrialatmospherendthe marineatmospherethe ex-
change®f moisturebetweerthem,andbetweerthe atmospherandthe surfacebelon. Surfaceevaporationover
seais morethan6 timesaslargeasthe correspondingalueover land. The seasurfaceevaporatestthe potential
rate,while over landthereareadditionalmechanismshat reducethe evapotranspiratiomate: drynessof the soil
or, over vegetatedareasphysiologicalmechanismshatcanreduceor shuttranspiratiorfrom the plantleavesand
trunksmakingthe waterfrom the root zoneeffectively unavailablefor the atmospherabore. Precipitationover
landis abouta quarterof thatover sea. Notethat precipitationexceedsavaporationover land, while over seathe
reverseis true. In orderto have a closedbudgetfor theterrestrialatmosphereadwectionof moistureacrossaver-
tical wall projectingoverthecontinentboundariefasto matchthedifferenceprecipitatiorminusevaporation.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 closethe hydrologicalcycle,
the adwectionhasto be matchedoy theriver runofi: the globally averagednflux of freshwaterinto the oceanjs
estimatedn this way as36x10° kg yr'l. For continentalareasannualrunoff, evaporationand precipitationare
approximatelyin theratio 1:2:3. Therainfall rateandthe sizeof theterrestrialatmosphereeserwoir canbe com-
binedto give atimescale4.5/107=0.04%ears=15days:the terrestrialatmosphereeserwoir would be emptiedby
rainfall in 15days. In asimilarway thereserwir would bereplenishedy surfaceevapotranspiratiomn 23 days
(4.5/71years). The timescalesassociatedo marinerainfall areonly 7.5 days,andthe correspondingralue for
evaporations 6.8days. Thissuggestsi) aorevigoroushydrologiccycle overtheoceanji) alandsurfacecontrol
over largetimescalegweeksto months) throughthe evapotranspiratiofiux of wateratthesurface.Theimplica-
tion of theabove onthe extendedpredictabilityof theatmosphereueto theexchange®f waterwith thelandsur-
facehasbeendiscussedn mary papersseee.g., Namias 1958, Mintz, 1984, Diimenil and Bengtsson 1993,
Dirmeyerand Shukla, 1993), and were already mention&kition 1

4 Meteorological Training CourseLecture Series
0 ECMWEF, 2002



A review of parametrization schemes for land surface processes

3

Terrestrial Marine
Atmosphere Atmosphere
Advection
45 -t 11
36
Evaporation Rain Evaporation Rain
+
Transpiration 107 434 398
71
Rivers
36

Land Sea

Figure 2. The global ater gcle (fromChahine 1992). Units of ater in the reseoirs: 10° kg; units of vater
fluxes: 18° kg yr.

Beforeproceedingry further, in theinterestof clarity wewill now discussafew conceptuahotionsof evaporation
anddefinesomebasicquantities. Potentialevaporation(PE)is the amountof waterevaporatedper unit area, per

unit time from an idealizedextensivefree water surfaceunder existing atmosphericconditions(Shuttleworth

1993b). Several problemsexist with this concept(seeBrutsaert 1982for a thoroughdiscussion).First, potential
evaporationis often estimatedbasedon measuredearsurfaceatmosphericonditions,which correspondo the

idealizedsituationdescribedabove only shortly afteran episodeof precipitationor dew deposition. Theamount
of waterin the soil conditionsthe actualevaporationwhich, for agiven incidentradiation,determinesheactual
valuesof surfaceair temperatur@andhumidity. If the soil wasanidealizedextensivefreewatersurfacethe meas-
uredvaluesof air temperatur@andhumidity would changdrom its actualvalues. This sortof ambiguityhasbeen
the sourceof confusionin the literatureabouthow to computePE in atmospherianodels:Pan(1990) presenta
methodfor its estimationpy useof a modifiednearsurfaceair temperatureandMilly (1992)shaws thatthis es-
timate matches early PE definitionshdéinabe(1969) andBudyko (1974).

The otherproblemof potentialevaporationis its failureto recognizetherole of the surfacecover. As detailedin
following sectionsthe surfacewatervapourflux from apatcly naturalcoveredsurfaceis the sumof differentcon-
tributions:thelakesandrivers,the bareground thewetfractionof thecanoyy, andplanttranspiratiorfrom stems,
leavesandtrunks. Whencomparedo theothercontritutions,planttranspiratiorhasanadditionalresistanceo the
watervapourflux, dependentn physiologicalconditions soil stateandernvironmentalfactors Themaximumpos-
siblevalueof transpirationso-calledunsteessedvapoation or potentialevapotianspimation (Penman1948)cor-
respondgo a minimum (non-zero)valueof this resistance.lf, in orderto obtaintheidealizedfreewater surface
definingPE,we do notchangeheroughnesgength,unstresseavaporations alwayssmallerthanpotentialevap-
oration. Following commonusein the literature,we will distinguishbetweenevapomation at the potentialrate
(whenthecanoyy is wet) andunstressedvaporation Notwithstandinghe problemsreferredabove for its defini-
tion, PEis still avery usefulconceptasanupper“enegy-limit" valueof evaporationfor agivenincidentenegy
at the suidice Milly, 1993).
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A syntheticillustration of the interactionshetweenthe land surfaceandthe atmospherés presentedn Fig. 3,
adaptedrom Dooge(1992a). The diagramillustratesthe behaiour of the soil andthe atmospherevithin acom-
pleteidealizedcycle composedf a wet periodfollowed by a dry period. Let us startjust afteralong episodeof
rainfall, point A in the picture. The soil wateris availablein abundancen therootlayer (for a precisedefinition
of theconcepbf field capacityreferredin the pictureseeSection3.3 (b)), andits evolution (drying) is goingto be
determinedy evaporation While the soil hasplenty of water therateof evaporationis controlledby the atmos-
phericmoisturecontentin the nearsurface:the regimeis contwolled by the atmospheg andthe evaporationis at
the potentialrate. Below a certainlevel of soil moisture(point B in the picture), physiologicalmechanismsuill
limit the supplyof waterfrom the root layerinto the atmosphereandevaporationwill drop below its maximum
value(potentialrate). Theregimeis underasoil (vegetation)contol. Whenprecipitationstarts(point C), it will
meeta soil dry enoughduringtheinitial stagessothatinfiltration (the amountof waterthatfalls asprecipitation
andis effectively collectedby the soil for future use)will equalprecipitation.The evolution of waterin thesoil is
oncemoreatmosphericontmolled, via therateof precipitation. Beyonda certainvalueof soil water(pointD), the
soil doesnot have theability to infiltrate all precipitation,someof it goesinto runoff. Thislastphasds again soil
contmlled: the state of the soil determines a rate of infiltration.

Land surfaceparametrizationbave to representorrectlythe surfacefluxesandthe evolution of soil moisturein
all four phase®f the cycle, andto switchfrom theatmosphereontrolinto thesoil controlregime. Theevolution
of soil moisturewill determinewvhenpointD will occur andthe evaporationformulationwill determinepointB.
Thecrucialareasfrom the point of view of theatmosphereareB-C andC-D. During springandsummenwhen
theatmospheri@vaporatve demands very large), the systemstaysmuchlongerin the statesB-D thanin theop-
posite part of theycle.

Soil Atmosphere
Control B Control

Atmosphere D Soil
Control Control

Figure 3. Schematic depiction of the interaction between theyabiblogy and the atmosphere (fradooge
1992a).

Beforegoinginto furtherdetail,we will presenfanearlyexampleof awarenessf therole of the differentmecha-
nismscontrollingthesurfaceheatandwaterbudget: Richardsor{1922),in hisclassicabookonnumericalweather
prediction,identifiedpracticallyall therelevantsubjectsn landsurfaceparameterizationFirstof all, henotesthat
lower boundaryconditionsfor theatmospheriequationsimplify greatlyif onemalkesaforecasfor thesoil water
content. The surfaceof the earthis separatedh seabaregroundandvegetatedpart,andhe proposego usethe
relative fractionsof theabove within a grid square.The soil heatbudgetandwaterbudgetareto be solvedby dis-
cretizingthe partial differentialequationgepresentinghe soil heattransferandsoil watertransfer The depthsof
the5 soil layersarein alogarithmicdistribution, with a total soil depthof 1.5m, commonto soil temperatureand
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soil moisture(in orderto take into accounkasilythe enegy exchangesnto phasechangesn thesoil waterandthe
enegy transported with the ater in the soil).

He is probablythefirst authorto write an equationfor the watertransferin the unsaturategbart of the soil. The
ideaof generalisingDargy's law (establishedn 1856for the flow of waterin a saturatednedium)to the flow of

waterin unsaturatedoil, is normallyattributedto Richardg1931). In fact,Richardsorhaddoneit nineyearsear-
lier. He proposeso integratethe resultingpartial differentialequationwith precipitationandevaporationastop

boundaryconditions,andto specify soil water properties(matric pressureheadand hydraulic conductvity) de-
pendingon soil watercontent. Moreover heincludesin the soil waterbalanceanadditionaltermrepresentinghe
effect of transportof waterin vapourphase. For soil heattransfer the classicalFourierlaw is applied,with heat
conductvity dependingn soil moisture. Two additionaltermsareincluded:thefirst for the heattransportedvith

the water the secondfor the heatinvolved in phasechangegliquid—vapour)within the soil. Thetop boundary
conditionis thenetheatflux atthe surface,addedio the enegy contentassociateavith waterfalling asprecipita-
tion.

For computationof the evaporationfrom a canopy, he recognizeghe physiologicalcontrol of plantsin reducing
transpiratiorbelov a certainthresholdvalueof soil moisture madedependenon soil type. Thenotionof canopy
resistancetogethermwith its "electrical"analogyis properlyintroduced. An interceptionreserwir is usedrepre-
sentingthe leaves,collectingprecipitationandevaporatingat the potentialrate. The baregroundevaporationde-
pends on the relag humidity in the air pores of the top soil layer

All the principlescurrentlyusedby mostcurrentsurfaceparameterizatioschemesave beenproposedy Rich-
ardsonin 1922. Theway heinfersvaluesfor the constantsnvolvedis reminiscenpf currentpractice whereone
valuefor a particularsiteis generalizedo the whole globe:a noticeabledifferenceis thathe performedfield ex-
perimentsin orderto estimateparametersr studyphenomendor which therewasinsuficient evidence e.qg.,for
canoyy interception.

Beforeclosingthe section,we will presentombinationequationdor estimatingevaporation:a specialfamily of
equation®btainedoy simultaneousolutionof thesurfaceenegy balanceandturbulenttransporof heatandwater
vapourtakinginto accountheinternalplantresistanceéo transpiration.Penmar{1948)wasthefirst to obtainsuch
anequationfor anopen-vater(or well-watered)}surface. Theintroductionof the effect of vegetation(throughthe
stomataresistancef asingleleaf or a canopy resistancédor the effect of the entirecanojy) givesriseto whatis
normally calledthe Penman—Monteitkquation. For areview of combinationequationsandthedifferentderived
formsof the Penmarequation seeBrutsaeri{1982),Milly (1991),andMonteith(1980,1981). In thefollowing, a
sketchy derivationof the Penman—Monteitequationwill be presented Combinationequationsareinterestingfor
anumberof reasonsFirst, they areusefulfor micrometeorologicagéstimate®f evaporation becausehey elimi-
natethesurfacetemperaturérom the surfaceenegy budget. Secondlythey canbeusedto estimateegionalevap-
orationon a daily or monthlybasis(PriestleyandTaylor, 1972). Thirdly, they canbe usedin NWP models(Pan
1990)asa basisfor the surfaceparametrization.Finally, they area powerful interpretatve tool for analysingex-
perimental or model results and understanding tlysipl mechanisms responsible feaporation.

Whenstoragdermsin thevegetationareneglected enegy conserationattheinterfacesoil/vegetation/atmosphere
implies

R,+G+LE+H =0 Q)

whereR, is thenetradiationatthe surface(sumof netshortwave, thedownwardlongwave, andtheupwardlong-
wave emittedby thesurface),L thelatentheatof vaporisatior(sublimationif thewaterexistsatthesurfacein the
solidphase)and G, E and H arethe groundheatflux, rateof evaporationandsensibleneatflux, respectiely.
All fluxesare positive downwardsandhave unitsof W m?. G canalsobe interpretedasminusthe rateof heat
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storagebeneaththe surface(vegetationplus soil), in which case(1) representshe heatbudgetof a finite vertical
slabof soil+canop. Eg. (1) stateghatall significantwaterin the soil availablefor evaporationexistsin theliquid
(solid) state thewateris transferredo theatmospherén the vapourstateat the expensegnegetically of thesur-
face: the sudce preides the latent heat, with a corresponding cooling in case of aardgwoisture flux.

Using Monin—Olokhov similarity, the sensible heat flux can be written as
H = pC,Cy(zon zom LU (T, —T) (2)

wherep, C,, U, T, zq, andz, arerespectiely, theair density specificheatatconstanpressurewind speed,
temperatureroughnessengthfor heatandmomentumthesubscriptL representanarbitrarylevel (atheightz; )

within the surfacelayer, T', is theskin or canoy temperaturethe temperaturet a pointin the airimmediately
adjacento the canoyy (or thesoil, in caseof bareground).C,, is the exchangecoeficientfor heatand L is the
Obukhor length;a functionalform of C,, canbefound,e.g.,in BeljaarsandHoltslag(1991).Eq. (2) canbere-

written in resistance form,

T,-T
H = pC,—2—= (3)

T'a

By comparing(2) and(3), we obtain
1
s CyU; (4)
a

relating the aerodynamical resistancg, to the product of the wind speed and tkehange codicient for heat.

The evaporationflux, theflux of waterbetweerthe air insidethe stomataat saturationandtheair in the surface
layercanbemodelledfollowing (3). We have now conceptuallytwo resistancesgnefrom theair insidethestomata
up to the sudce of the leges,r,, and the second one from the aod of the leges up to leel z; r,

qr —Gsal s
rgtry

E=p (5)

whereq; andgq, arethespecifichumidity atlevel z; andthesaturatiorspecifichumidity, respectiely. By as-
sumingthe sameaerodynamicalesistancdor heatandwatertransferwe areimplicitly assumingdenticalrough-
ness lengths for heat and moisture.

Assumingwe canspecifyr, (standardurbulenceestimatesysingEq. (4)) andr (from theknowledgeof canogy
stateandcanopy type,andotherenvironmentafactorsjandhave anestimatdor g; (standard®8YNOPobsenration
or lowest model level value). Eq. (5) has still one unknowvn T . By performing a Taylor expansion of
Qsat(Ts) —9sa(Tr) » Ty —T; canbeeliminatedby usingEgs.(1) and(3). If we retainthelineartermin the
expansion(seeMilly, 1991, for higherorderapproximations)usethe Clausius—Clapgon equationfor the slope
of the saturatiorspecifichumidity function, S = dg,/ dT|T 7, the Penman—Monteitiequationis finally ob-
tained:

C
pr_p[QSm(TL) _qL] + S(Rn + G)
-LE = —2 . . (6)
ad: _sO
L %l * raD+ S
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Evaporationis drivenby a combinationof two terms,the first proportionalto the saturatiordeficit at screerievel
height(the adwectionterm), andthe secondproportionalto netradiationminusthe soil heatstorage(the enegy
term). During daytime summerG is smallcomparedo R, for avegetatedarea(typical instantaneoumidday
valuesare80W m2 and600W m2, respectiely) andcaneitherbeneglectedor madeproportionato R, . In win-
ter, (R,) + G andS aresmallandthesaturation-defictermdominates.If we alsohave anunstressedanoyy, r
takesits minimumvalue,andevaporationdependgrucially on the aerodynamicalesistancéthe combinedeffect
of stability androughnes$ength). Typical valuesof aerodynamicalesistanceare(seeShuttlevorth, 1993b)45s
m, 18sm?, and6.5sm? for grasslandagriculturalcrop andforest,while the minimum (unstressed§tomatal
resistancevariesfrom avalueof 60 s mt over grasslando 120s m'L over forest. Thefactthatsmallervaluesof
r, areassociatedvith larger valuesof r, makesthefirst termin the denominatoiwof (6) to changesignificantly
between grassland and forest; with the numbeengabee, it will vary by a &ctor of 10.

Using Eq. (6), we cannow quantify someof the differentidealizedevaporationconceptpresentectarlierin this
section. Potentialevapomtion is obtainedvhentherein awell wateredsurfaceor awetcanoyy (r;) = 0. It cor-
responddo the maximumpossiblevalueof evaporationnotealsothat 7'; hasto bereplacedoy the valuethatit
would assumenhenthe surfaceis wet (seebelow). Unstressedevaporation (or potentialevapotanspimtion) is
obtainedby replacingrg by its minimumvalue:the effect of the canofy evenin unstressedonditionscanmodify
thefirst termin the denominatoby afactorof 10, thereforemaking,e.qg.,forestunstressettanspiratiorsubstan-
tially smaller than potentiaivaporation.

Pan(1990)usedEq.(6) asbhasisfor theparametrizatioof evaporatiorin theNMC globalmodel. Unstressedvap-
orationis computedusingamodifiedtemperaturel” ; characteristiof awell wetsurface;notethatT'; changes
thevalueof the adwectionterm andthe radiative term (throughthe thermalradiationemittedby the surface). A
practicalway of computingtheeffectsof T"; is basedn Taylor expansion®f bothterms. Actual evaporationis
computed as the product of araporatve fraction,f3, times unstressedaporation.

To summarizethe Penman—Monteitequationstresseshat: (i) evaporationis driven by two large ervironmental
factorsanenegy cappinggivenby thenetradiation,andan"advection"factorgivenby the saturatiordeficitterm;
(i) therateof evaporationis controlledby the natureandstateof the surfacecover, givenby theratio r/r,, the
presence of indicating the phsiological control by the plants.

3. SOIL ENERGY AND WATER BUDGET

3.1 Soil energy transfer

Neglectingthe couplingof watertransferin the soil with the heattransfer we canassumehe following Fourier
law of diffusion to g@ern the soil heat transfer

oT _ 0 oT
(PO)3; = 55 M%s | @)

where(pC), is thevolumetricsoil heatcapacity(J m‘3K'1), T is the soil temperaturgK), z is thevertical coor-
dinate(distancefrom the surface(m), positive dovnwards),¢ is time (s),and A, is thethermalconductvity (W
m1K1). InEq. (7) the heat transfer is assumed to occur only in éntical direction.

Thevolumetricheatcapacityandthethermalconductvity dependnthesoil typeandits watercontentandthere-
fore we will shortly review heregeneralpropertiesof soils. For moredetailson descriptve informationon soil

scienceseee.g.,Hillel (1982),Duchaufour(1984),MarshallandHolmes(1988). Thesoil is athreephaseheter-
ogeneousystemwherethe solid phasds calledthe soil matrix, theliquid phasds the soil waterandthegaseous
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phases the moistair trappedin its pores(Hillel, 1982). The soil phasencludesthe mineralmatterand,in some
casesprganicmatterattachedo themineralgrainandbindingthemtogether Thefractionof soil occupiedby the
soil poresis calledporosity or volumeof air trappedover total volume, 6 (m3m'3). 0 isthesymbolusedherefor
soil wetnessands the subscripfor saturation.Indeedporositycoincideswith thetotal amountof waterthatcan
beheldby thesoil in its pores(saturatiorsoil wetness)Porosityof mostsoilsis of theorderof 0.5 m3m-3, except
for soils with high aganic content, e.g., peat, whedues as high as 0.8’m™ can be found.

Thesoil is characterizedy its texture (the sizedistribution of the soil particles) structure(the spatialorganization
of thesoil particles) compositionthetypesof mineralsexistentin thesoil), andwatercontent. For heatandmois-
turetransfer themostrelevantvariablesarewatercontentandtexture,theformermodulatingtheintensityof heat
andmoisturefluxes,while the latter determinesssentiallythe amountof waterthatthe soil canhold againstthe
combinedeffectsof gravity andpressurégseenext section). In termsof texture,ary givensoil is normallycharac-
terizedby its percentagef clay, silt andsand. For the purpose®f classificationthe United StatesDepartmentbf
Agriculture(USDA) hasdefinedatexturaltriangle,eachsidecorrespondingo atypeof particles sandsilt or clay.
Any particularsoil becomes pointinsidethistriangle,accordingo its texture. Areaswithin thetrianglebecome
soiltypes. USDA defineslevensoil types rangingfrom thefinertextures(clay), throughtheintermediatdextures
(loam), and coarsenrittures (sand).

In orderto integrateEq. (7) oneneeddgo specifyvaluesfor its coeficients. Thesoil heatcapacitycanbeestimated
asanweightedsumof the heatcapacityof its phasegde Vries, 1963,1975).Theair heatcapacitybeingthreeor-
ders of magnitude smaller than the other phases, we can write

(PC)s = (1-89)(PC)m + B,(PC),, (8)

wherethe subscriptm andw referto the soil matrix andwaterrespectiely. (pC),, rangesrom 2 x 10° Im3K-
L for mostminerals,upto 2.5 x 10° Jm3K 2 for organicmatter Becausg(pC),, is 4.2x 10° J m3K1, typical
valuesfor (pC), arearound3 x 10° J m3K-1, andvary by afactorof two dependingn its watercontent. For a
frozen soil,Eq. (8)can be modified to

(pC)s = (1_ es)(pc)m + 6w(pc)w + el(pC)| (9)

where@,, and6; standfor theliquid andice watercontentof the soil, respectiely and (pC); = 1.9x 10° Jmr
31, Thermalconductvity dependsiot only on soil texture andwatercontent,but alsosoil structurede Vries
(1975)developeda generaltheory thatcanbe usedfor a givensoil in thefield, but inadequatégtoo detailed)for
applicationto large scalemodelling.A simpleexpressionn termsof watercontentandsoil type canbe foundin
McCumberandPielke (1981). For amediumtexture soil (loam,type5 onthe USDA classification)yaluesrange
from 0.428 W mtK ! for a dry soil up to 2.24 W #KL. Values for coarser (sandy soils) can be twice gelar

A completetheoryof heatandmoisturetransfemustdescribehe moisturetransferunderthe combinednfluence
of gradientsof temperaturend moisturecontent(seenext section),andthe heattransferunderthe influenceof
temperaturgradientsandmassflow of moisture. The theoryhasbeendevelopedby Philip andde Vries (1957)
andde Vries (1958),andfurthergeneralizedy Milly (1982),in the presencef hysteresisbut it is notin useby
currentGCM parametrizationsIn practiceEq. (7) canbe usedfor all casesprovided (9) is usedfor the heatca-
pacity, andsomeotherrelationis usedto defineheatconductvity in termsof soil wetness.A notableexceptionis
thetreatmenbf frozensoils. In theabsencef snav cover, a soil thatis coolingfrom, say5 C, upto thefreezing
temperaturavill stayata constantemperaturearoundO C, during a coupleof weeks(seeWilliams and Smith,
1992,andVerseghy1991),andafterwardswill continueits cooling. Thiscorrespondto heatreleasedby thephase
changeof the waterin the soil into ice: until the whole waterin the soil columnis frozen,ary furtherradiatively
drivencoolingwill not producelower soil temperaturesThis is a commonphenomenotin high latitudesduring
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theautumnandearlywinter; thereversemechanisnmywhenthesoil is thawing in spring,holdsthetemperaturelose
to 0 C for muchlongerthanEq. (7) would predict. If amodeldoesnot considephasechange®f water andtheir
impacton the heatbudget,the nearsoil temperaturavill reveala cold biasduringthefreezingin theautumn,and
awarmbiasin springthawing - thewarmbiaswill belesscommon becausé¢hesoil will typically becoveredwith
snow, acting as an insulator layer

Thetopboundaryconditionfor theintegrationof Eq. (7) is of theflux form, thenetheatflux atthesoil/atmosphere
interface. At the bottom,the boundaryconditioncanbe given (a) asa no-flux boundarycondition(if the soil is
deepenough)(b) by specifyinga seasonaheatflux atthe bottom,or (c) specifyinga seasonallyaryingtemper-
atureatthebottom. In practice for integrationof Eq.(7) oneneeddo discretizein spaceandtime. Discretization
in spacaneanschoosingsoil layersof a givendepth,eachlayerwill be characterizedy its thermalinertia (War-
rilow et al, 1986), the upper layers changing more rapidly than therl@myers (see alddickinson 1988).

3.2 Soil water transfer

The maement of vater in the unsaturated zone of the soilysitée follaving equation

puge = -2 +0,5, (10)
where8,, is thedensityof water(kg m™), F is thewaterflux in the soil (postive downwards kg m?s%), and S
is avolumetricsourceterm(m3m‘3s'1), correspondingo root extraction(theamountof watertransportedrom the
rootsystemupto thestomata dueto thedifferencein osmoticpressure andthenavailablefor transpiration)and
phasechangef ice to liquid water Eq. (10) assumeshat horizontaltransfersare nggligible, which holdsfor a
grid box of 50 x 50 km: for much smaller scales, local terrain slope can induge tarizontal \ater flues.

As seenin Section2, Richardsor(1922)andRichardg(1931)extendedDargy's law to theflow of waterin theun-
satuated case expressingthe waterflux in termsof a gradientof the hydraulic head,a sumof matric head,
(units m of vater), and gndtational potential,

F = [y 3E-vw)] (11)

Oncemorewe arengylectinglateralgradientsof (Y —z) in the mechanismsesponsibldor watertransfer The
matricheadis homogeneoughasthesameunits)to thesymmetricof pressurep , and g({ —z) canbeinterpreted
asanenegy perunit mass,or thework necessaryo extractfrom the soil a unit massof wateragainstcapillarity
andgravity. Thehydraulicconductiity y (m s?) is afunctionof thepressuréead. In orderto integrate(10) with

theflux definition(11), anexpressioris neededor Y = Y(z), or, alternatvely, ¢ = Y(0). Suchanexpression
would allov us to write

F = —pw[y(e)%—;“—y(e)] (12)
N =ye (13)

Hysteresieffectsmeanthaty is neitherauniquefunctionof Y or 8. Definingthe hydraulicdiffusivity, A (mzs'
1y, asA = y(dy/d8), (12) can be reritten as
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F = [ A©3-v(®)] (14)
Combining(14) with (10), we obtain

06 _ 0,007 0

< = &[A&}—é—se (15)
Eqg.(15)with azerosourcetermis normallycalledRichardsequation.Neglectingthe secondandthird termin the
r.h.s.,Eq.(15)lookslik e a Fickianequatiorfor diffusion. Hillel (1982)cautionsagainstpushingtoo farthis anal-
ogy, becausehe processnodelledby Eq. (15) is not molecular(or turbulent) diffusion but watertransferthrough
aporousmedia. Theotherdifferencebetween15) and(7), of amorepracticalnatures in theforcing (Savijarvi,

1992):the heatflow equationin the soil is forcedin springandsummermainly by netradiationat the surface,a
sumof harmonicscorrespondingo thediurnalandthe seasonalorcing modulatedy the presencef cloudiness.

In contrast, the forcing dfl5) at the suice is the quasi-random signal of precipitation.

Integrationof Eq. (15) needdunctionalrelationshipgor A = A(68) andy = y(0). Hillel (1982)reviews several
empiricalequationgproposedandMahrtandPan (1984)comparedan extensie setof measuredelationshipgor
different textures. The all obey the functional formClappand Hornbeager, 1978,Cosbhyet al, 1984)

_ ., 0erp?
Y ysatEBsatD .
A= Asat%—e Efﬁz
sat

wherey,,, andAg, arethevaluesatsaturatiorof hydraulicconductvity anddiffusivity, respectiely, andb is a
non-dimensionatoeficient, calledthe ClappandHornbeger exponent. Note that Eqg. (16) indicatesa stronger
variationin termsof soil moisturefor conductvity thandiffusivity, with twice asmary ordersof magnitudecov-

ered. ClappandHornbegerandCosbyet al. measuredraluesfor y ,, andA, for avery large sampleof soils
classifiedn theelevensoil classe®f the USDA classification. Thethreecoeficientsvary widely overthetextural

classes(i) vy, variesbetweenl x 10* and1.76x 102 ms? betweercoarsetextures(sand)andfiner textures
(clay), respectrely; (ii) A, variesbetween8.22 x 10° m?stand2.18x 10 m2s?, betweercoarsemndfiner
textures;(iii) & valuesrangefrom 2.8to 11.5for coarserandfiner textures,respectiely. For a givensail type,
variationsin termsof soil moistureareeven moredramatic. For a mediumtexture soil (loam), y variesbetween
1.07x 10" mstand1.48x 10° ms?for arangeof acceptablealuesof soil moisturefrom adry soil to awet
soil, respectiely; A for the same soil moisturahes is5.77 x 10" m?%st and9.29x 10° m?%s?, respectiely.

The non-linearvariationsof A andy in termsof soil moisturemakesEq. (15) (or its counterparexpressedn y

terms)difficult to integrate,evennumerically Wang(1992)reviews analyticalsolutionsof the Richardsequation
for somesimplerepresentatie casesoveringeachof thefour quadrant®f the hydrologicalrosette(Fig. 3 ), with

very idealizedformulationsfor precipitation,evaporationandthe rechageflow aslower boundarycondition(see
alsoEagleson1978a). Boundaryconditionsfor Eq. (15) are,atthetop, infiltration (thatpartof precipitationthat
is availableto wetthesoil, i.e., precipitationminussurfacerunoff minusinterceptionjand,atthebottom,theflow

of waterfrom underneath.Two lower boundaryconditionscanbe envisaged(Abramopoulosetal., 1988),corre-
spondingto the two limit case®f bedrockor no bedrockunderlyingthe soil domain,the formerspecifyingF as
its drainagg(y) part,while the latter correspond$o a zerowaterflux. Someauthors(seee.g.,Wang 1992,Du-

menilandTodini, 1992)includein thelower boundaryconditiona baseflow, mimicking the effect of lateralsub-
terranean flov, as well as @rtical water loss.
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Fromall generalization$o equation(15) (seePhilip andde Vries, 1957;Philip, 1957;Milly , 1982),therearetwo
of itemsof relevancefor largescaleatmospherienodels. Thefirst onerelatego theinclusionof watervapour For
arid regions, the soil vertical transferin the upperfew cm is driven by variationsof the watervapourin the soil
pores(for amoredetaileddiscussiorseeSubsectior8.3 below). However, becauséhis transferoccursin avery
shallow top layer, averticalresolutiontypical of currentparameterizatioschemegreventsits explicit considera-
tion. MahrtandPan(1984)proposeda parameterizeday of dealingwith it. Theseconddealswith theinclusion
of the solid phaseof water essentiafor modellingthe soil watertransferin high latitudes. Its is possibleto write
additionalequationgor the conseration of frozenwaterat differentsoil layers(Verseghy 1991, Pitmanet al.,
1992). An alternatve way to dealwith it is to specifythe percenbf soil waterin thefrozenstate jn termsof tem-
peratureandto specifyits effect on soil watertransferin termsof afrozenwatermatric potential(PeterCox, per-
sonalcomm.,BlackandTice, 1988, Williams andSmith,1992,Miller, 1980). Thelatterapproachavoidstheuse
of additionalprognosticvariablesbut requiresthe samevertical discretizatiorfor soil moistureandtemperature.
Theterm Sy in thatcasewill include melting/freezingeffects,with an equivalenttermfor the enegy equation.
Properconsideratiorhasto be givento theroot extractionterm,in orderto make it ineffective in the presencef
frozensoils:in borealforeststhis retardsthe beginning of significantevaporationuntil late May or Junewhenthe
whole column of the soil is thged, long after the solar radiation starts to incre@séidrset al,, 1995).

3.3 Boundary conditions

3.3 (a) Surface sensible heat fluA way of definingthe sensible-hedtux hasalreadybeenpresentedn Eq.
(2), includingthedependengconatmospheristability andtheconsideratiomf differentroughnesgengthsfor heat
andmomentum.Many versionsof Eq. (2) have beenpresentedecentlyin theliteratureandthereadeiis referred
to Dyer (1974),Garratt(1992),H6gstrom(1988),andStull (1988)for details.We will mentionhereonly acouple
of relevantpoints. Beljaars(1995)includein thedefinition of velocity a corvective velocity scale or free corvec-
tion velocity, w. , characterizingheintensityof turbulencein well mixedunstableboundarylayers. Its inclusion
ensuresa properasymptotidimit of the stability dependentunctionsin caseof free corvection. The skin layer
temperatureT', , canalsobe usedatemperatureepresentagie of thesurface. Theskinlayertemperaturés rep-
resentatie of ainfinitesimally thin layerwith zeroheatcapacity isolatingthe underlyingsoil from the radiative
heatingabore. Theuseof the skin layer, insteadof the averagesoil temperatureharacteristiof thetop few cm
in thesoil, reduceghegroundheatflux amplitudeandphasesrrors,andthe phaseerrorin thediurnalcycle of sen-
sibleandlatentheatflux (Bettsetal., 1993). If anaveragesoil temperaturés usedthedepthof thesoil represented
by thattemperaturénasto be warmed for thetemperaturédo risein responseo theradiative forcing, introducing
aphasdag of 1-2 hoursbetweenthe peakof radiative forcing andthe peakof the top soil temperaturéBeljaars
and Betts, 1993).

Most GCMsdo not distinguishthe roughnessengthfor heatandmomentum.However, the mechanismsespon-
siblefor dragarerelatedto bluff body effects,andaremoreefficient thanthe conductionat the interfacethrough
whichtheheattransferis performed. Brutsaeri{1982)presentabundantexperimentakvidencefor thedifference
betweerthe two roughnes$engthswhile BeljaarsandViterbo (1994)shawv theimpactof properlyseparatinghe
two valuesonto springsystematierrorson nearsurfacehumidity over well wet mid-latitudeareagCabauwthe
Netherlands).The problemis more seriousin GCMs becausa@oughnesdengthsare orderof magnitudedarger
thantheirmicrometeorologicatalues(seeMason 1988,1992),wherethenecessargompensatingecreasef the
roughnesdor heatis hardly ever used. A stability formulationin termsof z/ L allows a directuseof measured
stability functions,andaneasyway of separatindieatandmomentunroughnessength. Thedisadwantagss the
needto solve a non-linearequationfor every time stepexpressinghe Obukhov lengthin termsof the bulk Rich-
ardsonnumber A stability formulationin termsof a Richardsorgradientnumbery for z,, # 2y, is presentedn
Mascartet al (1995).
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3.3 (b) Evapaation . Formally, an equation analogous (@) can be written for thevaporation,

E = pCH"U"[anL_asqsat(Tskv ps)] (17)

wherea; anda, arefactorsdependenbn the soil cover andstate vegetationtype andphenologicaktate ervi-
ronmentalfactorslik e radiative forcing and humidity saturationdeficit at the surface:a;, a,< 1. Thefirst ap-
proachfor specifyingevaporationin a GCM wasgiven by Manabe(1969) basedon the conceptof "evaporatve
factor" 3 (Budykao, 1974). In our notation, that corresponds to

: 0
arp =ag=p = mmE’TL, e—ma—xg (18)

whereb and6,,,, aretheactualandmaximumcontentf asinglereserwir of water(bucket)in thesoil. A sep-
arateprognosticequationfor g is neededor thedefinitionof (18) atevery time step. Milly (1992)discusseshe
properuseof (17) and(18); asmentionecearlier in somecasesa differentequilibriumtemperature7’, , charac-
teristicof the conceptualrrigatedsurface,is neededdefinedas a g o (T's) = Bgsa(T'eq) » andcompatiblewith

Budyko's notion of eaporatve fraction and potentialvaporation.

The bucket modelis inadequatdor a numberof reasons.First, the useof only onelayerin the soil (a singlesoil
resenoir) doesnotallow aquickresponséo precipitationevents. For baresoil, it is anobsenrationalfactthat,after
avery brief periodatthe potentialrate,evaporationis greatlyreducedafterthelossof waterin thefirst few cm of
the soil (representingat most1 cm of water). The bucket modeloverestimatedaresoil baresoil evaporationin
almostall regimes. For vegetatedareasthe bucket modelfails to recognizedheimpactof the canojy resistance
on evaporation. For unstressedsegetation the bucket modelgivespotentialevaporation(r, = 0), insteadof un-
stresse@vaporation(minimum,non-zeroyalueof r.), asanestimatefor realevaporation. As discussedbefore,
thiswill producea significantover-estimationof transpirationthis leadsto overevaporatiorfollowing a precipita-
tion event, producingarapiddrying of the soil and,afterwards,too smallevaporatiorbecausehereis notenough
wateravailablein thesoil for evaporation.For thatreasonanumberof alternatve methodsxist to estimateavap-
oration in GCMs, and in the folldng sections we will present theirysical/ptysiological basis.

1) Canoyy evaporation

The canopy evaporateslueto two differentmechanismsThewet partof the canopy, coveredby a
thin film of water shortly (a few hours)aftera precipitationeventor depositionof dew, evaporates
atthe potentialrate (Deardorff 1978);notethatthis canbe substantiallyargerthanthe unstressed
transpiration,hencethe interestin the distinction. In our notationa; = a; = 1. The role of
surfaceparametrizatiotin this cases to establishthefractionof the canopy thatis wet, andto have
a predictve 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.Thesemodelsrecognizethat plantsevaporatedueessentially
to a two-pathmechanism:() the first, physiologically controlled,transportswater from the root
zone up to the stomatal cavities, where water vapour is at saturation; (ii) the second,
aerodynamicallyervironmentally)controlled transportsvaterfrom the stomataup to theair in the
surfacelayer. Plantsregulateevaporationby controlling the apertureof the stomata. In a steady
state,the apertureof the stomatais the mechanismthat controlsthe root water upflow, and is
enoughto characterizehe whole physiological control of evaporation.In most speciesstomata
regulatethe outflow of watervapourandtheintake of carbondioxidefor photosynthesigheenegy
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requiredfor openingand closing the stomata,and for the uptale of the root zone soil wateris
provided by radiation (photosyntheticallyactive radiation, PAR, mainly the visible part of
shortwave radiation,roughly 55% of the total shortwave). Undermostervironments,the system
appeargo operatein sucha way asto maximizethe carbondioxide intake for a minimum water
vapour loss. When soil moisture is scarce, the stomata close/¢émpdesiccation of the plant.

The integratedbehaiour of the whole canofy canbe conceptuallyrepresentedby the schematic
resistancaliagramof Fig. 4 (from Dickinsonet al., 1991). The right handside representshe
sensibleneattransfer while the left handsiderepresentgvaporation. The equationcorresponding
to such a resistance netik is

ar—4q. - 91— 9sa(Ts) (19)
ratre ratre

E=p

wheregq, is the specifichumidity in the stomatacells. The canoy resistances theintegral mean
of the resistance of the indilual leaves, assumed to act in parallel (Dickingtral, 1991):

0.
ro = —= (20)

c

where the braclets representa leaf-areainverse average (conductances1/r, are linearly
averaged)

[Ob= —= (21)

:*

Figure 4. Schematics of the saré transpiration resistance.
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The quantity measuredor a single plantis the stomatalresistancer. Most of the atmospheric
modelsuse the multiplicative approachof Jarvis (1976), to expressthe surface resistanceas a
product of a minimumeéictor times a number of limitingi€tors

rs = Tsminf 1(PAR)f2(8)f3(T)f 4(D) (22)

where fi_l <1, and D is the vapourpressuredeficit at the air surroundingthe leaves. Typically,

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

1985). f;l hasa bell-like shape peakingat some(speciesdependentpptimal temperatured’

andcloseto O for too-low or too-hightemperatures.The saturationdeficit conductancéunction,
-1 . . . .

f4 . is a dominant mechanism for forestst bnimportant for grassland.

The dependenceon soil wetness is implemented differently for almost every surface
parametrizatioscheme8 representameasuref thewaterin therootzone,whichis typically the

top 1 m of the soil, but varieswith ecologicaltype:(i) It is shallaver (around0.5 m) for crops
which, being "man-nurtured"have a lessadaptve nature;(ii) Around 1 m for mid-latitude and

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

m for thetreesof equatoriaforests. A mapof the depthof theroot zonecanbefoundin Patterson
(1990).

All modeIsshutevaporatior(f;l = 0) belaw acritical point, 8,,,,, thepermanentwilting point, or
the value at which plants can no longer recover turgidity even when placed in a satuated
ervironment(Hillel, 1982). Beingrelatedto the enegy involvedin thetransporiof waterup to the
rootzone,the permanenwilting pointcorrespondso a very large valueof the matric potential, ) .
A valueof Y, = 153 m(15bar)is widely acceptedischaracteristiwaluefor mostsoils. Based
on Cosbyet al. (1984) estimatesit is possibleto obtain 6,,,, for eachsoil type of the USDA
classification. Valuesrangefrom 0.033m3m for coarsersandysoils, up to through0.145 for
loamyintermediatesoils,and0.25for finer soils. Pattersor{1990)presents critical review of the
experimental estimates &, .

All modelshave a stress-freevaporation(f ;1 = 1) beyonda critical point which is a fraction of
the field capacity;the fraction shouldlie in the range0.5 to 0.8 (Shuttleworth 1993b), but in
parametrizatiorschemesangesbetweer0.7 and1. Thefield capacityis the maximumamountof
wateran entirecolumnof soil canhold againstgravity, or the equilibriummeanvalueof a column
soil water 24—-48hours after wettingthe soil (Hillel, 1982).Having sucha "loosedefinition”, it is
not surprisingthat estimateof field capacityfor one particularsoil type vary so widely. Hillel
(1982)discusseshe problemsassociatedvith the conceptanduseof field capacity and Patterson
(1990) reviews experimentalestimatedor differenttypesof soil. It is commonto associatdield
capacityto a certainvalueof hydraulic conductvity, with valuesrangingfrom 0.05mmd 2 to 0.1
mm d (Warrilow et al., 1986, Eagleson1970,Jacquemirand Noilhan, 1990): the value of Bcap
canbeestimatedn thisway from Eq. (19). Theseestimategjive generallytoo smallavalueof field
capacity andanalternatve quantitatve way of definingit is to assigna certainvalueof Y, ranging
from 1 m (0.1bar)to 3.4m (0.33bar). Pattersor(1990)concludeghatno singlevalueof Y, is
appropriatefor every soil texture. A value of 3.4 m overestimatesy,, for fine texturesand
underestimaté for coarsetextures. Estimatedvaluesof 8.,, rangefrom 0.093through0.288up
to 0.384m3m™3, for coarse medium,andfine texture soils, respectiely. Giventhatevaporationis
zerobelow 6,,,,, andattheunstressedateabove 8., theavailability, or availablewatercapacity

pwp
)

wa defined as

16

Meteorological Training CourseLecture Series
0 ECMWEF, 2002



A review of parametrization schemes for land surface processes £
A\~ 4

2)

eava = ecap - epwp (23)

is avery importantquantity (Patterson1990,Henderson-Sellerst al., 1993). Whenmultiplied by
the root depth,it givesthe total amountof water available for evaporationor total water holding
capacity(unitsm of water):this quantitydetermineshe sizeof thereserwir and,assuch,is crucial
in determiningtime constantsn long drying periods. A geographicabistribution of total water
holding capacity is gen byPattersor(1990).

The differentways of applying f;l relateto the shapeof the curve linking the 0 and 1 branches.
Someauthorshave a linear dependengin ¢ (Abramopouloset al., 1988; Federer 1979), while
othershave linearityin 6 (Warrilow etal., 1986;NoilhanandPlanton,1989;Blondin, 1991). The
otherdifferenceliesin the specificatiorof 6 in multilevel models:(i) It canbetakenasaweighted
averagevalueover theroot zone,with the weightsproportionalto theroot profile (Blondin, 1991);
(ii) It canbetakenastheminimumvalueof thesoil moisturein therootzone(Abramopoulostal.,
1988),thewateris borroved from whereit is "enegetically cheaper"andiii) f;l is a productof
correspondingraluesfor eachrootlayer(Federerl979). A largeuncertaintyexiststo whatmethod
is a better representation of nature.

Soil (bare ground)v@poration

As illustrated schematicallyby Fig. 5 (from Mahfouf and Noilhan, 1991), soil (bare ground)
evaporationis dueto a combinationof two physical processegKondo et al., 1990, Mahfouf and
Noilhan,1991):(i) Moleculardiffusionfrom the watertrappedin the poresof the soil matrix up to

the surface/atmospheriaterface definedby the humidity roughnessength, z,, (Brutsaert1982);
(i) Laminarandturbulentexchangen theair betweenz,, andscreerievel height(e.g.2 m above
zoq)- Procesg(ii) can be characterizedy the atmospheriaesistancer,, definedby Eq. (4).

Procesq(i) involvesa soil resistancer,, , andis dependenbn relative humidity adjacentto the
free-watersurfacein the soil matrix. Thehumidity equilibriumvaluecanbe expressedy anexact
thermodynamiaelationshipin termsof soil temperatureloseto the pores(Philip, 1957). In dry
situationsthe relative humidity in the poreshasa strongvertical gradientin the top few mm of the
soil. r,;, is inverselyproportionalto thediffusivity of watervapour andstronglydependenon soil

texture andstructure(Kondo et al., 1990).An accuratedescriptionof baresoil evaporationcanbe
obtainedwith a soil model with circa 10 layersin the top 5 cm of the soil, in orderto model
explicitly the diffusivity of watervapour(McCumberandPielke,1981,Sasamoti1970,Camillo et
al., 1983). The smalltime steprequiredin sucha modelmalkesits costprohibitive for large scale
problems. The depthof the first soil layerin GCMs is typically a few cm, too coarseto define
explicitly the water \apour transfer
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Figure 5. Schematic illustration of the interaction between the atmosphere and a bare soil.

MahfoufandNoilhan(1991)madea comparatie studyof severalformulationsof evaporationover
bareground. Giventhe abore descriptionit is not surprisingthat mostmethodsreviewed arevery
sensitve to the top soil discretizationof NWP models. The methodspresentlyavailable were
classifiedin bulk parametrizatiorapproachesa -type and 3 -type, following Kondo et al., 1990)
and threshold methods.

a -methodsmodelthe evaporationasa bulk transferof watervapourbetweenz,, (assumedo be
atrelative humidity a ) andareferenceheight,typically the heightof thelowestmodellayer They
correspondin Eq.(22), to a; = 1, ¢, = a. o canassumeseveral parametrizedorms (seee.g.,
NoilhanandPlanton,1989andBarton 1979),dependingn the soil watertypically in thetop5 cm
of soil. In (3-methodsthe evaporationis a fraction 3 timesthe bulk transferof water vapour
betweerthe air trappedin the soil porescloseto the waterin the soil andthe referenceheight.
canberelatedto aresistancerg , for thetransferof waterbetweerthe soil poreand z, , andis
dependenbn the availability of waterin thetop soil layer (seee.g. Deardorff 1978, Dormanand
Sellers,1989). The B -methodrequiresthe specificationof the relative humidity, 4, of the air
trappedin the soil poresaccordingto Philip (1957) formula (and different from a, relatve
humidity at z,, ). It correspondsformally, to a rewriting of Eq. (5), with the stomatalresistance
replacedby rg,;,, and g, (T'y) replacedby the specifichumidity in the soil pores. Using the
notation ofEq. (17) a; = 1/(ry+re), as = h/(ry+trg) -

In thresholdformulationsevaporationproceedsat potential rate above a certainamountof soil
water In drying conditionswhenthe soil wateris depletedevaporations determinedy thewater
flux from belon (seeMahrt andPan, 1984, WetzelandChang,1987,Abramopoulosetal., 1988).
The evaporation is gien by
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g O
E = minfE, 2[qu(Ty) - 0 (24)
g Ta O

where E, specifiesamaximum waterflux from below. In Eq. (24) thefirst termin ther.h.sis the
soil limited evaporation( regime of soil supplyin Fig. 3 ), while thesecondermis theatmospheric
demandterm. E, canbe specifiedin several ways, e.g.,the hypotheticalwater flux betweenthe
centreof thetop soil layerandthe surfaceassumeat 8,,,, (MahrtandPan, 1984),who notedthat
thethresholdmethoddepend®n the estimationof the soil waterflux in atop layerof depthd , and
is highly sensitie to the alue ofd .

The main conclusionsof Mahfouf and Noilhan (1991) canbe summarizedas follows. Threshold
methodsarevery sensitve to the specificationof the depthof the top soil layer, wherethe diurnal
cycleis felt, andprovide neithera correctdiurnal cycle of evaporationnorthe correcttransition(on

weekly timescalespetweenthe regime of atmosphericdemandandthe regime of soil supply a -

and 3 -methodgyive resultsof similar quality at daytime. During nighttime, specialcarehasto be
taken in order to handle correctly the dew deposition: the two methodsgive differencesin

cumulatve evaporation of up to 20%.

3.3 (c) Inteception. Therole of vegetationin interceptingprecipitationandcollectingdew is arelatively old
subjectin the meterologicaliterature. Horton (1931)establishedtatisticalrelationshipsyalid for monthly peri-
ods,betweemrmeasuredetrainfall reachingthe groundandover the canopy. Parallel to the statisticestimateof
interception(the differencebetweertherainfall over the canopy andthe netrainfall reachingthe ground),physi-
cally basedmodelsof theinterceptiorreserwir have beendeveloped startingwith thework of Rutteretal. (1972,
1975). Thosemodelsevolvedfrom abulk representationf the canojy into multi-layer plantmodels(Sellersand
Lockwood,1981). Multi-layer canoly modelsaretoodetailedto becoupledwith GCMs,butthebasicmechanisms
of the bulk representationf vegetationhave beenincorporatednto mary land surfaceparametrizatiorschemes
(Deardorff 1978,Dickinsonetal., 1986,Sellersetal., 1986,Xueetal., 1991,NoilhanandPlanton,1989,Blondin,
1991).For areview of suitableinterceptionmodelsfor couplingwith atmospherianodelsseeMahfoufandJac-
quemin(1989). They donotincludea propertreatmenbf interceptionof snavfall: seeMiller (1967)for adiscus-
sion of snavfall interception.

All interceptiormodelsobey thefollowing equatiorfor the evolution of thegrid box estimateof the canoyy water
content, W, (m)

pw¥ = apP +a(E +D) = I +aE, (25)
whereall quantitiesarepositive downwards. P (kg m'zs'l) is amodifiedprecipitationrateat the top of canopy
level, takinginto accounthe subgridscaledistribution of precipitation,a,E, is the evaporationcomingfrom the
interceptionresenoir (or wet evaporation),D (kg msY) is arateof drainagefrom the canoyy (it is a sink term
in theequation,D <0), andE, (kg m'zs'l) is the evaporationrateof the wet fraction of the grid box, definedas
the potentialevaporationrate.a » anda, arenon-dimensionalactorsexpressingrespecirely, the efficiengy of
interceptionandthe percentof the grid box coveredby theinterceptiorreserwir (wetfraction). a PP* + D isthe
interceptionof rain by thecanoyy, I (kg m'zs'l). P-1I-= P—aPP* —D is calledthrough#ll, all "rainfall" that
is availableat the groundlevel. Someauthorsseparat@rainaganto drippingfrom the canopy andstemflav, but
we will ignorethedistinctionhere. Becausehetotal sizeof theinterceptionreserwir is very small (0.1-1mm),
interceptiorhasto balancewvet evaporationon a daily timescale.Notethatwhen P = P or ap = 1,theabso-
lute valueof through&ll anddrainageareidentical. Whatdistinguishesry individual modelis the specification
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of ap, a;, D, and the subgrid scale assumption®ived in P .

ap , expressingheprobabilityof interceptiorof rainfall by thecanoyy, is estimatedo be0.75overaCorsicarpine
plantation by Rutteretal. (1972),while Shuttleworth(1988a)gives0.92for the Amazonforest. Warrilow etal.

(1986)andDolmanandGregory (1992)usea, = 1. Thesensitvity of daily canoyy evaporationto the valueof

ap issmallwhenap liesbetweerD.85and1 (Shuttleworth 1988b). NoilhanandPlanton(1989)setap = C,,

whereC, isthefractionof thegrid box coveredby vegetationwhile Blondin (1991),somevhatempiricallyuses
ap = 0.25C,,, probably as an attempt to include the subgrid-scaiability of interception.

Whenaninterceptionmodelis usedto validatepoint measurementshe obsered precipitationrate canbe used
directlyasaforcingtermin Eq.(25), P’ = P. However, globalmodelgrid boxesvary between60 x 60 km® and
400% 400 km? and,for this scalesijt is unrealisticto assumean uniform coverageof precipitationover the grid

box, particularlyin the caseof convective precipitation. Theatmospheriparametrizatioschemegrovide anav-

erageainfall raterepresentingheaveragevalueoverthegrid box, separateth large-scalerecipitation(occurring
dueto supersaturationf the meanvaluesof humidity) andcorvective precipitation. The subgriddistribution of

precipitationis describedn mary hydrologicaland meteorologicapapers. A review of formulationsthat have
beenappliedto GCMs canbe foundin ThomasandHenderson-Sellerfdl991)andPitmanet al. (1993);seealso
Chapterd for anexampleof thesensitvity of thesurfacebranchof the hydrologicalcycle of GCMsto the subgrid
scaledistribution of precipitation. A properway of takinginto accounthe heterogeneitghouldbe dependenbn
the grid box sizeandthe time stepused. Note thatalthoughthe instantaneousover of precipitatingcorvective
elementswithin a grid boxis a smallvalue(of theorderof 0.1), the effective cover canbe severaltimeslarger, in

orderto take implicitly into accountthe movementof corvective cellsinsidethe grid box during onetime step.
Two distributionsfor precipitationintensityinsidea grid box have beenused:anexponentialdistribution (Shuttle-
worth, 1988b),anda box distribution (Viterbo andlllari, 1994). Theideais to assumehatanequationlike (25)

holdsfor eachgrid point, with P = P, where P, representshelocal precipitationrate:the valueof P isob-
tainedby multiplying P, by its probability densityfunction (pdf) valueandintegratingover the grid box. Note
that P, the grid-boxprecipitationrategiven by theatmospheridorcing, is the expectedvalueof P, overthegrid

box. P~ obtainedin this way depend®n a shapeparametenf the pdf which, for the box distribution of Viterbo
andlllari (1994),is thefraction 2 of thegrid box coveredby precipitationtakenas1 for large-scalgrecipitation
and0.5for corvective precipitation For the functionalform of P usingthe exponentialdistribution seeDolman
and Grgory (1992); a slightly diérent distrilution was used b¥ltahir and Bras (1993).

Let usnow turn our attentionto the evaporatiorpartof Eq. (25). Thefractionae, multiplying the potentialevapo-
rationratewasfirst definedby Rutteretal. (1972)asW,/ W, whereW . is aconstantthemaximumcapacity
of theinterceptiorreserwir. AssumingaconstanpotentialevaporationfEq.(25)will giveanexponentialdecrease
of thewaterin the interceptionreserwoir. Underthe sole effect of evaporationthe interceptionreseroir would
never go to zero,whichled Deardorff(1978)to assumea power law for ¢, = min[1, (W,/ W, mX)2/3] . Thepre-
viousexpressiorcanbemultiplied by thevegetationcover, in whichcase(W /W, mx)Z/3 canbeinterpretedasthe
fractionof thevegetationcoverthatis wet (Warrilow etal., 1986,NoilhanandPlanton,1989). Themaximumsize
of theinterceptionreserwir, W, ., , is proportionalto the leaf areaindex, L; timestheamountof waterthatcan
be stored on a single le6W ,,,,) or, in case the resavir includes ponding of bare soBlpndin, 1991),

Wlmx = [Cva + (1_Cv)]Wmax (26)

Theremainingtermto bespecifiedn Eq.(25)is drainage.Thisis thetermwheremostexisting formulationdiffer.
We will disregard stemflow in our discussionpecauséts considerationmequirean additionalreserwir of water
relatedto the storagein thetrunks(Rutteret al., 1975). Formulationsin the literaturearedivided in two broad
classesi) Allowing drainagebeforethe interceptionreseroir is saturatedRutter et al.,1972, Warrilow et al.,
1986,0r DolmanandGregory, 1992 for the caseof asubgridscaledistribution of precipitation);i) Thresholdor-
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mulations wheredrainageoccursonly if theresenoir is saturatedDickinson 1984,NoilhanandPlanton,1989,
or Blondin, 1991, for the case of subgrid scale distitm of precipitation).

Thetotal storageof the canopy reserwir, W, ., is the main parametecontrolling the behaiour of a particular
interceptiormodel(Shuttleworth 1988b). Model resultsarealsosensitve to detailsof the subgriddistribution of
precipitation,as shovn by Shuttleworth(1988b),Dolman and Gregory (1992), Thomasand Henderson-Sellers
(1991)andViterbo andlllari (1994). If the canopy storagés alsoallowedto vary within a grid box, thedrainage
andinterceptiortermsassumedifferentform, dependingntheassumegdf distributionfor W, : acompletegen-
eralization ofEq. (25)can be found ikltahir and Bras (1993).

Sincetheprocessedescribedn this sectionareveryfast(smalltimescales)theintegrationof Eq. (25) posessome
numericalproblems.Thefirst is stability: the methodof Kalnay andKanamitsu(1988)is commonlyused where
thefastesnon-linearterm (evaporation)s treatedmplicitly. Thesecondproblemrelatesto time truncationerrors
(seeDolmanandGregory, 1992).Thethird problemis mass-conseation:it is nottrivial to formulateanumerical
implementatiorof thresholdmethoddor thedrainageermthatconseresmasgor thewatersubstancdn the EC-
MWF model,arateof evaporationfrom theinterceptiorreserwir is neededor the specificatiorof thetotal evap-
oration, for useasa boundaryconditionfor the turbulent vertical diffusion of watervapourin the atmosphere.
Becausef thesemi-implicitschemeusedin thetime integrationof the surfaceequationsit is not possibleto en-
surea perfectmatchingbetweenwet evaporationasseenby the atmosphereandthe amountof waterlost by the
interceptionreserwir. Viterbo andBeljaars(1995)discussa schemedhatattemptgo minimize the differenttime
truncationerrorsdescribedabove, while at the sameconservingthe massof the watersubstancendhaving the
necessary requirements of stability

3.3 (d) Rundfand infiltration. A properaccountof runoff is not commonin mostGCMs, especiallythose
usedin NWP. In connectiorwith ongoinginternationalprograms suchasthe Global Enegy and Waterbudget
EXperiment(GEWEX) andthe GEWEX Continental-scalénternationalProject(GCIP), it is likely thatthis situ-
ationwill changeapidlyin the nearfuture. Notethata correcttreatmenof runoff will bespeciallyimportantfor
coupledocean—atmospherimodels(to definethe fresh-waterinflow to the oceansyandlong timescales.In this
section,somebasicterminologyandconceptdrom hydrologywill be introducedandthe relationwith similarly
namedquantitiesn GCMswill beexplored. A qualitative descriptionof runoff will be presentedemphasizingts
role in the soil-watercontrolledpartof the hydrologicalrosette(phaseA-D, Fig. 3). A rainfall-runof scheme,
making useof subgrid-scalalistribution of soil parametersand currently usedin GCMs (Dimenil and Todini
1992;Liangetal. 1994)is presentedall otherdiscussionselatedwith subgridneterogeneitarepostponedo Sec-
tion 5. Two routeingschemesfor thelateraltransporof soil waterin GCMs, arereferredto. They allow thecom-
putationof freshwaterdischage of the major riversinto the ocean,and canbe useddirectly during a coupled
ocean-atmosphef@CM run, or for post-processinthe GCM output. Themodelrunof averagedveralargebasin
is often compared toveér dischage to the oceans (see exjimeniland Ddini 1992)

Infiltration is thatpartof the precipitationflux thatcontributesto wetthesoil. At theinterfacesoil-atmospherehe
continuity of the vater flux can be written as

I, = T-Y, 27)

wherel; andY are,respectiely, theinfiltration andthe surfacerunoff (unitskg m2s1). Eq. (27)is partof the
boundaryconditionto integrateEq. (15) for the soil watertransferthe remainingpartbeingevaporation For most
GCMs,andcertainlyfor all currentNWP models Eq. (27) definesY ; asaquantitythatis lostto themodelwater
cycle; thereis no horizontaltransferof waterin thesoil. Y ¢ representin theseGCMsaninstantaneoudocalre-
sponseo precipitationwith notime-lagandno notionof adrainagenetwork or adrainagebasinattachedoit. Y

is a scalar because no direction after transfer needs to be specified.
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In hydrology studies,Y ¢ in Eq. (27) represents divergenceof anhorizontalsoil-waterflux atthe surface. The
possibledifferentpathstaken by therainfall andsnaov-melt water until it reaches streamchannelaredescribed
schematicallyn Fig. 6 (from Dunnel978).Waterimpingingon ahillside of limited infiltration capacitypecomes
overlandflow, but if the precipitation(snav melt) is absorbedy the soil andencountersomeshallov depthof
impervious material, it creates a subauad horizontal fiw, namedsubsurface sgamflow

> Stormflow

! |
l R Some contribution
N i -

to stormflow and
\ to baseflow

Mainly contributes
\ 1o bageﬂow

Figure 6. Possible fio paths of vater maing dovnhill (from Dunng 1978).

Subsuracestreamflav thatreturnsto thegroundsurfaceandleavesthehillside is named-eturnflow; togethemith

the precipitationthatfalls into saturatedareasthey form the saturation overlandflow. Finally, if precipitationis

absorbedy the soil it will slowly percolateuntil it reacheghe saturatedzonein the soil, andwill eventuallybe
divertedhorizontallyto the nearesstreamchannel. The watercollectedby the differentpathsdetailedabove, ar-
rivesto the streamchannelsandis collectedin catchment®f differentsizesuntil eventuallyarriving atthe ocean
as fresh-water inflaw.

Therole of parametrizatioin GCMs,with regardto thetermY ¢, would beto representhetransporby theabove
four mechanismglusthewatertransporby thestreanchannelsThetimescale®f the responsé¢o aprecipitation
eventby eachof theabare mechanisnarevery different.Hydrologistsseparatdlow into a streamflowresponding
directly (but with atime andspacdag) to a precipitationevent,anda baseflowthatis the partof theflow thatis, to
alarge extent,independenbf precipitationevents(but its intensitywill reflectlong-termanomaliesof precipita-
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tion). Thefirst threemechanismslescribedn Fig. 6 areessentiallycontrikutorsto stormrunoff, while path4 will
bea contrikbutor, partly to the baseflev andpartly to the stormflow (dependingn the positionof thewatertable).

As describedn Fig. 3, whenprecipitationstarts following a dry spell, it will first meetadry soil with alargein-
filtration capacity(route B—C in the figure); the rate of changeof soil wetnesss determinedoy the precipitation
rate,theregimeis atmosphericontrolled.If the precipitationeventis long enoughtheinfiltration capacity—the
maximumrateof topinfiltration for agivensoil condition—will reducewhile the soil graduallyfills upwith water
until it eventuallybecomesmallerthanthe precipitationrate (point D in the picture).Beyondthat point, part of
the precipitatingwatergoesinto runoff; the fraction of waterthatgoesinto runof is determinedy the soil state
and its morphologyarea C-D irFig. 3 is under soil control.

Two possiblemechanismspamelythe Hortonrunoff andthe Dunnerunoff (see,e.g.Bras1990),have beeniden-
tified to describehedifferentwaterpathsin Fig. 6 . Any realrunoff eventwill bedueto eitheroneof thetwo mech-
anismsor to a combinationof thetwo, dependingon the precipitationintensity the type andstateof the soil, the
morphologyof theterrain,andthesoil cover. TheHortonmechanisnoccursmainlyin upslopeareasin thoseparts
of thewatershedvhereconductvities arelowest;runoff occursn areasvheretheinfiltration capacityis lowerthan
the precipitationrate. The nearsurfacesoil-watercontentincreasesintil the hydraulicconductvity atthe surface
(orinfiltration capacity)is identicalto theprecipitationrate;beyondthatpointrunoff occurs.Thesoil wettingfront
comesfrom above in this mechanismin the Dunnemechanismin nearchannelwetlandsthe overlandflow or
surfacerunoff will occurwhenthewatertablerisesup to thesurface;it happengpreferentiallyin thosepartsof the
watershedvherethe watertableis shallavest.Runof startswhenthe watertablerisesandeventually meetsthe
surface;the soil wetting front comesfrom below in this mechanism.The Horton mechanisnwasthe first to be
identified,andis responsibldor runoff in arid andsemi-aridareaswherethe total annualprecipitationwill tend
to comein only afew largeevents,or in humidareaswvherethe original vegetationandsoil structurehasbeende-
stroyed;thereducedregetationcover or soil erosioncreatesalandsurfacewith low infiltration capacity In humid
temperatareaswith a densevegetation the soil infiltration capacitiesarelargerandthe precipitationis well dis-
tributed during the year; the Dunne mechanism will be predominant.

It is clearfrom the above descriptionthatthe runoff fraction (Y /P ) will dependon the soil type, terrainslope,
moisture conditions,agetation cwer, precipitation intensityand subgrid-scaleaviability of the abwe.

The Arno schemedesignedo represenin a GCM someof the basicmechanismsletailedabore, is presentedin
thefollowing. Basedon a standarchydrological‘lumped’ model(Becker1992),it wasadaptedor usein GCMs
by DumenilandTodini (1992)andWoodetal. (1992),in connectiorwith a singlesoil-moisturereserwir (‘buck-
et’), andlaterwith multi-level reserwirs (Liang etal. 1994;Katia Laval, personatommunication)Theversionof
DumenilandTodini (DT) is described.Theoriginal bucket model,withoutthe ‘hydrology’ parametrizatiomgives
the time wariation of vater in a soil of depti

pWDg—? = P-Y +E (28)

whereP -Y = I; andI; is computed as a threshold quantity

I,=P DO<W,
I;=0 DO=W,

(29)

W . is the capacityof thereserwir, originally definedas15 cm worldwide by Manabe(1969).Theterm Y has
beengeneralizedy DT to represenstormrunoff asoverlandflow anddrainagehroughthereserwir. To compute
the stormrunoff, alocal balancesquationof precipitation,runof andinfiltration (similarto Eq. (29)), is coupled
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to a subgrid-scal@listribution of local storagecapacity For a givenwatercontent,w , the storagecapacitydistri-
butionis thefraction of the basinarea(or grid-cellin a GCM) for which theinfiltration is lessor equalw . Using
thatinformationfor the spatialdistribution of water thelocal balanceequationcanbeintegratedfor the entireba-
sin. Theshapeof the storage-capacitglistribution curve canbe parametricallycontrolled,dependentn the stand-
arddeviation of orograply in agrid cell; steepesubgrid-scaleslopesmply largervaluesfor runof. A grid value
for storm rundf;, taking into account the subgrid-scale disitibn of soil moisture, is therefore obtained.

Runof, asproducedby Eq. (29), togetherwith the modelsubgrid-scalalistribution assumptionsiepresentshe
amountof waterthatis lostlocally by thesystemsoil-atmospheraye will referto Y in this sectionasthesource
runoff (Miller etal. 1994). A horizontaladwectionschemen thesoil canbeappliedto thatfield of localimbalance,
or sourcerunoff, to produceanhorizontalflow of wateracrosdandgrid boxes,eventuallyarriving into the mouth
of therivers. If M (unitskg m‘z) representshe waterin the soil thatis freeto move (representingheriver flow

and groundwater flaw),

%:DEF+YS (30)

whereF' (unitskg m'ls'l) is avectorfield representinghehorizontalflux of waterin thesoil/surficeof themodel.
It is proportionalto the quantityof waterupstreamyith thedirectionandthe proportionalitybeinga specifiedset
of adwectionratesu . Sauseretal. (1994)andMiller etal. (1994)presentlternatve waysof definingtheadwection
rates.

4. EXAMPLES OF PARAMETRIZATION SCHEMES

As emphasiseth the previoussectionsland-surbiceparametrizatioschemedgor usein GCMsdefinethesurface
boundaryconditionsfor theatmospheriecnomentumheatandmoistureequationssurfacestresssurfacesensible-
heatflux andsurfaceevaporationflux, respectrely. Becausef the long timescalesnvolved with soil moisture,
andbecausef the diurnal cycle of the forcing (the netradiationat the surface),the land-suriceparametrization
schemes need to deal accurately with a timescales ranging from 1 hawertd s®nths

TheProjectof Intercomparisorf Land-SurbceParametrizatiorschemegPILPS,Henderson-Sellerstal. 1993)
is atthecentreof avery large projectcoordinatinghemodellersefforts. Its goalsincludeareview of existing par-
ametrizatiorschemegpartof Phasd, hasalreadybeencompleted)followedby comparisorof the modelresults
whenforcedby syntheticdatasetsandfield experimentdata.Table 1, from Pitmanetal. (1993)summariseshe
characteristicef a large numberof schemes.Many schemesncludea fast-response reseroir for evaporation
(theinterceptiorresenoir), andseparatelescription®f evaporationfrom the baregroundandtranspiration. The
representatioof longertimescalegsuchasa completecycle of the hydrology"rosette"in Fig. 3) is guaranteedf
the soil watertransferis capableof quick infiltration of soil waterat the beginning of a precipitationevent, and
retentionof thatwaterin the soil until the evaporatve demancdf theatmosphereeclaimsit. Heatstoredin thesoil
duringsummercanser\e asasourceof enegy for thewinter months Finally, in high latitudesor over mountains,
the representationf the insulationeffectsof the snov mantle,with its higheralbedoandlarge heatcapacity is
essential for a bias-free near sud temperature.
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TABLE 1. CHARACTERISTICSOF SEVERAL LAND-SURFACE PARAMETRIZATION SCHEMES

Key Number of Interception Number of layers included Canopy Philosoply for Soil moisture Reference
model canopy layers  treated for temperature
T [E] Roots

A. BATS1E 1 Yes 2 3 2 Penman/Monteith  Force-restore Dargy/’s lav~ 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 Bucket + Robocket al. (1993)

surface heat balanceariation

D. CLASS 1 Yes 3 3 3 Penman/Monteith  Heat difusion Darg/'slav Verseghy(1991)
Verseghyet al (1993)

E. CSIFO 1 Yes 3 2 1 Aerodynamic Heat difusion Force-restore Kowalczyket al.(1991)

F. GISS 1 Yes 6 6 6 Aerodynamic Aerodynamic Dargy'slav. - Abramopoulo®t al (1988)

G. ISBA 1 Yes 2-3 2 1 Aerodynamic Force-restore Force-restore Noilhanand Planton (1989)

H. TOPLATS 1 Yes 1 2 1 Penman/Monteith  Heat difusion Philip de Vries Famigliettiand Wod (1994)

I. LEAF 1 Yes 7 7 3 Penman/Monteith  Heat difusion Darg/’slav Avissarand Pielle (1989)

J. LSX 2 Yes 6 6 6 Penman/Monteith Heat difusion 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 difusion Darg/'slav. Abramopoulost al(1988)
Entekhabiand Eagleson (1989)

N. MOSAIC 1 Yes 2 3 2 Penman/Monteith Dargy’s law Kosterand 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 difusion Diffusion Mahrtand Rin (1984)

Q. PLACE 1 Yes 30 30 2 Ohm’s lav analogy Force-restore Force-restore Wetzeland Chang (1988)

R. RSTOM No 0 1 1 Bucket + Milly (1992)

variation

S. SECHIRA 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 difusion Diffusion Warrilow et al. (1986)

V. VIC 1 Yes 1 2 1 Penman/Monteith orHeat difusion Philip de Vries Liang et al.(1994)

full enegy balance

Land Surfce Rrametrization schemes (LSP) can be classifiedarctasses in terms of their potential use:

0] For short,mediumandextendedrange(1-2 days,3—-10days,10 daysup to a seasonrespectiely)
forecastawith NWPs. Operationarequirementandthe sensitvity to critical conditionsprohibits
the use of too compteSPs, with may prognostic ariable parameters.

(i)  Ontheotherhand,longerterm (climate)integrationsaremoredependenbn initial conditions,and
the compleity of advancedLSPs can be an advantagefor correctly handlingthe atmosphere/
surface interaction.

Becausef thelack of obsenationsto initialise thesurfacestatevariables)and-surbcemodelsin theNWP context
work very oftenin ‘climate mode’, with theinitial conditionstakenfrom a very-short-rangdorecast(seeSection
7). Sincethisrequiresacorrecthandlingof thelongertimescaledy theland-suriceschemethetrendshouldbe
to try to unify theschemesndabolishtheabove distinction(seeSubsectiort.2) below, ISBA hasbeenappliedto
both mesoscale and climate modelling).

In thefollowing we describeafew schemesthebucket model,choserfor its simplicity andhistoricalimportance;
thelSBA model,aforce—restorschemeandtheECMWF model,amulti-level modelof heatandsoil-watertrans-
fer. Theemphasiss on highlightinga few relevantpropertiesfor a completedescriptionof the featuresof each
model the reader is referred to the documentation of these schemes.

4.1 Thebucket model

Thebucketmodelhasbeenintroducedoy Manabg1969)asthefirst attempto parametrizéand-surbiceprocesses
in GCMs. It is basedon Budyko'sconceptof evaporatve fraction, 3. Theevaporationis the productof 3 times
thepotentialevaporation. Thereis a singlereserwir of waterin the soil, with its contentschangingwith thecom-
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binedactionof precipitationandevaporation. B is givenby theratio of the currentcontentsof thereseroir and
its maximum capacityRunof exists when the reseowr exceeds its maximum capacity

As mentionedn the previoussection the bucket modeloverestimatesvaporationover baregroundin all regions,
andover vegetatedareasn dry conditions. Milly (1992)describesomeimprovementsgo the bucket modelthat
greatlyreduceheabove bias.DelworthandManabg(1988,1989)demonstratethat,whencoupledio a GCM, the
bucket modelcorrectlyworks asa low-passfilter to the precipitationforcing; it is capabletherefore of correctly
representindghe soil asa sourceof low-frequeng variability to the atmosphereia the evaporation. Pan(1990)
hasappliedthesingle-reserwir concepthut usesaPenman—MonteitBvaporationgestimatingskintemperaturein-
der saturated soil conditions.

4.2 ISBA

ISBA (NoilhanandPlanton,1989)representa refinemenbf the Deardorff(1978)model. The soil is composed
of athin reserwir atthetop andtheroot layerunderneath.The diurnalandseasonalimescaleforce the thermal

equationavhile, for thewaterbudgettheforcing for eachlayeris parametrizedaseddnthesoil textureandClapp

andHornbeger(1978)relationshipsEvapotranspiratioins a sumof the bare-groundcomponenttheinterception
and the transpiration.

Thereare,however, severalcharacteristicshatdistinguishiISBA. It is amodelthathasbeenappliedsuccessfully
at singlepoint (NoilhanandPlanton,1989),to the mesoscal@andto global GCMs (Mahfoufetal, 1993). There
hasbeena constanvalidationeffort (seesummarizingablein the paperby MahfoufandNoilhan,1994)compar-
ing modelresultsto obsenationsin field experimentsn avariety of atmosphericonditionsandfor awide range
of ecosystemsvioreover, theauthors'demonstratberethatit is possibleto derive themodelparameterfrom soil/
vegetationcharacteristics1 aconsistentvay (NoilhanandLacarrére1995);parametedefinitionis basednathe-
matic mappingof theterrain,andthe concepbof ‘effective’ parameterg¢seenext section) representinghe hetero-
geneity of the terrain in a GCM grid box.

4.3 ECMWEF surface model

The motivationfor developingthe currentECMWF surfacemodel(Viterbo andBeljaars,1995),which hasbeen
in operationsinceAugust1993,wasto modelcorrectlytheheatandwaterair—soiltransfemwith timescalesanging
from the daily cycle to theseason.Diagnosticsof errorsof the previousmodel(Blondin, 1991),when compared
agpinstfield experimentdata(Bettsetal., 1993,BeljaarsandBetts,1993)formedthe basisfor developinganew

scheme.The newv schemehasfour predictedsoil layersfor waterandtemperaturglus a predictedskin tempera-
ture,andathin surface-vaterlayerrepresentingtheinterceptionof precipitationandthe collectionof dew. The

bottomboundaryconditionsarezeroheatflux andfreedrainage.Thefour soil layershave depthsof 7,21,72,and
189cm, with arootzonein thefirst threelayers. Thedeepeslayeractsasareseroir anda memoryfor thelonger
timescalegof theorderayear). Theformulationof thesoil hydraulicpropertiess basednthe Richardsequation
with the ClappandHornbepger (1978)relationshipdor the definition of the soil hydraulicdiffusivity andconduc-
tivity.

Theintroductionof a skintemperaturewhichis calculatedrom flux equilibriumataninfinitesimallythin layerat

thesurface reducegheerrorsin thegroundheatflux andthe phaseerrorsin the sensible-andlatent-heafluxesat

thesurface. A smallerroughnestengthfor heat(andmoisturethanmomentunwasintroducedwith thefollowing

benefits:i) it increaseghe differencebetweenthe surfaceandair temperaturesyerifying betterwith FIFE data
(BettsandBeljaars,1993);ii) it improvestheaccurag of thesurfacelongwave emissiorfor theFIFE data(Beljaars
andBetts,1993);iii) it improvesthesimulationof winter evaporatiorfor the Cabauwdataset(BeljaarsandViter-

bo, 1994).
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The evaporationis basedon a vegetationfraction, derived from the datasetof Wilson and Henderson-Sellers
(1985),treatingseparatelyn a grid box the evaporationof thewet canoyy fraction,thetranspiratiorfrom thedry
canoyy, andthe bareground. The schemehasbeenextensively validated with emphasisn the long timescales,
basedn single-columrintegrationsfor the FIFE, ARME andCabauwdatasets(Viterbo andBeljaars,1995),and
theSEBEXdataset(BeljaarsandViterbo,1995). Someexamplesf theone-columrvalidationeffort arepresented
in Section6. Parallelwith the one-columrintegrations a five-year3D run wasperformed(Viterbo andBeljaars,
1995),andthe performanceof the schemean dataassimilation/forecasnodewasanalysedor the US floods of
July 1993 Beljaarset al, 1995).

5. SUBGRID-SCALE HETEROGENEITY

Thesizeof currentGCM grid boxesrangegrom 60 x 60 km (ECMWFT213modelusedior NWP)upto 4° x 5°,
while the time stepsusedrangefrom 5 min upto 1 hour. It is clearthatnoneof the variablesor parametersle-
scribedin thepreviouschaptermrehomogeneous a GCM grid box. Speciallyfor thelargertime stepstheforcing
appliedto asurfaceschemesannotrealisticallybeassuredo beuniformin time; e.g.corvective precipitationhard-
ly everhasa constanintensityduring periodslongerthan10min. Thissectionwill describevaysof dealingwith
the heterogeneity in a grid box or subgrid-scale heterogeneity

Thelandsurfaceis heterogeneous all spatialscalesbothin its physiograply andits physicalstate. For example,
Wetzeland Chang(1987)reporton an analysisof varianceof soil moisturein the top 10 km of soil, for spatial
scalesangingfrom 101 m? to 10° km?, andthey found significantvariancein the whole spectrum. Anotherex-
ampleof variability canbe foundin ary satelliteimageof a snav coveredsurface,revealingheterogeneityn the
shav cover, linked mainly (lit not only) to terrain el@tion and orientation of the slope.

The problemsinvolvedin subgridscaleheterogeneitganbeillustratedwith the waterbalancesquation(15), to-
getherwith the parametriaelationsfor the conductvity anddiffusivity (16), andthe boundaryconditionsat the
top, defining the suate vater fluwes, and at the bottom, the drainage flux.

. The first non-homogeneouguantityis the evaporationflux. Partsof a grid box over land will be
coveredwith vegetationwhich, in turn, canhave moisturedepositecn its leaves. In winter, there
will be snav-coveredand snowv-free partsof the terrain. As detailedin the previous chaptey the
rate of evaporationof all the abore parcelswill be substantiallydifferent. Heterogeneityin the
fluxes (which are part of the output of a land-gcef scheme) is discussedsSinbsection 5.1

. The mainforcing termof Eq. (15) is precipitation. Precipitationis far from uniformin a grid box
sizeportionof land:i) thesizeof therain generatingonvective cellsis typically 1/10of agrid box
(Emanuelet al, 1994); andii) frontal rain shawvs very often organisationin the mesoscalewith
variations in intensity in scalesonly partly resohed even in the finer resolution GCMs.
Heterogeneity of the forcing is discussedbimsection 5.2

. Most of thecomponent®f theland-suraceparametrizatiomlependon parametersvhich cannotbe
considerechomogeneous a grid box, evenin a uniform fractionofit: e.g.thedry-vegetationpart
of a grid box will have non-uniformevaporationratesarising from a varying canoy resistance,
correspondingo different stomatalapertureswithin the canopy, due to a different phenological
state. Otherparameterge.g.conductvities, diffusivities, roughnessgengths)will vary in the same
way. Heterogeneity of the parameters is detaileSuibsections 5-5.3,

. Finally, thevariablesoil moistureitself cannotbe considerechomogeneous agrid box. Reasons
includethevariability in theforcings,the parameterandthefluxes,asdescribedbore, but alsothe
non-accountedvariability arising from, e.g. the differencesin soil type, the terrain shape,the
vicinity of localfeaturedik e anaquiferor ashallav-watertable,etc.‘Intrinsic’ heterogeneityn the
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prognosticvariable,e.g.thatpartof the variancethathasnot beentakeninto accountby the above
three items, is detailed Bubsection 5.4

5.1 Heterogeneity in the surface cover

Let usconsidera grid box with afraction (1 -C| 5,,) coveredby lakes. Thelandcover partof the grid box will
have afractioncoveredby snaw, Cg,. Thesnawv freepartwill becoveredby bareground(1—-C,), while afrac-
tion C, of thevegetationwill becoveredby interceptedvater Thegrid-boxevaporationcan,thereforepewritten
asaweightedsumof the expressionof eachdifferentsection(Abramopouloset al., 1988; Noilhan andPlanton,
1989;Pitman 1991;Blondin, 1991;Ducoudréet al., 1993):

0 0
E = CLSM|: ConEg, + (1_CSn)ECv{ CE +(1-C)E} + (1_CV)EgEJ +(1-CrLsm)Esu (31)

In theabove expressionC, ), andC,, areconstantgeographicallyprescribedractions(althoughthe vegetation
cover C, canbeallowedto vary seasonally)while Cg, and C, dependon the natureof the surfaceandalsoon

the stateof the soil and,thereforewill varyin aforecast. Typically Cg, will dependontheamountof snav and
C, onthewatercontentof theinterceptiorreserwoir. Thelake evaporation,E ), , the evaporationof intercepted
water E, , andthe snav sublimation, E g, , canbe computedat the potentialrate. Equation(19) canbe usedfor

dry canoyy evaporation,E, , while E, canbe computedby ary of the methodsdiscussedn Subsectior8.3 (b).

Notethatall the differentevaporationrateswill be computedn this approachyy usinga singlevaluefor thetem-
perature and soil ater representate of the entire grid box.

If thedifferentheterogeneitglementsorrespondingo its fractionaredistributedrandomlyin a grid box, Eq. (1)
givesagoodapproximatiorto thegrid-boxevaporationtypeA heterogeneityasdetailedby Shuttleworth 1988b).
However, if thereis organisationn theheterogeneitye.g.asinglerectangulatake occupying half agrid box) mes-
oscalecalculationscandevelop andtransporta significantpart of the heatandwaterinvolved (AvissarandChen,
(1993) type B heterogeneity in the paperShuttleworth(1988b); see alsBubsection 5%

The approactof Eq. (1) canbedownscaledonestepfurther If thereis morethanonespeciegresenin thegrid
box, the transpiration can be written Bsi¢oudréet al, 1993;Avissarand Pielle, 1989Li and Asissar 1994)

(32)

Nv
Ev = Z CviEvi

i=1
wherethe summatioris doneacrosshe N, vegetationspecieswith cover C,;. For thecomputatiorof E;, a
differentcanopy resistancdunction canbe appliedto eachspecies.In this way, eachgrid box is schematically
distributedin tiles (up to sevendifferentvegetationecotypesn Ducoudréetal, 1993). As for Eq.(31), Eq.(32)is
only valid if thedifferentmicro-elementswhich conceptuallaggrejatedconstituteatile, arerandomlydistributed
in the grid box. The approachdetailedin Egs.(31) and(32) is inexpensve, bothin computationatermsandin
termsof memory Theonly computationaburdenis to calculateheevaporatiorformula N timeswhile carrying,
in the case oEq. (32) an additional file detailing the é#fent ecosystemisting in a grid box.

Onestepfurtherin theline of complity is to have differentenegy andwaterbudgetsfor eachof theseparatdiles
(or fractions,asrepresenteth the previoustwo equations). The grid box will be characterisedot only by one
temperatur@ndsoil watercontentbut N temperatureandN soil watercontentscorrespondingo the N differ-
enttiles (AvissarandPielke, 1989;Li andAvissar 1994). The costin memorycanbe prohibitive for GCMsbe-
causdt multipliesthe numberof surfaceprognostidieldsby IV . Notethatall thedifferentsurfacetileswill have
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the same atmospheric forcing, namely radiation, precipitation andmdare atmosphericaviables.

5.2 Prescribed subgrid-scale distribution of variables

Over a scaleof 100x 100 km, precipitationrateis far from uniform; the characteristisize of anindividual con-
vective elementis of theorderof 1-10km, whereasts lifetime is of theorderof thetime stepusedn GCM models
(0.5-1hour). Duringthattime theindividual corvective elementwill beadvected hencethefractionof the 100x
100km squarewettedby thecloudwill belargerthanthevaluein ary snapshoatary giventime. Theactualpre-
cipitationintensitywill follow somedistribution law, with slopeandamplitudedependenbn thegrid riseandthe
timeinterval consideredEntekhabandEagleson1989;Warrilow etal, 1986). Theoutputof acornvectionscheme
inaGCM (e.g.Tiedtke 1989)will bea precipitationratecorrespondingo ameanratein thattime stepandfor the
grid box considered.The partitioningof thatrain into interception andsubsequentlinto infiltration andrun-of,
will be markedly differentif therainis assumedo fall uniformly or if, say it fallsin afraction 2 of thegrid box
with amplitudeP/ k. (seeViterboandlllari (1994)for moredetails). Themoreconcentrateih spacetherainfall
is, the higher are the chances of reaching soil infiltration limits and therefore of producing run-of

Threedistributions (probability densityfunctions,pdf) of precipitationhave beenusedin GCM modelling:a y-
distribution (Eagleson1978b;EntekhabiandEagleson1989),anexponentialdistribution (Warrilow etal., 1986;
Dolmanand Gregory, 1992; Shuttleworth 1988b;Pitmanet al, 1990)anda box-distritution (Viterbo and|llari,
1994). All thesedistributionsdepencdn parameterthatdefinetheir sharpnesgeliableestimatiorof theseparam-
etersbhasedon obsened eventsexists only for a handfulof caseqe.g.EaglesorandWang, 1985),with a larger
uncertaintyin the tropicsbecausef the dearthof obsenationalevidence. The sensitvity of the outputof land-
surfaceschemegevaporationandrun-off) to thevalueof the sharpnesparametewasanalysedi) in stand-alone
mode (i.e. running the land-surbcemodel uncoupledirom the GCM) by Pitmanet al (1990) and Pitmanet al
(1993)(seealsoreview by ThomasandHenderson-Seller§1991))andii) whenfully coupledto aGCM (Viterbo
andlllari, 1994). The sharpnesparameteshouldbe madedependenbn resolution(Eltahir andBras,1993); it
depends on the grid rigex , the time ste@\¢ and the precipitation intensif .

Whena (pdf) g(P;) for precipitationexists, the fraction of the grid box with rainfall intensitybetweenP; and
P, +dP; is g(P;)dP;, with J‘(’;g(Pi)dPi = P. Applying Eq. (15) for the soil-waterbalanceover thatfraction
of thegrid box, theforcingis writtenas g (P;)dP; , andtheresultcanbeintegratedacrosgherangeof precipitation
intensities. Theschementegrationcanbe madenumerically(with techniquesimilarto theonesdetailedin Avis-
sarandPielke (1989))duringthe GCM integration,or analyticallybeforehandDolmanandGregory, 1992).The
lattercasewill produceamodifiedEq.(15); for simpledistributionsthe modificationmadeto theequationss triv-
ial (Viterbo and lllari, 1994).

Thetechniquedetailedabove canbeappliedto ary variable;a statistical-dynamicapproactor consideringhet-
erogeneityis arny approaclwherethevariationsin theinputandthe modelstatearequantifiedin termsof different
probability densityfunctions(pdfs),andthe outputcomputedasthe contribution of the forcing with the different
modelstates properlyweightedby their own pdf functions. The run-of schemeof Dimeniland Todini (1992)
presentedn SubsectiorB.3is anotherexamplewheretheinfiltration capacityof the soil in agrid boxis assumed
to follow adistribution law. Furtherexamplescanbefoundfor variationsoneparametef(Avissat 1992)or in the
statevariables(WetzelandChang,1988;Johnsoretal, 1993). Avissar(1992)considerghe subgrid-scalevaria-
tion of stomatatonductanceThesurfaceenegy-budgetequationis writtenfor agivenvalueof stomatatonduct-
ance.Theappropriatesoil-waterandheatequationgrealsocomputedor thegivenvalueof stomatabonductance.
The systemis valuedfor thegroundsurfacetemperature Theresultis computechumericallyfor all valuesin the
rangeof stomatatonductanceandthesolutionsareaveragedaccordingo thepdf. WetzelandChang(1988)con-
sidertheir statistical-dynamicalariationsof boththe soil water(with a pdf takenfrom obsenrations)andof sto-
matalresistance Averagedesultsarecomputechumericallyby doubleintegration acrosshe soil-moistureand

Meteorological Training Course Lecture Series
0 ECMWEF, 2002 29



(20 A review of parametrization schemes for land surface processes

the stomatal-resistanamngesandtheresultsarecomparedvith obsenations.Thetraditionalapproachconsid-
eringonly meangrid-squarevalues,is shavn to underestimatevaporationn casef dry soil andunderestimates
it whenthesoil is closeto field capacityJohnsoretal (1993)reportonthetestingwithin aGCM of aschemeavhere
bothrun-off andevaporationusedpdfsto characterisg¢heir dependencen precipitationandsoil wethessTheir
methodgeneralise®umenilandTodini's(1992)work. Finally, Mahrt (1987)computedhegrid-averagedsurface
fluxes when the static stability is not uniform in one grid box.

5.3 Effective parametersand blending height

As mentionedbefore the effect of subgrid-scaldneterogeneitiedepend®on their lengthscale For smallerlength
scaleqlessthan10 km) no organizationis seenin the PBL andturbulenceis responsibldor the verticaltransport
of heatmoistureandmomentun(Shuttleworth 1988b). For theabove conditionsit is possibleo definetheblend-
ing height the minimum heightin the PBL wheremeanatmosphericonditionsareapproximatelyin equilibrium

with the underlyingsurface(Wieringg 1986;Mason 1988;Claussen1991). As anexample,let us considerthe

dry vegetatedpartof thecanopy, fraction C,(1—C,) in Eq.(31). Previously, we have alreadyseerhow to compute
the averagesurfaceflux asa meanacrosshe heterogeneitglementsof termsproportionalto the differencebe-

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

abore) the so-called blending height.

A simpleralternatve way of consideringhe heterogeneityn, e.g.,thedry vegetatedpartof the canoyy, is to use
valuesof a meansurfacestatein the computatiorof the fluxes,but with modifiedparametera thetransfercoef-
ficients(or surfaceresistances)Themodifiedparameterghatyield thecorrectvaluefor themeanfluxesarecalled
effectiveparametes (FiedlerandPanofsky, 1972;Mason 1988;Warrilow andBuckley, 1989;NoilhanandLacar-
rere,1995). It is usefulatthis stageto distinguishbetweerprimary parameterandsecondaryparameteréNoilhan
andPlanton,1989; NoilhanandLacarrére 1995). In the following, we assumehat a datasebf the primary pa-
rametersxistsat a finer resolutionthanthe GCM resolution. The valuesof afew primary parameterge.g.depth
of soil, dominanttype of soil texture,dominanttype of vegetation)in a detaileddatasetdeterminethe valuesof
secondarnparametergroughnessength,LAl, mainstomatakesistancefractionalvegetationcover) attheresolu-
tion of theoriginal dataset. Theproblemconsistof finding aneffective valueof eachof thesecondarnparameters
atthe GCM resolutionby stableaveragingprocedures.The averagingoperatorfor eachparameters choserfor
consisteng with anarithmeticaveragingof thefluxesthemseles;in otherwords,for a givenparameterthe aver-
ageshouldbelinearin therelatedquantitythatscaledinearly with thefluxes. For instancethe effective canopy
conductancef aGCM grid boxis definedasaweightedsumof theconductancesf theelementanareagfor other
examples se®Varrilow and Bucklg (1989) andNoilhanand Lacarrére (1995)).
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Figure 7. Comparisorbetweerthe area-aeragedsurfacefluxescomputedrom the 3D model(solid points)and

the 1D prediction with dominant (dashed line) deetive (solid line) properties. Thextical bars represent the

standard déation of the flues 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 sa@beration (fromNoilhanand Lacarrére, 1995).

Fig. 7 presentsa comparisorbetweerthe fluxescomputedwith a detailedmesoscalenodelandthe fluxescom-
putedusingthe effective parameteiconceptfor a situationin the HAPEX-MOBILHY databas€André et al.,
1986).Despitethe nonlinearityof the dependencef surfacefluxeson vegetationparameterandsoil-watercon-
tent,it is clearthatthe effective surfacefluxescomputedwith a 1D modelmatchthe 3D mesoscalestimatesvith
arelative errorof £1.0%. For thecasesxamined theeffectsof nonlinearitywerefoundto besmallerfor theveg-
etationparameterge.g.stomatalkconductanceghanfor the soil-watertransferparameterge.g.hydraulic diffusiv-

ity).

As pointedoutby NoilhanandLacarrerg1995)andBlyth etal. (1993),theeffective parameteapproactdoesnot
work wheni) the mesoscaldluxesare of the sameorderof magnitudeasthe turbulentfluxes(seenext section);
andii) thewater snaw andice surfacesareincludedin the average becausdeatandevaporationfluxesaregov-

ernedby quitedifferentphysicalmechanismsWhenoneof thoseconditionsexist, thefluxesshouldbeaggreated
using eitheieg. (31) with a single suefce temperature or tBfent surice temperatureSgbsection 5)1

5.4 Additional remarks

In the previous sectionswe have seenhow variationsin the input of the modelandits parametersmply spatial
variationsin theoutput;theabove variationswould, in principle,bepresentatthesmallerspatialscalege.g.belov

1 km) andhampereventhe mesoscalsimulationghataretakenas‘truth’ in mostheterogeneitgtudies. Avissar
(1991,1992)callsvariationsin thesespatialscales heterogeneity’andarguesthatsomeof thevariability in these
scalesmight be ‘self-regulating’ (Avissar 1993). Studyingthe variationsin stomatalresistancen an otherwise
homogeneoupotatofield, heamguesthata decreasén the stomatakesistancén a singleleaf causedranspiration
to increaseandthis, in turn, will humidify the surroundinggir. As aresult,the specific-humiditydifferencefor a
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neighbourindeafincreasesndcauseshe stomataresistancef thoseneighbourindeavesto increasethuscom-
pensatindor thetranspirationincreaseof thefirst leaf. If ‘self-regulation’ dominatesthe sensitvity of quantities
like stomatalresistanceo environmentalvariablesat the GCM scaleis muchlessthanits correspondingalueat
the plot scale.

For lengthscalesf land-surficevariationslargerthan10 km, mesoscaleirculationsaregeneratedhataffect the
whole depthof the PBL (AvissarandPielke, 1989;Bougeaultet al, 1991). The conceptof blendingheightis no
longervalid (Claussen1993). It hasbeenamguedthatthesecirculationsareresponsibldor theverticaltransports
of sensibleandlatentheatof the sameorderto magnitudeastheturbulentfluxes(Li andAvissar 1994;Chenand
Avissar 1994;Segaletal, 1988). AvissarandChen(1993)presenthe equationdor the so-calledmesoscaleki-
neticenegy’, definedin a similarway to the turbulentkinetic enegy (Stull, 1988)exceptthattheaveragingoper-
atoris limited to mesoscaléengths. Theresultsobtainedsuggestmesoscalfluxeslargerthanturbulentfluxesare
normally obtainedin calmsituationswhereasvhenthereis somemeanwind, turbulencetakesover asthe main
mechanisnof verticaltransport.For themuchmoredifficult problemof theverticaltransporof heatandmoisture
in stable cases and in the presence of topogregé the ndew by Kaimal and Finnigin (1994).

6. VALIDATION AND INTERCOMPARISON

6.1 Point validation

Resultof field experimentaneasuringurfacefluxesandvariablesaslocal pointvalues ,or onaregionalscale are
regularly usedto testsurfaceparametrizatiorschemes.To give just a few examples ARME (Shuttleworthet al,
1984)dataoverthe Amazonbasinhave beenusedn validatingSiB (Sellersetal, 1989),ISBA (Noilhanetal, 1993)
andthe ECMWEF new surfacemodel(Viterbo andBeljaars,1995). FIFE (Sellersetal, 1988,1992)dataover the
KonzaPrairiein KansasUS andCabauwdatain the Netherland$ave beenusedto validatethe ECMWF model
(Bettset al, 1993;BeljaarsandViterbo, 1994)and,in the caseof FIFE, to validate|SBA. HAPEX/MOBILHY
datain southernFrancehave beenusedto testthe ISBA modelandthe ECMWF model. SEBEX data,over the
Sahelianmregion,have beerusedo validatetheECMWF model(BeljaarsandViterbo,1995). For areview of recent
experimentasefulfor thevalidationof surfaceparametrizatiomata thereadeis referredto Shuttleworth(1991).
Noilhanetal. (1993)describeall thevalidationefforts for whatis probablythe mostthoroughlyvalidatedsurface
parametrizatiomodel,ISBA. A summaryof field experimentss presentedn Table2. It is clearfrom thattable
thatmary valuableexperimentalatasetfiave never beenusedto validateary large-scalesurfacemodel. Snaw is
very muchunderrepresentedCampaignshathave justfinishedfor the Canadiarborealforest(BOREAS,Sellers
etal, 1995)or arecurrentlyunderway for the Scandingian forest(NOPEX, 1994)will, hopefully, fill thatgapin
validation data.
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TABLE 2. RECENTFIELD EXPERIMENTSAND THEIR USE FOR VALID ATION OF LAND SURFACE MODELS.

Experiment Reference Location Data ’V.'Od?'
validation
ARME,1983-85 Shuttleworthet al (1984) Amazon basin Surface enagy and ISBA,
water balance, SiB,
soil wetness ECMWF
SEBEX, 1989-90 Wallaceet al (1991) Sahel As abwe ECMWF
Dolmanet al (1993)
HAPEX-MOBILHY, 1986 Andréet al (1986) Southwest France As abwe, information [SBA,
on mesoscaleariability ECMWEF,
PILPS
Cabauw 1987 Beljaarsand \iterbo (1994) Netherlands Surface enagy and ECMWHR
water balance PILPS
FIFE, 1987, 1989 Sellerset al (1988, 1992) Kansas, US As abwe ISBA,
SiB,
ECMWF
La Crau, 1987 Marseille, France As abwe
LOTREX, Germay As abwe
HIBES88, 1988
Niger, 1988 Northern Sahel  As abwe
HEIFE, 1990 Tibetan plateau, As abae
Gobi desert
Kurex-88, 1987-88 Basin of rver Sgm Hydrological data,
including runof and
snaw
EFEDA, 1991-95 Central Spain Surface enagy and ISBA
water balance
HAPEX-SAHEL, 1992 Sahel as aboe
BOREAS, 1991-95 Canada As abwe,
snov measurements
ABRACOS, 1991-95 Amazon basin Surface enagy and

water balance

In pointwisevalidation,the surfacemodelrunscoupledto a PBL model(1-column)or uncoupledsurfacel-col-
umn,or 0-column),areforcedby time seriesof obsenedvalues. Thequality of themodelcanbeassesseby com-
paring its output (e.g. latent and sensibleheat,or soil moisturetime series)with obsered values. 0-column
validationrequiresatime seriesof obseredvaluesof surfacewind andnearsurfaceatmospheri¢cemperatureand
humidity, solarradiationanddownwardlong-wave reduction(Henderson-Selleital., 1993). Theadwantagesre:
i) currentautomaticmeasuremergtationsallow the measuremeruaf the above quantitiesduring several months,
thereforethe modelbehaiour canbe validatedin its longertimescalesiji) sinceradiationis partof the forcing,
mismatchebetweerthe modeloutputandobsenationscanbe attributedto the surfacemodel’s surface-fluxfor-
mulation. Onthe otherhand,becausef the absencef negative feedbackrom the boundarylayer, modeldrifts
areperhapsxaggeratedhn this validationmodel(Jacobsandde Bruin, 1992). Nevertheless)-columnvalidation
remaingheonly form of validationgiving a clearmessag@aboutthe quality of theland-suricescheme.A major
intercomparisorexercise PILPS(Henderson-Sellerst al, 1993)is currentlyunderway, wherebymostof the ex-
isting surfacemodelsarecomparedn 0-columnmode forcedfirst by syntheticdatasetandthenby atime series
of obsenedvalues. Thefirst obsered datasetschosenwere CabauwandHAPEX/MOBILHY. It is planned,n
the next phaseof PILPS,to coupleeachof theland-suriceschemesvith the samehostGCM andcompareheir
behaiourin trueinteractve model. A similar Europearintercomparisomxercise SLAPS wasdesignedo assess
the quality of theland-suriceschemesvhencomparedvith catchment-scalmodelsdevelopedby hydrologists,
and concentrates in thgdrological aspects of the land-saré schemes.
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Whenanestimateof theregionaldistribution of thefluxesis available(asin HAPEX/MOBILHY), anothepossible
way of validationis to run amesoscalenodelover thefield-experimentarea. This type of modellinghasbeenes-
sentialin validatingtheequialent-parameteroncepi{seeprevioussectionandNoilhanandLacarrerg1995))and
is crucial for assessing the importance of tlgaoisation of flugs in the mesoscal@yissarandPielle, 1989).

It needdo bestressedhatthevalidationeffort hasbe madein closecooperatiorbetweerthe experimentalistand
themodellerstheformerbringingtheir expertisein doingerroranalysisandsuitableaveragingof the data,while
thelatter bring the interpretationof modelresultsandsuggestion$or improvement. Field experimentscollecta
very large volumeof data(of the orderof afew Gbytes,seeSellersetal. (1992))thathasto be aggregjatedinto a
muchsmallersetof valuesthatwill betheforcing datasetfor the surfacemodel,andanothersetthatwill seneto
validatethe results(eachsetbeingno morethanafew Kbytes). Thisis, by no meansatrivial exercise(Bettset
al, 1993;BeljaarsandViterbo, 1995)but, onceit hasbeendonefor usewith onemodel,it is readily availablefor
validating other models.

Onefinal remark. Field experimentsarenormally organisedwith concentratedheasuringefforts on afew daysto
few weeks theso-calledntensve Obsenation Periodg(IOPs),with gapsfor somequantities suchasevaporation
betweertwo consecutie IOPs. Dueto thedifferenttimescalesnvolvedin soil moisture(rangingfrom thediurnal
totheseasonascale) it would bedesirableo have, in future experimentakfforts, continuousmonitoringof evap-
oration,radiationandsensible-hedtuxes,togethemith soil moisturein therootzone atleastfor anentireseason.
In that way, a closed soil-ater ludget can be performed for the obsdions.

6.2 Other forms of validation

Forecast/assimilatiogystemshave the infrastructureto monitortheforecastresultsagainstobsenations(Strauss
andLanzinger1993). Nearsurfaceatmospheriwvariablesoutinelycomparedvith theplentiful SYNOPobsena-
tionsinclude2 m temperatur@andhumidity, low-level cloudinessandprecipitation. As detailedby Lanzinger(this
volume),theinterpretatiorof thedatadisplayedyivesimportantcluesaboutmodelproblemsandthe signatureof
model/analysis changes is often found in a long time series of data.

A setof global-,continentalandregional-scalelatasetthatcanbeusedto validateresultsfrom GCM climateruns
or to monitorthe performancesf NWP assimilation/forecastystemss presentedn Table3. In thistypeof vali-
dation,it is not alwaysobvious how to link errorsin the variablesto deficienciesn onespecificparametrization
scheme.For instancefeedbackdetweemmodelprocessesanberesponsibldor modeldeficienciesn avariable
suchasprecipitation(Arpe, 1991). Someof the datasetsn Table 3 areestimatedfor instancdatent-heafluxes
andthe othercomponent®f the surfaceenegy balanceareestimatedpasedon the extentof empiricalformulas
and enegy-conseration principles. Thesemethods,althoughmaking the datasetself-consistenin enegetic
terms, cast some doubt on thaatiglity for verifying model results.

To give anotherexample,run-off datahave beenusedto validatethe modelcounterparfor majorrivers(Russell
andMiller, 1990;DumenilandTodini, 1992). Most of thetime problemsin modelrun-off arerelatedto deficien-
ciesin modelprecipitationratherthanto thedetailsof modelsurfacedrainageor infiltration. Separatiorof errors
in forcing (the precipitation field) from the errors in the acef model is a ditult task Miller et al, 1994).
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TABLE 3.GLOBAL DATA SETSTHAT CAN BE USED TO VALIDATE SURRACE-RELATED GCM RESULTS.

Dataset Parameter (Measuredstimated)/Area
Jaeger1983 Rainfall M / global

Legatesand Wlimott, 1990 Rainfall M / global

UNESCQ 1974 Runof M / global

Henning 1989 Enegy balance components / global

Wallis et al, 1991 Precipitation, rundf temp. M /US

Hollinger and Isard, 1994 Soil moisture M/lllinois, US

Vinnikov andYeserlepora, 1991 Soil moisture M / former USSR

GCIP 1995-2000 Water balance componentd andE / US

7. INITIAL VALUES

Despitethe sensitvity of medium-rangeveatherforecastgo theinitial soil-waterconditions(seereviews by Gar-
ratt (1993)andRowntree this volume),thereare,at presentyery few methodso definethe soil-watercontentin
data-assimilatiosystems.Currenttechniquegor ground-basetheasuremertf soil-watercontent(reviewed by
Hillel (1982),CuencaandNoilhan(1991)andSchulinetal. (1992))includethegravimetric method neutronscat-
tering, electromagnetitechniguesandthe tensiometer Noneof thesemethodss adequatdor routinemeasure-
mentsand, therefore therehasbeenan effort in recentyearsto provide satellite-baseastimatesof soil-water
content(seereviewsby Choudhury(1991)andSchmugg@andBecker(1991)). Thetechniquesanuseinformation
from thethermalinfraredchannelsor from active or passie microwave systemsbut they have severalcalibration
problemsandpraovide only estimatesor the watercontentsin the top few centimetreof the soil. We cansafely
statethat noneof the current method<of measuementof soil water can provide a weeklyglobal estimateof the
soil-water contents in theot zone

Almostall schemedgor initialisationof soil waterin NWP arebasedn finding the equilibriumvalueof soil mois-
ture,givenclimatolagical estimate®f sensible-andlatent-heafluxes,andradiative fluxesat the surface(seee.qg.
Mintz and Serafini,1992). They are,thereforejnappropriatfor usewith data-assimilatioschemeswherethe
goalis to find a soil-waterfield representingnadequatéalanceof real-timeestimate®f theabove fluxes. Many
currentNWP predictionsystemsircumwentthe problemby assigningshort-termforecaswaluesto theinitial con-
ditions of soil moisture. Any deficienciesn theland-surbcemodelor, moreseriouslyin theforcing terms(pre-
cipitation and net radiation) will causethe model to drift in time, and theseshort-termforecastvalueswill
eventuallybe affectedby biasescorrespondingo the climatic biasof the land-surbcemodelor the nearsurface
atmospheric forcing.

Theonly methodologythatcanbeappliedin aforecast/data-assimilati@ystems onebasedntheideasof Mah-
fouf (1991). As mentionedn the previous section the errorof short-rangdorecastof summertimenearsurface
temperaturanddew point,whencomparedvith the plentiful SYNOPobsenations(of the orderof 10000for ary
synoptictime), is normallyagoodindicatorof the quality of the soil-waterfield; in broadterms,too warmandtoo
dry nearsurfaceatmospherienodelstatedduringdaytimeareassociateavith awrongpartitioningof theavailable
surfaceradiative enegy in latent-andsensible-heafiux, andwith too dry valuesfor the soil wetness. Mahfouf
(1991)developedan optimalinterpolationschemefor initialisation of soil water, relatingthe analysisincrements
of soil moisture to short-range forecast errors of 3eafce temperature andwi@oint.

As with ary data-assimilatioschemgDaley, 1991)usedfor medium-rangdorecastsit is moreimportantto ini-

tialise correctlythe variablesin the systemassociatedvith alongermemory largertimescales.Variableswith a
subdiurnakimescalewill adjusttheirinitial valuesto somevaluescompatiblewith the modelphysics;the adjust-
mentprocesswill take justafew hours,andbeyondthis adjustmenperiodthe ‘memory’ of theinitial conditions
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is lost. For soil moisture this meanshaving a specialconcernaboutthe deepetayers,otherthanthe shallov top
layer, becausehe former hasa timescaleof weeks,ascomparedwith the diurnaltimescaleof the latter Notice
thatthedeepetayersstill interactwith theatmospheregia transpirationfransportinghewaterfrom therootlayer
to the atmosphere.
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Figure 8. Ewlution of soil water in 48-hour data assimilation with a mesoscale modplrdv: Starting
condition dry Bottom rav: Starting condition wet. Mues are shan for top soil vater (left) and root soil ater
(right). Solid curves(A): meanvaluesoverthearea;,Dashedcurves:maximumandminimumvalues;Solid cure,
unlabelled: reference simulation, representing the truth (Bouitieret al, 1993b)

Mahfouf (1991)developedan optimal interpolationschemgDaley, 1991)for initialising the soil water, relating
the analysisincrementsof soil moistureto short-rangdorecasterrorsof nearsurfacetemperaturenddewpoint.
Thescheméasheendevelopedurtherandappliedto theinitialisationof soil waterin amesoscalenodel(Bouttier
etal, 1993b). As shavn by one-dimensionaensitvity andnumericalsimulationstudiesjn bare-groundreaghe
errorsin the two-metretemperatureand devpoint areassociatedvith errorsin the top soil-waterlayer, while in
vegetatedareast is relatedto the root-layersoil-moistureerrors. The mostcritical aspecof the algorithmis the
definition of the optimumcoeficientsin the matrix relatingthe errorsin two-metretemperaturenddewpoint to
the analysisincrementerrorsin the top androot-layersoil moisture. A continuousparametricformulationde-
scribedin Bouttieretal. (1993a)allows for the computatiorof thesecoeficientsat eachmodelgrid point. They
will dependiponsolarzenithangleandsurfacecharacteristicévegetationcoverageroughnessengthandsoil tex-

ture).
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A 48-hourclearsky periodfromtheHAPEX-MOBILHY experiment(Andréetal., 1986)wasstudiedby Bouttier

etal. (1993b)andis presentedn Fig. 8. Theresultsof theassimilatiordemonstratéhe rapid convergenceof the
method when starting from a wet- or dry-soil moisture guess.

Recentlyasimplifiedversionof the Mahfouf(1991)algorithmwasintroducednto operationat ECMWF (Viter-
boandCourtier 1995).It correctdor adry andwarmbiasin thesurfaceandboundary-layeforecastsn latespring
andearlysummerThebiasis associatedo anunderpredictiorof cloud cover causingoo muchsolarradiationat
thesurface,driving too large anevaporatiorrate,anddrying the soil too quickly andtoo early. The soil-waterini-

tialisationschemereventsthe soil-watervaluesfrom drying too quickly. Fig. 9, comparingheroot-mean-square
(rms)errorfor 20 forecastsunwith (moist)andwithout (ops)the soil-waterinitialisationschemeshavs thelarge
impactof theinitial valuesschemen theforecastquality. The impacton the rmscomesmainly from areduction
in the lower-tropospheridiasof temperaturea wettersurfacecauses colderlower tropospherend,dueto the
hydrostaticrelationshipa shallaver 20 kPa modelsurface.Thelarge sensitvity of summertimecontinentafore-

casts to the definition of soilater initial conditions confirms the resultsisved inGarratt(1993).
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Figure 9. Mean root mean square of geopotential height for control (ops) and test (moist), and the mean

difference and confidence intahat the 95% Mel, 1-20 June 1994, 20 &Morth America.

8. SNOW MODELLING

The effectsof the snav mantlehave to be takeninto accountfor appropriateconsideratiorof the surfacethermal
balanceon high latitudesandmountainousegionsin GCMs. The presencef snav reduceghe enegy available
atthe surface;the albedoof freshsnaw is 0.85,while the albedoof a naturalsurfaceis in therange0.12to 0.25
(Dickinson 1988).Snav meltingis the mostimportantsourceof soil moisturein springin high latitudes. In gen-
eral,dueto its thermalpropertiessnav actsasaninsulatorbetweertheair above andthe soil underneatifPeixoto
andOort,1992;Walshetal., 1985). Thethermalandmassbhudgetsof alayerof snaw lying onthegroundis rel-
atively easyto establision alocal scale(e.g.Anderson 1976),but morecomplex at scalesof atypical GCM grid
box, dueto the heterogeneityf snav cover. In spiteof its importancethereis very little obsenationalevidence

of relevanceto GCMsontypical meltingrates albedo snav coverandmetamorphichangegollowedby thesnov
mantle.

Most, if not all, current GCMs carry a prognostic equation fomsmass flanabe 1969)
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S
5 = F-M (33)

wheresS is thesnav depth(m of waterequvalent), F is the snavfall (Kg m'zs'l) and M is therateof melting.
Thesnawfall is eithergivenasanindependenamountfrom otherphysicalparametrizations themodel,or is the
totalamountof precipitationif thesurfaceair temperaturés below acertainthreshold.Therole of snov parametri-
zation schemes is to specify the melting fte, and the snw albedo entering the thermaldget equation.

Melting conditionsare metwhenthe equilibrium groundtemperaturés abose O C. In thatcaseanadjustment
down to 0 C is madeby meltingthe necessaramountof snav, while the uppersoil reserwir collectsthe melted
water The meltedwaterexceedingthe maximumcapacityof thatreserwir is lostinto runof. Albedoin snav-
coveredareads modelledasabackgroundralueplusa correctiondependendn the snov amount. Somemodels
take into accountsnav ‘masking’ by the vegetationin the computationof the albedo,so asto reducethe snav-
coveredarean thepresencef tall vegetationwhencomparedvith baregroundterrain(Blondin, 1991). Thesnav
contribution to the albedocan alsobe madedependenbn temperaturesnav undermelting conditionsis made
darler to simulate the f&fct of surfice pondingickinsonet al, 1986).

Snaw-cover fraction (the fraction of the grid box coveredby snaw) is importantfor its effectson the albedoand
melting. Inspectionof ary satelliteimagerevealsthatsnowv-cover fractionis essentiallydependentn vegetation,
andontopographidetailssuchasslopeandaspect.In GCMs,thesnawv-cover fractionnormallydependdinearly
ontheamountof snav up to athresholdralue,beyondwhichit is takenas1. Thethresholdvaluecandependon
roughness length, a crudeyvof parametrizing orograpland \egetation efiects.

More complex snav modelsarenormallyintroducedby carryingextra predictive variablessnov density(Pitman
etal, 1991;Verseghy1991;Douville etal, 1995),snav temperaturéVerseghy1991;Diumenil, privatecommu-
nication),andsnav albedo(Douville etal, 1995).Detailsof the snov-packmetamorphisme.g.distinguishingoe-
tweencoarseandfine grain, or betweenold dark snav andfiner freshsnaw, canbe consideredy introducinga
snav age(time elapsedsincelastsnavfall, Verseghy1991)dependengonthedensityandonthealbedo. For its
independenthermalbudget,the snov packis consideredisanadditionalvariable-depthayer, with thermalcon-
ductvity and heat capacity dependent onvgnitensity

Melting of thesnaw packcanoccurin thesemorecomplex modelsin two differentways:surfacemeltinganddeep
melting. If thesurfaceenegy-balanceequationgivesatemperature@bove 0 C, melting of snaw occursat the ex-

penseof theexcessof enegy obtainedby coolingthesurfaceto 0 C. Theresultingamountof waterpercolatesnto

thesnaw layerandmightrefreezewithin thesnav packat someunspecifiedlepth,in aprocessalledripening of

thesnav pack. Theremainingwaterwetsthe upperlayerof soil. Deepmelting occursby heatconductionfrom

underneathhe snav packif thesoil is abore 0 C. Thereis aadjustmenbdf temperatureasin the surfacemelting,
but no ripening s allowed, the waterbeingimmediatelyavailableto the soil layer Note thata separatehermal
budgetof thesnaw layeris necessarjor properseparatiorof thetwo meltingmechanismandtheripeningof the
snav pack.

As referredearlierin Section3, phasechangeof thewaterin the soil is anothelimportantmechanisnin high lati-
tudes(BlackandTice, 1988, Williams andSmith,1992,Miller, 1980).A parametridnclusionof theeffectsof the
solid phaseof water althoughessentiafor modellingthe soil waterandenegy transferin high latitudes,is not
consideredn mostGCM models. Its is possibleto write additionalequationgor the conserationof frozenwater
atdifferentsoil layers(Verseghy1991,Pitmanetal., 1991).Modificationsto the traditionaltreatmeninclude,in
orderof importancei) Thethermaleffectsrelatedto thelatentheatof fusion/freezingji) Substantiafeductionin
transpirationin the presencef a frozenground;iii) Soil-watertransferdependenbn a soil-water potentialthat
includesthe effect of frozenwater Thereareindicationsthattheseeffectsarevery importantfor characterising
the role of boreal forests in the climate syst&allerset al, 1995).
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9. CONCLUSIONS

Currentatmospherienodelsplay a majorrole in estimatingthe surfacebranchof the hydrologicalcycle. There-
view presentedbove tried to emphasizehe specialrole of NWP forecast/datassimilationsystemsasa continu-
ously operatingnumericallaboratoryfor the study of the interactionsof the atmospherawith the underlying
surface. The only practicalway of estimatingglobally the geographicadlistribution of the differenttermsof the
surfacehydrologicalbudgeton aday-to-daybasisis to usedataassimilatiorwithin aglobalforecastingsystem.In
this systemsgconventionalsynopticdataplus satelliteobsenationsarecombinedwith a very-short-rangéorecast
to producean analysedstateof the atmosphereShort-rangentegrationsstartingfrom theseinitial statescanpro-
vide aninternally consisten{althoughmodeldependentpicture of precipitation,evaporationandrunof. Since
thehydrologicformulationof currentatmospherienodelsis akey componenbf theprocesslescribedabove, it is
importantto review the currentstate-of-the-artand-surbce models,and to identify the deficienciesand areas
where current research isdily to bring substantial impvements.

However, operationabataassimilationsystemsdo not provide atime-homogeneousequencef values,because
of theregularchangesn eitherthedata-assimilatiomethod<r in theforecasimodelused. Alternative estimates,
basedon multi-yearclimateintegrationsof the model,arehamperedy systematicerrorsin the models;they do
not benefitfrom thecorrective influenceof the obsenrations regularly fedin thedata-assimilatiomycles. In order
to combinethe benefitof along-periodseriesof simulationgivenby the climateintegrationswith the controlling
effect of the obsenrationsgiven by the dataassimilation several Centresstartedrecentlyre-analysinghe atmos-
pherewith afrozensystem(BengtssorandShukla,1988). The ECMWF Re-AnalysisProjectis currentlyre-ana-
lysingtheatmospherat T10631 levels,for theyears1979-1993.The projectwill becompletedn 1996,andthe
examinationof resultsrelatedto thesurface—atmospheirteractiorwill provideinvaluableinsightonmechanisms
involved in diferent timescales, ranging from the diurnatle to the seasonayde.

Thelast20 yearshave beencharacterisethy a wide acceptancen the GCM communityof therole of vegetation
in controlling evaporation. The PILPSprojectis currentlythe catalystin the only way aheado developandim-

prove parametrizationsralidationandcomparisorwith obsenations.Thereis muchto learnonthelongertimes-
calesof the atmosphererelatedto soil-water contents,the complicatedinteraction betweensoil water and
precipitation, and the role of sman the climate system.
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