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Abstract

This lecturenote providesa review of techniquegecentlydevelopedfor initialising the prognosticvariablesof land surface
parametrizationgn numericalweathermpredictionmodels.The importanceof soil moistureinitialisationis emphasizedince
the evolution of the boundarylayer is very sensitve to its specificationandthe associatedime scalesare muchlongerthan
thoseof mediumrangeforecastsThe analysisof snov massis alsodescribedusingthe ECMWF methodasanillustrative
example.Differentmethodsanddataavailablefor theinitialisation of otherslownly varyingcomponentstthe surface,suchas
soil temperature,agetation fraction, leaf area inkland albedo, are described at the end.

1INTRODUCTION

Theimportanceof landsurfaceprocesseblasbeerrecognisedor alongtime by theclimatemodellingcommunity
in orderto describan aconsistentvay all thecomponentsf thewaterandenegy cycle overlong periodsof time.
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As aconsequencavarietyof scheme$fiave beendevisedrangingfrom the simplebucket modelof Manabg(1969)
to the comple soil-vegetation SiB (Simple Biosphere) model3#llerset al. (1986).

Although a numberof sensitvity studieshave shavn thatland surfaceprocesseganalsoaffect mediumrange
weatherforecastgRind 1982;RowntreeandBolton 1983;Yeh etal. 1984;Rowell andBlondin 1990;Beljaarset
al. 1996),the parametrizatiorof the interactionsbetweencontinentalsurfacesandthe lower atmospherés still

rather crude in most numerical weather prediction models.

Recenfield experimentssuchasHAPEX-MOBILHY 86, FIFE87 or BOREAS94,have enabledhedevelopment
andthevalidationof land surfaceschemeslescribingthe mostimportantprocessegaoverningthe water heatand
momentumexchangeswhile remainingsimple enoughto be includedin operationalweatherforecastsmodels
(NoilhanandPlanton1989;Viterbo andBeljaars1995).Suchparametrizationsanimprove significantlythe qual-
ity of the forecastof weatherelementyBougeaultet al. 1991;Lanzinger1995). Initialisation of the prognostic
soil variablesat globalscaleis animportantissuegiventhe very differenttime scalesf evolution betweerthe at-
mosphericandthe soil systemsRealisticschemesippeato be sensitie to the specificatiorof initial soil temper-
aturesandwatercontentgJacquemirandNoilhan1990;Bouttieretal. 1993a,1993b).Theincreasean realismof
otherphysical parametrizationgclouds,radiation,corvection)in numericalweatherpredictionmodelshasalso
madeerrorsin the surfacerepresentatiopasierto identify. Theimportanceof positive feedbackdetweerthesur-
faceandthe atmospherenustbe underlined: realisticmechanismshouldbe representedwhich is not possible
whensurfaceboundaryconditionsarefixed),but spuriousonesresultingfrom systemati@rrorsin therepresenta-
tion of somecomponentsf theenegy andwatercycles,shouldberemovedwith anappropriatenitialisationpro-
cedure.

In thefollowing, wewill startin Section2 by describinghebasicfeaturecommonto mostsurfaceschemesSpe-
cial featuresof thelandsurfaceassimilatiorareidentifiedin Section3, in termsof dataavailability andits relation
to modelvariables Section4 reviews the problemsof simplesurfaceinitialization proceduresMethodsfor thein-
itialisation of soil waterin numericalmodelsusing nearsurfacetemperatureand humidity obsenationsare de-
scribedin Section5, while Section6 explainsthe dravbacksof on-sitesurfaceobsenationsof soil moistureand
discussetheneedfor remotesensingFinally, Section? reviewstheinitialisationof otherslowly varyinglandsur-
face \ariables, such as smamass, deep soil temperatures aegketation characteristics.

2DESIGN OF LAND SURFACE PARAMETRIZA TIONS

2.1 General features

Theaimof landsurfaceschemess to computetemperatur@andspecifichumidity at the lower boundaryof atmos-
phericmodels Thesawo variablesarerequiredn theestimatiorof heatwaterandmomentunexchangebetween
the continental suatces and the Veer atmosphere.

The suraice temperatur@'y, is derived as the solution of the sacke enagy balance written as:
R, =LE+H+G (1)

whereRn is thenetradiationflux convertedin latentheatflux LE , sensibleheatflux H andgroundheatflux G .
The ground heat flug depends upon deep soil temperatures and soil thermal properties.

The suréce specific humidity can be written formally as :
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s = Axqea(Ty) +Bxq, )

whereq, representthevalueof specifichumidity atthelowestmodellayer ThequantitiesA andB (described
with moredetailsin the next paragraphdependuponsoil moisture® which is obtainedby solving the surface
water ludget :

L -p_E-R ©)

whereP is the precipitation fluxg the total gaporation flux andR the suréce runof

Thisbrief descriptiorshavs thatalandsurfaceschemanustmanageatleasttwo prognosticequationgor thetem-
perature and soil moisture in the soil. Heat aatewtransfers are gerned by the follwing diffusion laws :

0T
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Thediffusivity D andconductvity K coeficientsarenon-linearfunctionsof soil moisturecontent.The diffusion
equationsaregenerallydiscretizedver 2 to 4 layersin orderto dealwith time scalegangingfrom daysto months.

2.2 Surface fluxes

Thelink betweersoil andatmospherivariablesis provided throughthe expressiorof the surfacefluxes,usually
basedon Monin-Olukhov theory;the crucial variablehereis the evaporationflux becauséts magnitudedepends
explicitly uponsurfacepropertiesRecentandsuriaceschemesepresentlifferentlythegrid boxfractionscovered
by: a) baresoil, with evaporationcontrolledby soil moisturein a shallav top soil layer; b) vegetation with tran-
spirationcontrolledby soil moisturein the root zoneaffecting the magnitudeof stomatalresistanceg) snawv or
interceptionresenoir, evaporatingat the potential(maximum)rate. Thesetwo lastcomponentsequirethe exist-
ence of model prognostic equations forwnmnass and interception reseirs.

Evaporation from bare soil can be written as (geffoufand Noilhan 1991 for aview) :

_ huQsat(Tsk)_QL
ETESS ©)

Theefficiengy of theturbulenttransferds accountedor throughtheaerodynamicesistancer , , while thecontrol
by the surfacesoil moisture8 is representedby the surfacerelative humidity 2,(8;) [A = 2, andB = 0 in
Equation(2)]. A typical variationof &,(8,) is presentedn theleft panelof Fig. 1 . Evaporationtakesplaceat
the potential rate abe a thresholdalue (field capacity;. (defined from soil teture) up to the saturatiody,, .

Transpiration from ggetation canopwrites similarly:

E, = plalTs) s @)

r_p RC+Ra

Theanalogywith Equation(2) leadsto A = R,/(R.+R,) andB = R/ (R.+ R,) . Watertransferdrom the
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rootzoneto theatmospherelependbothon biologicalandphysical controls.Plantslimit their waterlossesn un-
favorableernvironmentalconditionsdeterminedy soil moisturein therootzone atmospherievatervapourdeficit,
solarradiation,air temperatur@ndcarbon-dioxideconcentrationA typical dependengof the canojy resistance
R with soilmoistureis shavn ontheright panelof Fig. 1 . Below athresholdsalueoftendefinedasthepermanent
wilting point 6,,,,,,, it is assumedhat plantsareunableto pumpwaterfrom the root zoneto the stomataicells,
correspondingo arapiddecreasef transpiratior(increasen R, ). As for baresoils, it if oftenassumedhatabore
the field capacity the plant transpiration is not controlled by soil moisture.
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Figure 1Surdce relatie humidityhu as a function of the sa€e wlumetric vater content (left) and canpp
resistancdRc as a function of the meawlumetric vater content (right). (Frorwlahfouf 1991).

3INTRODUCTION TO LAND SURFACE ASSIMILA TION

The major problemof land surfaceassimilationis the lack of routine obsenationsof soil moistureandsoil tem-
peratureThisis speciallytruein the caseof soil moisture wherecurrentmethodscannotprovide globalcoverage
routinely (seeSubsectior6.1 for moredetails).Furthermoresoil moistureobsenrationsshav large variability in
smallspatialscalegseee.g.WetzelandChang1988);not all scalesareof relevancefor the atmosphereandthe
assimilatiormethodhasto take thatinto accountFor soil temperatureéhe climatenetwork exists, with acoverage
similar to the SYNOPstationsandwith mostof the stationsperformingobsenrationsat leastdaily; unfortunately
thoseobsenationsarenot exchangedoutinely at the time of measuremengoin practicethey canonly be used,
in delayed mode, forerification purposes.

Thenatureandavailability of the obsenationsimposegheuseof proxy variablesor soil moisture Theamountof
waterin the root zoneimpactson the evaporatve fraction, which in itself determinesfor a given amountof net
radiation,middaysummerscreerlevel temperatur@andhumidity (seeprevious sectionandthereview by Bettset
al. 1996).0n the otherhand,the time evolution of soil waterdependsn therainfall intensityandon its timing.
Threemaintypesof datahave beenusedn the pastto infer soil moisture:(a) Screerievel atmospheritcemperature
andhumidity; (b) Rainfall rates;and(c) Radiometricsurfacetemperaturdinfrared, microwave). Note that, since
thoseobsenationsalreadyrepresentio a certainextent,theimpactof soil moistureontheatmospherabove, they
have already filtered out the smaller scales in sailew

Therearetwo aditionaldifficultiesin the assimilationof land surfaceobsenations.First, theseobsenationsare
non-linearlyrelatedto soil moistureandsoil temperaturgthroughthe equation®f theland surfacescheme)Sec-
ondly, the statisticsof forecasterrors,usedto spatiallydistributethelocalincrementsn atmospheri@analysesare
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not knavn for soil \ariables.

4SIMPLE LAND SURFACE INITIALISA TION METHODS

Dueto thedifficultiespresente@dbove, soil variablesareinitialisedempiricallyin mostoperationaforecastsnod-
els.

A first methodfor initialising soil variablesis to setthe analysedsoil variablesto climatologicalvalueswithout

usingarny modelinformation(throughthefirst-guess)In practice this is doneby addinga relaxationto climatol-

ogyto theprognosticequation®f thelandsurfaceschemégBlondin 1991).Theunderlyingideaof thistermis that
simplesurfaceschemeganonly describecorrectlythe variableshaving a shorttime scaleevolution, like the sur-

facesoil temperatureandthatvariableshaving atime scalelongerthana few daysmustbe prescribedProblems
arisefrom thespecificatiorof climatologicalsoil valueswhich arebasednindirectatmospheriobsenationsand
very simplifed transfermodels.Theseproducts ik e the soil moistureclimatology of Mintz and Serafini(1992),
have a highlevel of uncertaintyasshovn by Viterbo andBeljaars(1995).Anotherpotentialproblemis thatwith a

relaxationof deepvariablestowardsclimatology seasonaanomaliescannotbe forecastedAn exampleof such
deficieny hasbeenshovn by Beljaarset al. (1996) with two versionsof the ECMWF modelfor the 1993US

floods.

Theotherapproacho initialise soil variabless to setthe analysedsaluesto thefirst-guessin thatcontext, anab-

soluteconfidencas givento theland surfaceschemeor evolving its prognosticvariablesandno control existsto

preventthe land surfaceschemdrom drifting to an unrealisticstate.Suchdrifts canoccurthroughpositive feed-
backswith theatmospherdn situationsvheretheschemesxperiencesystematierrorsin theatmospheriéorcing

(toomuchradiation,too muchrainfall, ...) or from amisrepresentatioof somelandsurfaceprocesseslhesecond
point canbe checledwith stand-aloneimulationswherethe atmospheridorcing is prescribedAn exampleof a

drift of the currentECMWF land surfaceschemaewithin the dataassimilationsystemis describedn the next sec-
tion.

5S0IL MOISTURE INITIALISA TION USING SYNOP OBSERVATIONS

5.1 The ECMWF method

Theland surfaceschemealevelopedby Viterbo andBeljaars(1995)wasintroducedoperationallyin August1993
andall soil prognosticvariableswereinitialized to first-guess/alues.Oneof the maindifferenceswith respecto
thepreviousECMWF landsurfaceschemdBlondin 1991)is theabsencef climatologicalrelaxationfor deepsoil
temperatur@andwatercontent.During May-Junel994,the soil reserwirs weredrying out, leadingto surfaceair
temperaturerrorsincreasinglypositive, andin comparisorwith othermodels suchasthe GermanweatherServ-
ice (constrainedby climatologicalsoil moisture) forecasskill wasdeteriorating ViterboandCourtier1995).The
downwarddrift of soil moistureappearso belinkedto excessncomingsolarradiationprimarily causedy under-
predictionof clouds.Furthermorethe excessve warmingat the lower tropospheraffectedthe forecastperform-
anceasshavnin Fig. 2 . The500hPageopotentiatiay 2 forecastaveragedover Europeis presentedor April to
June 1994. The ECMWEF forecast (dashed line) has aymobiis from late April onards.

Meteorological Training Course Lecture Series
0 ECMWEF, 2002 5



Land surface assimilation

3

FORECAST VERIFICATION

500hPa  GEOPOTENTIAL  _..._.. CCMWE 122 T+ 48 1A
MEAN ERROR FORECAST
EUROPE LAT 35.000 TO 75.000 LON -12.500 TO 42.500

OFFNB 12Z T+ 48 MA

M’ MA = 5Day Moving Average
20 Py

15 '- N0 ', “\ - ',“ ;
" N " v'_l‘/ -y '\l /\ ‘ "- I 7%\ -
/'\ N / \ /\'\ /\«\
5 ~--’ AN [\
-“,'/ \ // V \ / \ / \/ V

-10 /

B e e e e e e e e O A B B e et A A BB e e St SN A N A
3 5 7 9 11131517 192123 252729 1 3 5 7 9 11 13 1517 19 21 23 2527 29 381 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 2
APRIL MAY JUNE

1994

Figure 2Bias of the 500 hRyeopotential heightyaraged wer Europe, for the day 2 ECMWF (dashed) and
DWD (solid) forecast.

Analysisincrement®f specifichumidity atthelowestmodellevel duringMay 1994shaw positive valuesover Eu-
ropewith maximareaching.5g/kg. Theatmospheri@nalysigriesto compensatéor the modelbiasby moisten-
ing andcoolingthe lower atmosphereTherefore thelow level humidity incrementsanbe usedto identify areas
wherethesoil is toodry. Knowing theanalysisncremenof specifichumidity Aq = g,—q; , thecorrectionof soil
moisture to be applied the root zoA8 = 6,-6; is assumed to be proportional :

ea_ef = CvDAt(qa_Qf) (8)

with A t = 6 hours,andthe subscriptsa andf referto analysisandforecastvalues repsectrely. Therelaxationco-
efficientD is constanin spaceandtime andcorrespond$o a specifichumidity analysisncremeniof 1.5 g/kgfill-
ing 150 mm of waterin thesoil in 9 days.Thefractionof vegetationC,, in theabove formulaguaranteeghatthe
schemas notactive overdesertsNo incrementsareproducedn thepresencef snav, andtheanalysedoil mois-
turecontentda arelimited by thefield capacityandpermanentvilting pointthresholdsTheintegratedsoil water
incrementsaredistributedin eachof thethreesoil layersfollowing themodelrootextraction.Thisnudgingscheme
wasimplementedperationallyin Decembed 994.It suppliessoil moistureto maintainevaporationn areasof ex-
cessve radiationat the surface,causedamongotherfactors by insuficient cloud cover. Fig. 3 comparesheday
3 forecasterrorsin screerlevel daytime temperatur@andhumidity, averagedover Europe. Threeexperimentsare
comparedOperationsFWDC, whereno initialisation of soil wateris appliedandthe diagnosticcloud schemes
used;IWDC, initial soil watermethodusingthetechniquedescribedibove, diagnosticcloudschemeand;IWPC,
initial soil watermethodandprognosticcloud schemeThe errorsin bothtemperatureandhumidity aredramati-
cally reducedwhenthe initialization of soil wateris used,andthey arereducedeven further whenthe radiation
forcing atthe surfaceis improved by the useof the prognosticcloud schemeNotethatthe soil waterwasresetto
field capacityat 3 July, in aquick effort to correctthelarge systematierrorsin the model;this explainsthe much
reducedperationakrrorsafterthatdate. Thereductionof nearsurfacewarmdry biasremovesthebiasatthetrop-
osphericgeopotentialimpactingfavourablyon the root meansquare(rms) of the tropospherigyeopotentiabver
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land areas Examplesfor the geopotentiakms at 500 hPa over Europeandat 200 hPa over North Americaare
shown in Fig. 4.
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Figure 3Averaged European bias (model minus otetérms) in the 2m temperature (left) and the humidity
(right) for theday 3 forecastverifying at 12 UTC. FWDC: Control;IWDC: Nudgingof water;IWPC: Nudgingof
water and prognostic cloud scheme.

Similartechniquesreusedoperationallyat Météo-FrancéCoiffier etal. 1987)andatthe CanadiarMeteorolog-
ical centreMailhot etal. 1997).Recently Yangetal. (1994)have proposedo imprave this methodby usingboth
informationsof temperatur@ndspecifichumidity. previousforecasterrorswith coeficientsdependingn vegeta-
tion type.Unfortunatelythe methodproposeds biasedpecause correctionof soil moistureis appliedevenif the
forecast of atmosphericvolevel parameters is perfect; this may lead to a long term drift.

FORECAST VERIFICATION FORECAST VERIFICATION
500 hPa GEOPOTENTIAL 200 hPa GEOPOTENTIAL
ROOT MEAN SQUARE ERROR FORECAST ROOT MEAN SQUARE ERROR FORECAST
AREA=EUROPE TIME=12 MEAN OVER 20 CASES AREA=N.AMER TIME=12 MEAN OVER 20 CASES
DATE1=940601/... DATE2=940601/... DATE3=940601/... DATE1=940601/... DATE2=940601/... DATE3=940601/...
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Figure 4Averagedyeopotentiatoot meansquareerrorfor the 20 forecastsith initial datesbetweer040601and
940620, for 500 & Europe (top) and 200 aMorth America (bottom);@eriment names as in Fig 3rrall 3
experiments the root mean square is computathagthe operational analysis.

5.2 Possible improvements

Mahfouf(1991)andBoulttieretal. (1993a,1993b)have proposedan optimalinterpolationschemdor the assimi-
lation of soil moistureusinginformationof both temperaturendrelative humidity at two metreswhich canbe
formaly written:
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0,—-8; = a(T—Ty) + B(RH,~ RHy) 9)

Theoptimalcoeficientsa andp minimisetheanalysisvarianceandarerelatedto theforecaserrorstatistics They

aremodeldependenandthesuccessf themethoddepend®ntheiraccurateestimation Mahfouf(1991)hasused
a Monte-Carlotechniquewith a one-colummmodel,wheresoil moistureis perturbedandomlyin arangeof pos-
sible values.Oneconclusionof this studyis thatthe coeficientsa andf3 stronglydependuponthediurnal cycle
(informationon soil moisturefrom atmospheriparametersanbe extractedmoreeasilyduringdaytime in clear
sky conditions)anduponthe vegetationcover (over baresoil, correctionsare appliedto the superficialreserwir

andwhenthe vegetationcover is importantsoil correctionsareappliedover the whole root zone).Bouttieret al.

(1993a)proposeda first parametrizatiorof the optimum coeficients, recentlygeneralizecdby Giard and Bazile
(2000).In orderto be used this initialisation methodrequiresan analysisof temperatur@andrelative humidity at
two metres(Navascued997);the analysisincrementsshouldbe zeroin thosesituationswhereparameterin the
boundarylayerarenotinformative aboutsoil moisture e.g.strongadwection,andlow radiative forcing atthe sur-
face.

Oncetheoptimal coeficientsarederived, the sequentiahssimilationcaneasilybeimplementedn currentopera-
tionaldataassimilatiorsystemshowever, it assumeginearrelationshipbetweeratmospheriincrementandcor-
rectionsto be appliedin the soil which is not a good approximationfor mostof the physical parametrizations.
Anotheroptionis the variationalmethod ,which seemsa priori moresuitableto the analysisof soil moisturedue
to the non-linearitiesof the problemandto theimportanceof thetime distribution of obsenations(surfacevaria-
blesarestronglyaffectedby thediurnalcycle). Mahfouf (1991)andmorerecentlyCalliesetal. (1998)useda 1D-
Var approacho estimatetheinitial soil moistureof a one-columrmodelthatbestfit obsenationsof temperature
andrelative humidity duringa diurnal cycle. The variationalmethodwasappliedby Rhodinetal. (1999)to are-
gionalweatherforecastmodelover a five-dayspring period. The optimal soil moistureminimisesthe following
cost-function:

N T, H_,-RH,,
J(G) - Z [ETOLO. flg_i_ Eﬁ ol fLEZ} (10)

et T OrH
IntheaboreformulaT, RH , o andogy , representiespectrely, thescreerlevel temperaturendrelative hu-
midity, andtheirassumeabsenrationalerrors,andthe subscript®oi andfi representheobsenationi andthefore-
castvalueinterpolatedo thepointi; thesummations doneoverthetotalnumberof obserationobsenationpoints,
N. Mahfouf(1991)hasvalidatedthetwo methodslescribedibove with aone-columnversionof the Météo-France
forecasimodelusingdatafrom theHAPEX-MOBILHY 1986field experiment Datafrom this campaigrprovided
at variouslocationssimultaneousnformationaboutsoil moisturecontentandlow-level atmospherigparameters,
i.e.temperaturerelative humidity, wind speedWhenusingobsenationsof temperatur@andrelative humidity, both
the sequentiabnd variationaltechniguecorverge towardsthe neutronprobeestimateof soil moisture,starting
from arbitrary initial walues of soil moistureg. 5).
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Figure 5Ewlution of the suidce (left panel) and root (right panel) soil moisture contents during the sequential
assimilationon 4-5 July 1986.Dottedcurvesindicatetheobseredvalues.Thesiteis HAPEX-MOBILHY. (From
Mahfouf 1991).

Mahfouf (1991)assumedhatthereis a priori no usefulinformationin thefirst-guessvhichis certainlyincorrect

with anoperationaimodelof someskill; in realisticapplicationsa backgrounderm shouldbe addedto the cost-
function.

Resultsshav thatfor clearsky situationsboth methodsetrieve soil moisturecontentscloseto eachotherandto

theobsenations.Thevariationalmethodis moreefficient but non-linearitiesof the problemmalke the efficiency of

the corvergencedependenbn theinitial startof the minimisation.Whenthe fraction of vegetationis large, soil

moisturein therootzoneis retrievedmoreaccuratelythansurfacesoil moisture The examinationof the cost-func-
tion (Fig. 6 ) shavstheexistenceof a secondaryninimum (correspondingo ambiguityin theresponsethesame
surfaceevaporatiorcanbeobtainedwith totally differentswatercontentsn thesoil reserwirs) aswell asaplateau
wheresurfaceevaporatioris notsensitve to modificationan soil moisture(above field capacity evaporatioris as-
sumed to tad place at a potential rate, therefore it is no more controlled by tlaearf
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Figure 6\Ariations of the cost function with soil moisture for 4-5 July 1986. (A) represents the dry guess
(6 = 0.308,, ), (B) represents the moist gueSs£ 0.708,, ), and the square is the searched state (reference).
(FromMahfouf 1991).

60THER TECHNIQ UES TO INITIALISE SOIL MOISTURE

6.1 Methods based on precipitation data

Two methodshave beenintroducedto initialise soil moisturefrom precipitationdata,both of themrequiringthe
availability of measurementever large areasand an algorithmto performa precipitationanalysisbeforehand.
They have only been appliedver areas with a good obsatwnal coerage lilke the US or the UK.

Thefirst techniqudas anuncouplednitialisationwherealand surfaceschemas forcedwith corventionalmeteor-
ologicalobsenations(temperaturehumidity, wind, radiationandprecipitation)o provide anestimateof soil mois-
ture. Feasibilitystudieshave beenundertalenin variouslimited areamodelsby Smithetal. (1994),Macpherson
(1996)andMitchell (1994).Theimprovementof the forecastf screerlevel humidity whensoil wateris initial-
izedwith sucha method,usingthe UK Met Office waterbudgetschemejs shovn on Fig. 7 (from MacPherson
1996) for all UK stations.
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Figure 7Screerevel relative humidity verificationof forecastgrom 28 Junel99500 UTC, with differentinitial
soil moisture:Operationa(OP)with free cycling moisture climatological(CLIM); MORECS(S)andMORECS
(R) refer to a smoothed andwaersion, respeately, of the soil moisture initialisation using obedv
precipitation. (FronMacPhersori996).

Anothertechniquemakesuseof both obsered precipitationratesandmodelfirst-guessAssuminga rainfall rate
increment wer a 6-hour period:

AP = 2 1 (11)

This quantityis corvertedin soil moistureincrementby usingthe tangentinear modelof a soil moisturebudget
scheme:

dA@ _  AB
d_t__eE+AP (12)

whereE is the meanevaporationrateand6 the meansoil moisturecontentduring the 6-hourassimilationperiod
(trajectory).Then,the soil moistureincrementA 0 is addedto the superficialreserwir. Studieshave beenunder-
takenat ECMWF by Vasiljevic (1989,personatommunicationandat UKMO by JonesandMacphersor{1995).
Sucha methodis sensitve to the specificatiorof surfacerun-off andcancorverge slowly whenbiasesn theroot
zone are lage.

6.2 On-site observations and methods based on satellite imagery

Existingtechniquedor groundbasedbsenationsof soil moisture(seerecentreviewsin Schulinetal. 1992;Wei
1995)aretime consumingandnormallyrequirehumanintervention.Therepresentafienes®rrorof theon-sitees-
timatesis bestavoidedby deploying severalinstrumentswithin a relatively smallarea( 100 m2), increasingthe
costof themeasurementsn spiteof its problems on-sitesoil moisturedataarevery usefulfor regionalesimates
for climatic studiesgssentiato closethewaterbudgetin large-scaléydrologicexperimentCuencaandNoilhan
1991;Goutorbeet al. 1989; Mahfouf 1990)andto calibrateremotesenseaetrieval techniquegGeorgakakogand
Baumer 1996).

Thereis noprospecbf obtainingreal-timeglobalestimate®f soil moisturebasedn existingtechnologyof ground
basednstrumentsFor this reasonseveralalgorithmshave beendevelopedto infer soil moisturefrom satelliteob-
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senations,althoughnoneof themis currentlyusedin anoperationatlataassimilatiorsystemThreetypesof tech-
nigueshave beenproposed(seereviews in Paloscial996; Schulin et al. 1992; Wei 1995) basedon infrared
measurementpassive miagwaveand, more recentlactive micowave(radar) instruments.

In theinfraredchannelsthe sensitvity of thediurnalcycle of surfacetemperaturego soil moisturehasbeenused
to definemethodsbasedon the obsened change®n the infrared skin temperaturgwhich avoid the problemof

absolutecalibrationof the satellitesensor) For reviews of applicationsseeCarlson(1991),SchmuggendBecker

(1991),andSchulinetal. (1992).Geostationargatellitesallow for a bettertemporalsampling(Wetzeletal. 1984
; McNideretal. 1994). Thesemethodsanonly beappliedin clearsky conditionsbut provide aninformationabout
soil moisturein theroot zoneover vegetatedareasBastiansseil 995)developedrecentlya techniqueo estimate
regionalevaporationover heterogeneougrrain,basecn a separatestimateof the evaporationof unstressegix-

els, basedon potentialevaporation,andfully stressedixels, basedon the infrareddiurnal cycle technique.The

evaporatiorof theremainingcloud-freepixelscanbeobtainedoy interpolationbetweerthewet pixelsandthedry

pixels.vandenHurk etal. (1997)hasappliedthis techniqudo initialize the soil waterof alimited areamodelover

the IberianpeninsulaThe modelsoil moistureis the linearizedsolutionof a variationalproblemthat minimizes
the diference between model and satellite estimatesagfaratie fractionH/(H + LE)).

Microwave channelsanbe usedto infer soil moisturedueto theimportantvariationsof thedielectricconstanof
asoil with volumetricwatercontentfor frequenciebetweenl and5 GHz (SchmuggeandJacksorl994).Passive
microwavetechniquesisethefactthatsoil emissvity changeswith its watercontent.In activemicrowavesensors
(radarn)the signalis emittedby anartificial sourceandtheintensityof the backscatteredadiation,afterreflection
by the surface,is measuredThereflectivity of the soil changeswith its watercontentshencethe intensityof the
reflectedsignalcanberelatedto thesoil moisture Active microwave systemsllow, for thesamewavelength(same
maximumpenetratiordepth),a finer horizontalresolution becauséhe groundcanbe scannedvith anangularly
confinedbeam Oneof thedravbacksof microwave retrievalsis thatthe surfaceemissvity/reflectiity is alsosen-
sitive to the surfaceroughnessndthewatercontentf thevegetationcanopy. Neverthelessit appearshatsimple
estimate®f surfaceroughnessf broadvegetationclassearesuficientto correctthesoil moistureestimatgNjoku
andEntekhabil 996).0Ontheotherhand theoppacityof thevegetationlayerincreasesvith its watercontentmak-
ing thecorrectionglueto vegetationincreasinglyunreliablefor moistsoils. Perhapshe majordravbackof micro-
wave estimatess the depthof penetratiorof the signal,limited to thetop layer of the soil (2 to 10 cm, depending
onthewavelength).However, for specificsoil hydrologicalandatmosphericonditions the soil watercontentsof
theroot layeris correlatedwith the top soil water Recentstudiesshow thatit is possibleto infer, in a physically
consistentvay, thewholeprofile of soil waterfrom its valuesatthetop layer(e.g.Njoku andEntekhabil996;Cal-
vetet al. 1997).

We have shavn in thissectionthatground-basedstimate®f soil moisture althoughveryimportantfor calibration
purposeandin intensve field efforts, cannotgive a nearreal-timeglobal stimateof soil moisture.Satelliteesti-
matescanachieve globalcoverage put arelimited to clearsky conditions(infraredchannelspr senseonly thetop
few centimetre®f soil (microwave channels)Thefuturerelieson physically basedestimate®f soil moisturefrom
a combinationof satellitemeasuremen@ndmodelshort-termforecastsusinga variationaltechniquen orderto
find the soil vater contents that fits best the satellite signal.

7INITIALISA TION OF OTHER LAND SURFACE QUANTITIES

7.1 Snow mass

The methodsusedto analysesnav massarerelatively crudewhencomparedo analysisschemedor the atmos-
phericvariables(Lorenc1986)andcould easilybe improved. In this section,the ECMWF snhav analysisis de-
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scribed. The methodology used in other operational centresyisinilar
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Figure 8Snav depth(cm) for Januarytop) andApril (bottom).Theclimatologyusedin the ECMWF analysisis
shawn on the left, dfierences to the US Airdfce climatology is shen on the right. The linear swodensity

formulaof Verseghy(1991),varyingbetweerl88kg m™ and450kg m3, is usedto corvertthesnov massvalues

of the analysis climatology into swalepth.

Every 6 hours a smoanalysis is performed in three steps:
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1) Snonfall analysis:From SYNOP reportsof temperatureand precipitationrate, a snavfall rateis
estimatedat the obseration points, and then a spatial interpolationis done by a successie
correction method.

2) Snov masshackgroundield: A very simplesnov modelevolutionis usedto build the background
Sg from the analysedsnawfall P, the previous analysisof snov mass(persistence)gp, asnov
climatological mass S, and an empirical melting function M basedon the 2m temperature

forecast:
ds S.—-S
i =P -M+—= (13)
or in a discretized form:
Sg = (1—)\)Sp+)\SC+At(PS—M) (14)

3) 3) Snav massanalysis:a sucessie correctionmethodis appliedto the snov massincrementgthe
differencebetweerthe backgroundield in (2) andthe obsenationsof snav depth,suitablyscaled
assuming a fied snev density of 250 kg ).

Themainshortcomingsarethatinformationsfrom themodel(first-guessarenottakeninto accounin theanalysis
processaandthatthe snav massclimatology towardswhich the analysisis relaxed andin factthe dominantterm
in datavoid regions,is ratherpoor The snav climatology (Brankovicandvan Maanen1985,BvM85) hasbeen
constructedy runningto equilibriumanempiricalsnav massmodelforcedby precipitationmonthly climateval-
uesandadjustedor meltingusingatemperaturelimatology;noticethatno snav obserationswereusedandthat
the spatialresolutionis ratherpoor (5° x 5°). Fig. 8 shavs BvM85 climatologyfor JanuaryandApril, andcom-
parests valueswith the 1° x 1° US Air Force(USAF) climatology(FosterandDavy 1988),thelattertakinginto
consideratiomnextensie collectionof regionalandglobalsuneys of groundbasedsnav depthobsenrations.Note
that,sincethe USAF is aclimatologyof snov depth,BvM85 snav massvalueshave to be corvertedusinganem-
pirical specificatiorof snav density:Eq (48) of Verseghy(1991),thattakesinto accounthepackingof snawv under
its own weight,wasused.It is clearthatin Januarythe BvM85 valuesextendtoo far southin Asia, overestimate
the snav depthin southSiberia,MongoliaandeasterrEurope,northwesterrandeasterrCanadaandunderesti-
matethe snov depthin northernSiberia,Iraq, Iran, westernEuropeand Central CanadaBvM85 valuesover
GreenlandiremuchlargerthanUSAF, partly becaus¢he USAF representa climatologyof seasonasnov depth,
while BvM85 snav massvalueshave beenassignedhearbitrarily high valueof 10 m, "to avoid unrealisticmelt-
ing" (BvM85). In springBvM85 overestimateshe snav depthvirtually everywhere put for the europearvalues
(e.g. the Alps and Pyrenees), where a small underestimation is detected.

MeanmonthlyJanuanandApril snav depthvaluesof the ECMWEF reanalysisareshavn in Fig. 9 , togethemith
theirdifferenceo the USAF climatology Theoverall patternsn theright panelsof Figs.8 and9 areverysimilar,
indicatingthatthe BvM85 climateinfluencesstronglythe reanalysissalues.Neverthelessit is alsoclearthatthe
informationfrom obsenationsin Januaryis effectively used(valuesof top panelof Fig. 9 aresmallerthanthe
correspondingaluesin Fig. 8 ), especiallyfor EuropeandwesternAsia. Substantiaerrorsin the BvM85 clima-
tology in springleadto large anomalief the reanalysiameanvalues.As a furtherillustration of the reanalysis
informationbroughtby the useof obsenrations,the monthly deviationsof snov massfrom the BvM85 valuesis
shavn ontheleft panelsof Fig. 10 , while theright panelsshawv thestandardieviation of themonthlymearvalues
of analysedsnav mass Sincewe aredealingexclusively with snav massvalues therewasno needto usetheden-
sity relationin thisfigure. Thenortheasterisianvaluesof snav in winter aresimilarto BvM85, andthe standard
deviationis small.A separat@analysiqCorti etal. 2000)shavsthataverylargenorthernAsianareacorresponding
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to theformer Soviet Union hasa datacover very inhomogeneous time: the numberof obsenationsfrom 1979
to 1992are10to 30timessmallerthanin 1993.Valuesfor themonthof May (notshavn) displaylargerdifferences
to theclimateandlargervariability in northernlatitudes Thisis dueto interannuatariability in theratesof melting
implictely usedin the snav analysisalgorithm(Eq. (14)), andcontrolledby thefirst-guesgswo-metretemperature.
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Figure 9AsFig. 8, but for the reanalysis mean Januaajue (top left) and the mean Aprilue (bottom left).
Right panels she the diference between thesealues and the US Airdfce climatology
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Figure 11Daily snav masgmm)valuesfrom 1 August1981to 31 July 1991for apointoverthe FrenchAlps (47
N, 6 E, altitude1100m). Thesolid line representa proxy for thetruth, estimatedvith Martin (1996)model(see
text for more details), the dashed line aisaeanalysisalues.

Theanalysisalgorithmhasbeenfurtherevaluatedoy Martin (1996),andresultsfor snav massaredisplayedn Fig.

11 . Thevaluesof thereanalysiglabelledERAINn the picture)arecomparedwith thoseproducedby an off-line

integrationof a detailed physically basedsnav model, CROCUS(Brunetal. 1989;1992),forcedby ERA values
of screerlevel temperatureyind speecandhumidity, precipationandsemi-empiricatlerivedvaluesfor incoming
radiation.The pictureshaows daily values from 1 August1981to 31 July 1991,for a pointin the FrenchAlps (47

N 6 E), wherethe modelelevationis similar to the stationheight(1100m). Thereanalysisnov massvaluescap-
turewell the interannuabariability, with maximumvaluesfor the years81/82and83/84,andminimafor 82/83,
88/89and89/90.However, thereanalysivaluesaresystematicallyoo highfor theaccumulatiorperiod,with ERA

overshootingCROCUSvaluesattimes.The melting periodcomegtoo early, althoughthe reanalysisneltingrates
aresometimessimilar to valuesfrom CROCUS.The snawv analysis(step3 above) requiresthe specificatiorof a
snav densityto convertthe obsened depthof snav in equivalentwaterdepthgmassvalues)which arethe quan-
tities managedy the land surfaceschemeA fixed valueof 250kg m™ is assumeavhich appearso betoo high

for freshsnaw, explainingthe overestimatiorduringtheaccumulatiorperiod.In thereanalysisialues therelaxa-
tion coeficient towardsthe BvM85 climatologyis A = 0.02which correspondso a time scaleof 1 = 12.5days.
Poorspatialresolutionoverthe Alps mightresultin lack of dataandarelaxationto theunderestimatedlimatolog-
ical values (see bottom right panelfigy. 8 over the Alps).

Possiblemprovementsof thistechniquecouldbeto useanupdatedsnov massclimatologybasedndirectobser-
vationsandavailableataresolutionon 1 degreecompatiblewith the currentECMWF modelresolution(Sellerset
al. 1996).Thelandsurfaceschemecouldbeimprovedto provide a morereliablefirst-guessWith theintroduction
of the snov densityasa prognosticvariable(Douville etal. 1995)it shouldbe possibleto performananalysisin

termsof snav depthsthe obsened ground-basedariable,insteadof snav waterequialent(sincesnaonfall can
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easilybe convertedknowing densityof freshsnav). Remotelysensednformationshouldbe used,sinceweekly,

andmorerecentlydaily, snawv cover chartsarepreparedy NOAA/NESDIS (BruceRamsaypersonatommuni-
cation,seealsoSellersetal. 1996)basednacombinatiorof visible,infraredandmicrowvave imagery Microwave
valuescouldbe usedto obtainsnav massandsnow density usingthe dependengof the signalon frequeng and
polarization(seereview in Hallikainen1996a;1996b);the availablealgorithmsare more accuratefor dry snaw,

andhave problemsor wetsnawv or whentherearelargevariationsof theroughnes#n thefield of view. Thevalues
of ECMWF analysisof snav massshouldbe routinely comparedwith the US Air Forcedaily analysisof snav

depth, based on ground obs#iens and satellite imagery

7.2 Deep soil temperatures

Vertical soil temperature profiles
FC: 97041012t + 3h / OBS: 97041014
Germany (10001-10999) 137 stations
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Figure 12Soil temperature profilegesaged for a number of stationgeo northern Germarfor 10 April 1997.
The solid (red) line represents the mean olexkprofile at 14 UTC, the dashed (blue) line represents the
interpolated short-term forecastlues erifying at 15 UTC.

Sincedeepsoil temperaturesvolve over time scalesmuchlongerthanshortandmediumrangeforecaststhelack
of initialisationfor thesevariablescanleadto potentialdrifts astheoneobsenredfor soil moisturein the ECMWF
model.Experienceat ECMWF duringthewinter 95/96hasshawn thatthis problemcanoccurin winter, whenthe
atmospheridorcing over the surfaceis wealer, andthe thermalinfluenceform the soil deepetayersis moreim-
portant.Thecombinationof amisrepresentatioaf somephysicalprocesses thelandsurfaceschemdsoil water
freezing),excessie radiative cooling,andinsufiicient downwardsheattransferin very stableboundarylayersled
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to excessie coolingof thesoil, andlarge negative biasesn screerievel temperaturelNeverthelesstheproblemis
lesscritical thanthesummersoil moisturedrift sincein winterthe stablestructureof theboundarylayerdecouples
the atmosphere from the sace belav and prgents surdce errors from propatjng into the mid-troposphere.

Unlike soil moisture routinemeasurementsf profilesof temperaturén the soil areperformedoy mostmeteoro-
logical offices.Unfortunately only very few of thesemeasurementaretransmittedn the GTS, andthereforeno
globalor evencontinentakcoverageexistsin realtime. A handfulof europearcountriessenddaily valuesto EC-
MWF, andthoseareusedregularly for validationandmonitoringthemodelvalues An examplein Fig. 12 , where
anaverageprofile of soil temperaturdor stationsn northernGermaiy is comparedvith the correspondingnodel
valuesfor arecentdate.Themodeldeeptemperatureshav a cold bias,but it is interestingo notethatthe model
gradientis comparesvell with obsenations.This mightindicatereasonablygoodsoil thermalpropertieqthey de-
terminetheverticalgradient) but comparatrely pooratmospheridorcingin the previousweeks(determiningthe
rateof cooling of thewhole soil slab). Theresultsareconsistentvith the well known systematiainderestimation
of longwave downward surfaceradiationof the ECMWF modeland othermodels(Wild etal. 1995; Garrattand
Pratal996).

The only existing methodfor initialising soil temperaturdnasbeenproposeddy Coiffier etal. (1987)whereana-
lysedincrementsat2 m arereporteddirectlyin thesoil. This sub-optimamethodcouldbeimprovedby anoptimal
interpolation follaving the methodology d¥lahfouf (1991).

7.3 Vegetation properties

Xue etal. (1996)have recentlyshavn thatthe specificatiorof the seasonaVariationsof vegetationpropertiescan
have a significantimpacton the simulationof monthly meantemperaturegearthe surfaceover the North Ameri-

cancontinent.The sesonakvolution of the vegetationcanbe of importanceover areaswith agriculturalpractices
(mid-latitudecontinentstropical regions).Vegetationpropertiesarecurrentlyeitherfixed spatially asin the EC-

MWF model(Viterbo andBeljaars1996),or canvary from monthto monthaccordingto correspondenctables
(Mahfoufetal. 1995).In anoperationatontext, the useof satellitedatalik e GlobalVegetationindexes(GVI) (see
Gutmanl1994)couldbeabetterway to captureseasonallityandinter-annualvariability of the vegetation. Thema-
jor difficulty is to relatesatellitereflectancego input parameter®f the land surface scheme(leaf areaindex,

albedovegetationcover,...). However, variationaltechniqueslreadyusedfor theretrieval of atmospheriwertical

profiles from satellite radiances appear promisifgé€ et al. 1993).

8CONCLUSIONS

During the lastfive years the initialisation of prognosticanddiagnosticsurfacevariableshasbeenrecogniseds
animportantissuefor numericalweatherprediction.Weaknessesf initialisationsbaseckeitheron first-guesnly
or climatologyhave beenclearlyidentified.As a consequencesoil moistureis currentlyinitialisedin variousop-
erationalweathercentresusing sub-optimalanalysismethodsand obsenationsfrom SYNOP reports(ECMWF,
UKMO, CMC, Météo-FranceHIRLAM). Thesetechniquesouldbe beimproved by usinganalysismethodsal-
readytestedfor atmospheriwvariabledik e optimuminterpolationin the sequentiaframevork and4D-Var (which
is ratherappealingoy betteraccountingor the non-linearitiesof the problemaswell asthe temporaldistribution
of obserations).

Theotherlandsurfaceprognostiosariablesarestill crudelyinitialised.Concerningsnov massanalysisatECMWH
thecurrentschemeouldbeimprovedby usingamorerecentclimatologyandamorerealisticobsenationoperator
if snow density can be computed by the land atefparametrization.

Areasnotyetexploredconcerntheinitialisation of deepsoil temperaturefor which thetime scaleof evolutionis
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alsomuchlongerthanshortrangeforecastsandthe specificatiorof vegetationpropertieshaving a seasonatycle
(suchasthealbedothevegetationcoveror theleafareaindex). Remotesensalatathatcouldbeusefulin thatcon-
text include quantities such as satellite skin temperatures or the normalieedndié egetation indices (N®I).

Finally, theexamplesshavn in thepaperillustratethefactthattheinitialization andparametrizatiomethodshave

to be developedtogetherRealisticmodelsareneededo supportindirectmeasurement®chniquese.g.,forecast
snav densityallows a betteruseof snav depthmeasurement® initialise snov mass.On the otherhand,refine-
mentsin theland surfaceparametrizatiomisedby numericaimodelsmightbeneededn orderto extractfrom new

measurement techniques its full information content.
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