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Abstract

Therole of theland surfacein the climatesystemis illustrated,with a focuson recentexperienceat the EuropearCentrefor
Medium-RangeWeatherForecasts(ECMWF). Global enegy and water budgetsare discussedand comparedwith their
counterpartover the ocean highlighting physical mechanismsesponsibldor their differencesTime scalesassociatedvith
the global hydrologicalbudgetare presentedUsing field dataandmodelresults,soil moistureis shavn to be responsibldor
modulatingthe surface-atmospheriateractionat a continentalscale,on time scalesangingfrom the diurnal to the seasonal.
After a brief review of theimpactof land surfaceon weatherthreeECMWF casestudiesare presentedvherea morerealistic
representationf landsurfacewascrucialfor the performancef theforecastsystemThey correspondiespectiely, to therole
of soil moisturein determiningthe positionandintensity of the precipitationmaximumin an extremeevent of mid-latitudes
summey the role of albedoof the snaw in the presencef forestsin springandthe effect of soil waterfreezingasathermal
regulatorof the surfacein cold climates Finally, theevolution of the systemati@rrorsin the ECMWF forecast®f nearsurface
temperaturandhumidity is presentedver thelasttenyears;a clearsignatureof changedo therepresentationf landsurface
processes (and otherydical processesfetting the engy and vater fluxes at the suace) can be found on that record.
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1. INTRODUCTION

Theclimatesystemis influencedby theland surfaceat a variety of time andspatialscalesFir stly, theatmosphere
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is in directcontactwith the surface,which actsasa sourceor sink for theatmospherienthaly andmoisture(and

asasinkfor theatmosphericnomentum)yia thesurfacesensibléheatflux andevaporationandthesurfacestress).
Secondlythe surfaceconditionsactasaregulatorfor importantfeedbaclkcyclesin theclimatesystem Thirdly, the

partitioningof netradiationatthe surfaceinto sensibleandlatentheatfluxesdetermineshe soil wetnessvolution,

which actsasoneof theforcings— or, atthevery least,amodulator- of low frequeng variability. In fact,afterthe

seasurfacetemperaturesoil wetnesandsnav massarethemostimportant‘memory” mechanisméor time scales
rangingfrom weeksto seasonsgkinally, the surfaceenengy fluxesdetermineto a large extentthe surfaceweather
variables suchasscreen-lgel temperaturehumidity, andwind speedand,to alesserextent,low-level cloudiness
andprecipitation.Humankindlivesin the lowesttwo-metresof the atmospherandis directly affectedby the at-

mospheric conditions at the near sigd.

Thispapeiillustratestheimpactof thelandsurfacein theclimatesystemwith afocusonexamplesasednrecent
experienceatthe EuropearCentrefor Medium-RangaVeatherForecast{ECMWEF). The primary purposeof the
paperis to highlighttypical weatheregimes/ecosystemsheretheland surfaceis of relevanceto the evolution of
atmosphericvariables ratherthanpresentinga systematiaeview of the multifacetedresearchon surface-atmos-
phere interactions.

Theimportanceof land surfacein numericalweathemrediction(NWP) stemsfrom a blendof practicalconsider-
ationsandbasicphysicalprinciples.Thosearenotvery differentfrom thegenerabhrgumentgresentedh theopen-
ing paragraphbut two key issuesareof paramountmportancegor NWP. Firstandforemostaccuratdorecastof

nearsurfaceweathemparameterarerequestedy the NWP users’community Thequality of suchproductsasthe
diurnal cycle of nearsurfaceair temperatureand humidity, winds, low level cloudinessand precipitationis to a
largeextentdeterminedy thephysicalrealismof themodelrepresentationf thesurface-atmospheiiateractions.
Secondlyremotesensingpbsenationsof theatmospherdave increasedmportancdo characteris¢hestateof the

atmospherever land. The sensorghat aresensitve to the lower troposphereanonly be usedeffectively in the

presence of a good quality background field of skin temperature.

It is importantto emphasise¢hat, despitethe factthat deterministicforecastsof NWP do not extendbeyond two
weeksthemodellandsurfacecontrolsmuchlongertime scalesThesoil variablesn themodelareinitialisedevery
6 hoursbasedon indirect,imperfectandvery sparseobsenrations(Douville et al. 2000).Dataassimilationcom-
binesthatinformationwith a short-termforecastto getan optimal estimateof the land surfaceinitial conditions.
Cycling the creationof initial conditionsis tantamounto an extendedmodelintegrationnudgedby obsenations
andextendsthe memoryof the surfacevariablesheyondtheforecasturation.Therealismof therepresentatioof
landsurfaceprocesses crucialfor handlingcorrectlythememorypropertiesrepresentedly soil moisturein sub-
tropics and mid-latitudes spring and summer and bwsnass in high latitudes and mountainous areas.

Althoughthe importanceof the land surfacein the climate systemhasbeenestablishedvith, amongothers,the
pioneeringvork of Namias(1958),Budyko (1963;1974andreferencesherein),Manabeg(1969),Charney(1975)
—seereview by Garratt(1993)- theimpactof landsurfaceonweathemvasonly recentlyrecognisedascanbeseen
by the scarcditeratureavailable.In Section2 somegeneraremarkson the surfaceenegy andwaterbudgetwill
be presentedwhile Section3 will elaborateontherole of thelandsurface,with emphasi®nthelongtime scales
characteristiof soil water In Section4 somesurface-atmospheliateractionmechanismshatarerelevantfor the
atmospherisimulationattheregionalto continentakcalesarereviewed,basednnumericalor obsenationalstud-
iesthatarerelevantfor NWP. Sectionb will illustratewhenandwherethelandsurfacecanaffecttheweatherbased
on examplesfrom recentexperienceat the EuropearCentrefor Medium-RangéNeatherForecast§ECMWF). A
short summary is presentedSection 6

2 Meteorological Training CourseLecture Series
0 ECMWEF, 2002



The role of the land surface in the climate system £
A~ 4

2. SURFACE ENERGY AND WATER BUDGET

Fig. 1 representin a schematidorm the enegy andwaterbalanceat the land surface.The surfacealbedo,con-
trolling thefractionof theincidentshortwave radiationabsorbedy the surface depend®n the soil andvegetation
type andstateandon theamountof snov presentThe netlongwave radiation,LW, dependslsoon propertiesof

theland surface,namelythe surfaceemissvity andthe surfaceskin temperatureSincethe netradiationflux (the
sumof solarandlongwave radiation)is dovnward, andbecauséhe land surfacehasa smallthermalinertia, the
sumof latentandsensibleheatfluxesmustbe an upwardsflux. Note thatthe surfacelatentheatflux, LE, in the
enegy budget(left panel)is equalto the latentheat,L, timesthe evaporationflux, E, in the waterbudget(right
panel) indicatingthatthe wateris availableatthe surfacein acondenseghaseandis passedo theatmospherén

the vapour phase. In that process, theazafundegoes gaporatve cooling.

As mentionedn theintroduction thepartitioningof theenegy availableatthesurfaceinto latentandsensibleheat
depend<rucially on the soil moisture.Vegetatedcoveredsurfaceshave the ability to drav waterfrom a depthof
orderl m (therootlayer),while for baregroundonly thewaterin thetop few cm of soil contrikutesfor evaporation.
Thelatentandsensibleheatfluxes(LE andH, respectiely) play a differentrole for theatmosphereSensibleheat
atthe bottommeansenegy immediatelyavailableto the atmosphereandcontributesto the heatingand/ordeep-
eningof theplanetaryboundaryjayer(BL), thatshallov portionof theatmospheréirectly affectedby thesurface.
Thesurfaceevaporationflux doesnot directly heattheatmospherejut providesmoistureto the BL or, in thecase
of deepcorvection,to thewholetroposphereln favourableconditions thatcontributesto precipitationgeneration
mechanismsyith theassociatedeleasef latentheatinto thewholetropospherelt is clearthat,whencompared
tothesensibleheatflux, evaporatiorcanindirectlyleadto avery efficienttransferof enegy affectingamuchdeep-
er atmospheridayer. For anentireatmosphericolumn,the netradiative coolingis balancedyy enegy involved
in phasechangesnsidethe column(condensationf watervapourandevaporationof rain) andsensibleheatflux
at the sumdice. Land sudice processesfatt directly or indirectly this balance.

Sur face ener gy budget Sur face water budget

Figure 1. Schematic®f surfaceenegy andwaterfluxes.H, LE, LW andSWstandfor surfacesensibleandlatent
heat flux, suiice longvave and shortave radiation flux, respeetly; E, P, andY stand for eaporation,
precipitation and rundfNumbers at the bottom represem¢mged alues @er all land points for the ERA15
reanalysis (1979-1993).

TABLE 1. MEAN SURFACE ENERGY FLUXES IN THE ERA15ATMOSPHERICREANALYSIS

SW LW H LE Gy Bo=H/LE
Land 138 -63 -23 -41 O 0.6
Sea 163 -51 -10 -104 -2 0.1
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Tablel summarisethesurfaceannualmearfluxesfor the1979-199%eriodcoveredby thel5yearEuropearCen-
tre for Medium-Rangé&VeatheForecast§ECMWF) reanalysiSERA15,Gibsonetal. 1997).Valuespresentedre
globalaveragesverlandandseaseparatelyin W m, anddownwardfluxesarepositive. Thenetheatflux, Gg, is

thesumof all the surfacefluxes. The contrastdetweenand andseaareclear Evenfor suchalargetime period,
thenetflux is non-zeroover sea,emphasisinghe largerthermalinertia of the oceansThe continentshave a fast
responsie surfaceandadjusttheir surfacetemperaturen orderto maintaina zero-heaftlux at the surface,while

theoceanshave amuchlargerthermalinertia, with relatively smallvariationsin surfacetemperaturendflux im-

balancesllowedin muchlongertime scalesThe last column,the Bowenratio, Bo, is the ratio of sensibleand
latentsurfaceheatfluxes.Thelargervaluesoverlandareindicative of therelatively difficulty of accessinghewater
atthesurface.Overvegetatedsurfacesthis correspondso the physiologicalmechanismsontrollingtranspiration
while over bare ground theater directly accessible fovaporation is limited to the topvesoil cm.

Surfaceenepy fluxesfor anentireseasorfnotshavn in thetableabore) still balanceout,indicatingthattheenegy
associatedo the seasonathangesn soil temperaturareneggligible whencomparedo theindividual surfaceen-
engy fluxes.However, for the surfacewaterbalanceon a seasonalime scale the storageterm, or changen total
soil watercontent,canbe of similar magnitudeto the precipitationor evaporationwhichis self-evidentin ary ex-
tendeddroughtperiod.In the next sectionwe will discusghedifferenttime scalesegulatingthe surfaceandreg-
ulated by the suakce.

3. TIME SCALES AND THE ROLE OF SOIL MOISTURE

3.1 Global time scales

Advection
4.5 - 11
36

Evaporation Rain Evaporation Rain

+
Transpiration 107 434 398

71

Rivers

36

Figure 2. The global ater gcle (fromChahinel992). Units of vater in resemirs: 13 kg; units of vater in
fluxes: 16° kg yrt.

Fig. 2 representthesizeof the moisturereserwirs of theterrestrialatmospherandthe marineatmospherérec-
tangledn thefigure),theexchange®f moisturebetweerthem,andbetweertheatmospherandthesurfacebelov
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(arrowsin thepicture). The seasurfaceevaporatest the potentialrate, while over landthereareadditionalmech-

anismsthatreducethe evapotranspiratiomate: drynessof the soil or, over vegetatedareasphysiologicalmecha-
nismsthatcanreduceor shuttranspiratiorfrom the plantleavesandtrunksmakingthe waterfrom theroot zone

effectively unavailablefor the atmospherabove. Precipitationover landis abouta quarterof thatover sea.Note

thatprecipitationexceedsvaporatiorover land,while over seathereverseis true.In orderto have aclosedbudget
for theterrestrialatmosphereadwectionof moistureacrossa verticalwall projectingoverthe continentooundaries
hasto matchthedifferenceprecipitationminusevaporation Advectionis roughlyhalf of thewaterevaporatedver

land (seePeixotoandOort 1992for estimatedasedn radiosondebsenations),suggestinganannualrecircula-

tion ratio (ratio of therainfall comingfrom local evaporatiorovertotal rainfall rate)of 67%(71/107).To closethe

hydrologicalcycle, the advectionhasto be matchedby theriver runof: the global averagednflux of freshwater

into the oceanis estimatedn this way as36 x 10%° kg yr. For continentalareasannualrunoff, evaporationand

precipitation are approximately in the ratio 1:2:3.

Rigorousformulationsof theatmospheridranchof the hydrologicalcycle canbefoundin Peixoto 1973andPeix-
otoandOort1983,1992.So-called'aerologicalestimate®f runoff”, basednmeasurementsf atmospherievater
vapourtransportanda closureat the surface,have beenappliedsuccessfullyto basinswith areadargerthan 108
km? (Rasmusson967, 1968, 197 Peixoto1973).

Therainfall rateandthesizeof thereserwoir canbecombinedo give atime scale4.5/107= 0.042years= 15days:
theterrestrialatmospheravould be emptiedby rainfall in 15 days.In asimilarway thereserwoir would bereplen-
ishedby surfaceevapotranspirationn 23 days(4.5/71years}. Thetime scalesassociatedo marinerainfall are
only 7.5days,andthe correspondingaluefor evaporationis 6.8 days.This suggestga) a morevigoroushydro-
logical cycle over the ocean;(b) aland surfacecontrol over large time scaleweeksto months) throughthe eva-
potranspiratiorflux of waterat the surface. The implication of the above on the extendedpredictability of the
atmospheréueto exchange®f waterwith thelandsurfacehasbeendiscussedby mary authorgseege.g.,Namias
1958,Mintz 1984,Dimeniland Bengtsson 199Bjrmeyerand Shukla 1993).

The accurag of the numbersshovn in Fig. 2 varieswidely: seeChahinel992,for the sourcesusedto produce
theseparticularestimatesAny literaturereview shavs avery largedispersiorin thosenumbergseee.g.,Viterbo
1996):globalestimate®f thetotal columnwatervapourcanvary by asmuchas34%,while runoff estimatesliffer
by 45%.Independengstimate®f precipitationhave smallerrangesof uncertainty(notwithstandinghe extensve
areasf the planetwhereobsenationsarevery scarce)put director indirectestimate®f evaporationaresubject
to very lage uncertainty

3.2 Therole of soil moisture

In orderto illustratetherole of soil moisturein shapingheinteractionsurface-atmosphergewill usemodeldata
overthe Red-Arkansagiver basin,a sub-basirof the MississippiRiver basin.Datais basecon the ECMWFrea-
nalysisERA15(Gibsonetal. 1997)usedalsoin Section2. Bettsetal. (1998,1999)have studiedtheECMWF mod-
el enegy andwaterbudgetover the MississippiRiver basin,asdescribedy short-termforecastsBasin-aerage
datawasusedfor nineyears,1985—93andanalysedt differenttemporalscaleswe will concentratén this sectio
on summertime 5-dayarage ECMWF data.

1. Theglobalview ontheatmospheriavaterbudgetpresentedn thetext canberegionalisedallowing, undercertainrestrictve assumptions,
an estimate of e much moisture that precipitates comes out from locgb@ration ersus horizontal transportofa discussion on the
“intensity of thehydrologicalcycle”, i.e.,thetime scalesassociatetb theemptyingandrepleneshingf theatmospherievaterreserwir atdif-
ferent locations on the globe, sSEenberth(1999).
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Figure 3. (a) Scatterplot of 5-dayesiage eaporatve fraction @er warm soils (0-7 cm layer soil temperature >
296K) agninst0-7 cm soil water(SW1). (b) As Fig 3(a),but for pressuréneightto thelifting condensatiotevel
(P.cL) (from Bettset al. 1998).

We will illustrateherethatthe ECMWF datashows a similar couplingin the midsummeron the 5-daytimescale
betweersoil water evaporatiorandlow-level thermodynamicastheFirstinternationaSatelliteLand SurfaceCli-
matologyProjectField ExperimentFIFE) date (BettsandBall 1998)shav on the diurnaltime scale We define
a 5-day meanwaporatve fraction as

_ LE
EF = H+LE"
whereH andLE arethe 5-dayaveragesf the surfacesensibleandlatentheatfluxes.Fig. 3 (a) shawvs the strong
couplingbetweenEF andthe top layer modelsoil water SW1. The dataplottedareall the 5-dayvalues(1985-
1993) for which the 0-7 cm mean soil temperatures are > 296 K, repregeaofdtie varm months.

Fig. 3 (b) shavsasimilar couplingof P ., (thepressurédneightof thelifting condensatiorievel, determiningcloud
base)o SW1for thesamedata.Themodelresistancéo evaporatiorbetweerthe saturatednterior of a“leaf” and
the surroundingair is dependenbn soil water, andthis vegetationresistances thereforeonekey factorin deter-
miningtheequilibriumsaturationevel difference P, , in the saturatiorpressuréudgetof the BL (BettsandBall
1998).

We have shawvn 5-dayaveragesbut the patternsandslopesn Figs.3 (a) and(b) aresimilar (but shiftedslightly to

higherP,¢, andlower EF) if the12-hdaytimeaverageareusedinstead Notethatthelower limit in Fig. 3 (b) (cor-

respondingo very wet soils) is nearthe oceanicequilibriumof P - =60 hPa(e.g.,BettsandRidgway 1989).

The oceanicsurfaceboundaryis saturatedand hasno additionalresistancef evaporationcorrespondingo the

vegetatve resistanceverland.Figs.3 (a) and(b) areparticularlysignificantbecausaeitherof theserelationships
of EF andP ., on soil water depend strongly on soil temperature at thiswtemperatures.

2. FIFEwasanexperimentmeasuringhedifferentcomponent®f the surfaceenegy andwaterbudgetof a15x 15 km? of naturalgrassland
located in Kansas, US, and kidainstrumented wer the period 1987-1989.
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3.3 Theinterplay between the diurnal and the seasonal time scales
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Figure 4. (a) Daytime diurnalcle of potential temperature (q) and mixing ratio (q) at 2 m from 1145 to 2345
UTC for monthlydry-daycompositegFIFE averagegor 1987);(b) (g, q) plot of surfacedatafor selected®8days
from July and August 1987, composited by soil moistureysigpthe dependence of mean diurnatle on
surface &aporation (fronBettset al. 1996).

Fig. 4 (a) (from Bettsetal. 1996)shavs the daytimediurnal cycle of the FIFE 2-m thermodynamiaatafor the
predominantlysunry anddry daysfrom May to Octoberl987.The axesarepotentialtemperaturg¢B) andmixing
ratio (g). This (6, g) plot canberegardedasthe heatandmoisturebudgeton orthogonakxes(Betts1992).There
arel9,21, 25,22, 23,and22 datesin eachaveragefrom May to October The selectioncriteriawerenearnoon
surfacenetradiationabore athresholdwhichwas450W m2in midsummerfalling to 300W m2in October)and
nosignificantdaytimerainfall. Herewe canseethediurnalandseasonatycletogetherThepointsareplottedhour-
ly, startingat 1145UTC, shortly after sunrisein midsummerThe seasonatise andfall of meantemperatureand
mixing ratio canbe seen:July is thewarmestmonth.Octoberis noticeablydrier, afterthe vegetationhasdiedand
evaporationis low. Saturatiorpressurdines of 970and800 hPa areshavn dashedThe surfacepressurds near
970hPa. It canbeseerthatatthe morningminimumtemperaturethe 2 m air is about30 hPa from saturationgex-
ceptin Octoberwhenit is moreunsaturatedT hediurnalrangeof mixing ratio q is relatively smallin all months.
Thereis generallyarise of g in themorning,whenthe BL is shallov andcappedoy relatively moistair from the
BL of the precedingday, andafall in the afternoonasthe growing BL entrainsdrier air from higherlevels. May
shaws no afternoonfall of g, probablybecausef the highersoil moistureandevaporation May andJunedo not
reachaslow afternoonsaturationpressuress the later monthsof July, August, Septemberand October This
meansa lower meanlifting condensatiomevel (seealsoprevious section)or cloud basein spring.Probablythis
reflectsa seasonatlrying of the surface,althoughchangesn upperair thermodynamistructuremaybeinvolved.
It is clearthatthe afternoonmaximumof equivalentpotentialtemperaturdg is controlledmostly by the seasonal
shift. Theisoplethsof 65 =310,330,350K areshowvn dotted.Therise of 8¢ from morningminimumto afternoon
maximum is around 14 K in all months.

Thesumof surfacesensibleandlatentheatfluxesis asurfacesourcefor increasingde (e.9.,BettsandBall 1998).
This surfaceg is proportionalto the sumof H+LE, andit is not affectedby the Bowenratio. It is entrainmenbf
low B¢ air from above the BL, togethewith the deepeningf the BL, thatreducethe BL 6 rise,andsofeedback
on boththe shallov andeven moreimportantlyon precipitatingcorvection. Thusoneof theimportantaspect®of
theBL evolutionoverlandis how largeentrainmenat BL topis. ThedaytimeBL overlandis primarily thermally
generatedin strongwinds,shearplaysarole), andthuslinkedto the surfacevirtual heatflux (which overlandis
usuallydominatedy thesensibleheatflux). Henceif thesurfaceBowenratiois large,althoughthesurfacedg flux
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may be unchangedthe large H flux drivesmoreentrainmentproducesa deepeBL, andthe diurnalrise of 8¢ is
reducedFig. 4 (b) shavs how this diurnal cycle over land depend®n soil moistureand,asa consequencehe
surface aporation.

A total of 28 daysfrom July andAugust1987during FIFE, which wereaffectedlittle by precipitationor cold air
adwection,werecompositedy soil moisture(SM measuredravimetricallyin thetop 10cm). Thepointsarehour-
ly valuesfrom 1115UTC (nearsunrise)}o 2315UTC. Thedry soil compositg SM= 13%,for whichthemeasured
meansurfaceBowenratio atnoonwas0.8) reaches higherafternoormaximum®, = 352 K (the 8, isoplethsare
shavn dotted).In contrastthewet soil compositg SM = 23.4%),for which Bowenratio atnoonwas0.4),reaches
amuchcoolerafternoond maximum,but a muchwetterq value,sothatthe afternoon8, = 361 K. Someof this
shift of 8¢ is associateavith the shift of theentirediurnalpathof higherg with highersoil moisture put abouthalf
is theresultof reducedentrainmenbf dry low B¢ into the BL. Overwetsoils,H is muchreducedandthe BL deep-
enslessrapidly. For all the threecompositesthe surfaceavailable fluxes (netradiationminusgroundheatflux)
werenearlyidentical,sothatthe surface8g fluxesweresimilar. This local feedbackoetweersoil moisture evap-
orationandafternoonBg equilibrium probablyproduceson large spatialscalesa positive feedbackbetweensoil
moistureandprecipitation which hasbeenthe subjectof muchresearch{see for example,Brubakeretal. 1993,
Trenberth1999).Theanalogyover thetropicaloceanss thelink betweerBL andseasurfacetemperatur¢SST),
whichinfluencegheprevalenceof deepcornvectionoverwarmwater Overlandvariationsin soil moisturecanlead
to aslarge variationsin BL O¢ aslargerasthoseproducedby several degreesof changein SST On continental
scaleshighersoil moistureandhigherevaporatioroverlandwould leadto ahigherafternoorBe maximumrelative
to thesurroundingbcearandshift moreof theglobalprecipitationoverthecontinentgBettsetal. 1996).Thisfeed-
backhasbeenseenn globalmodels(Mintz 1984).Ontheregionalscale the Mississippiflood casestudy present-
edin Section5.1belaw, suggestethatthemultiple BLs overtheMidwesternUnited Statescontrolledthelocation
of precipitation, rather than this mechanism.

3.4 A schematic view of therole of land surface

To concludethis section,a schematiaescriptionof the interactionsetweerthe surfaceandthe atmospheravill
bepresentednspiredby anearly, muchmorecomplex diagramby Horton(1931),Dooge(1992)(seealsoKuhnel
etal. (1991))summarisedhe interactionbetweerthe land surfaceandthe atmospherén the picturereproduced
(with adaptationsin Fig. 5. Thediagramillustratesthebehaiour of thesoil andtheatmosphergvithin acomplete
cycle composedf awet periodfollowedby adry period.Let us startjust afteralong episodeof rainfall, point A
in thefigure. Thesoil wateris availablein abundancen therootlayer3 andits evolutionis goingto bedetermined
by evaporationWhile the soil hasplenty of water therateof evaporationis controlledby the nearsurfaceatmos-
phericmoisture:the regimeis controlledby the atmospherendthe evaporationis at the potentialrate.Below a
certainlevel of soil moisture(pointB in thepicture),physiologicalmechanismsuill limit thesupplyof waterfrom
therootlayerinto theatmosphereandthe evaporationwill dropbelow its maximumvalue(potentialevaporation,
E.). Theregimeis undera vegetation(soil) control. Whenprecipitationstarts(points C) it will meeta soil dry
enoughduringtheinitial stagessothatinfiltration (l;, thatpartof waterthatfalls asprecipitationandis effectively
collectedby the soil for futureuse)will equalprecipitation.Theevolution of waterin the soil is oncemoreatmos-
phericcontrolled,via therateof precipitation.Beyonda certainvalue(point D), the soil doesnot have the ability
to soakall precipitation,someof it goesinto runoff. This lastphases again soil controlled;the stateof the soil
determines the rate of infiltration.

Land surfaceparametrizationbave to representorrectlythe surfacefluxesandthe evolution of soil moisturein

3. For the purpose of this discussion, field capacity may be considered as the threghrdddgch there is a minimum canoesistance
to evaporation.
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all four phase®f the cycle, andto switchfrom theatmosphericontrolinto the soil controlregime. Theevolution
of soil moisturewill determinevhenpointD will occut andthe evaporationformulationwill determinepoint B.
Thecrucialareasfrom the pointof view of theatmospherearethequadrant®C andCD. During springandsum-
mer(wheretheatmospheridemandanbeverylarge),the systenremainsmuchlongerin thehalf-circumference
BCD than in the opposite part of thecte.

Soil

Control B

D Soil
Control

Figure 5. The ydrological rosette: Schematic depiction of the interaction between the/dmildgy and the
atmosphere (adapted frdbwoge(1992)). K, and } represent potentiavaporation and infiltration, respeaty.

4. IMPACT OF LAND SURFACE ON WEATHER: A BRIEF LITERATURE SURVEY

Bettsetal. (1996)review theimpactof landsurfacein the contet of globalnumericalweatherprediction:Diurnal
andseasonaleedbacKoopsarediscusse@swell asfeedbackoopscontrollingthe BL evolution. We will high-
light heretypical mechanismgontrolling the interactionbetweenand surfaceandthe atmospheregver the US,
Europe, and the tropics.

Early modellingefforts (BenjaminandCarlson1986;Laniccietal. 1987)have shovn the sensitvity of precipita-
tionin theUS GreatPlainsto evaporatiorupstreamin the MexicanPlateauThecharacterististormervironment,
leadingto heavy precipitationoverthe Midwest,involvesthebreakdevn of acappingnversionformedby anover-
lying pre-&isting boundarylayer from the Mexican plateauwhich overliesthe cool moist BL originatingin the
Gulf of Mexico. This comple patternof differentialadwectionimpactson the strengthof the cappinginversion,
andthe strengthof theinversionis controlledby evaporationupstreanof the precipitationarea.Lower valuesof
evaporationleadto a strongercappinginversion,andthe low level flow from the Gulf will not breakthroughthe
inversionuntil muchfurthernorth.Thelocationandextentof the heary precipitationassociatedvith the July 1993
USfloodswasfoundto behighly sensitve to thecorrectrepresentationf thesenechanisms theECMWF model
(Beljaarset al. 1996;Viterbo and Betts 1999&ection 5.1

Spatialgradientof soil moisturecanalsoenhancehe differentialheatingmaintainingandreinforcingthe surface
frontin a pre-stormervironmentandintensifyingthethermallydirect(ageostrophicgirculation(ChangandWet-
zel 1991;FastandMcCorcle1991).A similar mechanisms active in a cold front associateavith a severesquall
line developing explosively (Koch et al. 1997).
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Theseasonalityf leafareaindex impactson thesystematierrorsof US Midwestlower troposphericemperature
in summer(Xue etal. 1996;Yangetal. 1994).At a smallerscale,thereare mary obsenationaland modelling
studiesdemonstratinghe importanceof mesoscaléluxesandsmallerscaleheterogeneityspeciallyat low wind
speeds.

Over Europe RowntreeandBolton (1983)demonstratetherole of localandnon-localrespons®f medium-range
rainfall forecastdo anomaliesn theinitial soil. The mechanismselevantto this soil moisture-precipitatiofeed-
backwerescrutinisedn Scharetal. (1999)in a studydemonstratingheimpactof idealisedandlarge)anomalies
of soil wateron the Europearsummercirculation.Unlike the desert-albedéeedbaclkhypothesidCharneyl975),
theEuropearsoil-precipitatiorfeedbacks notof alarge-scalelynamicahaturej.e.,it is notassociatetb changes
in large-scaldlow. Precipitationregycling hasalsoa smallrole in Europe.Threemainfeedbackoopshave been
identified.Wet soils,associatedvith low Bowenratios,leadto the build-up of ashallav BL, concentratingnoist
entropy atlow levelsandgiving highervaluesof corvective availablepotentialenegy (CAPE).Additionally, lower
Bowenratiosleadto higherrelative humidity, loweringthelevel of freecorvection.Finally, a positive feedbackof
radiative origin, with increasedloud cover, but largernetradiatie flux, leadsto largermoistentrofy andcorvec-
tive instability

All theexamplesabove referto extratropicsspringandsummerexamples;jn snav free situations Section5.2 be-
low presentspringexamplesn thepresencef snow. Thereis little or noimpactof landsurfaceontheatmospheric
circulation in winter (see Gigr (1990) andSection 5.3Delow).

Despiteanextensie list of publicationsontherole of land-surfcein thetropicalclimate,thereis scantyevidence
of its impactfor short-and medium-rangdorecastsA notableexceptionis the work of Walker and Rowntree
(1977)whodemonstratetherole of enhancedoil moisturegradientoontheshort-rang€1-2 daysaheadforecast
of the generation of easterlyaves, using a simplified modever West Africa.

5. EXAMPLES FROM ECMWF RECENT EXPERIENCE

5.1 Soil moisture

July 1993shaved anomalouslyhigh precipitationover the CentralUSA, with exceptionalflooding of the Missis-
sippi(Changnori996).Duringthismonth thenew versionof theECMWF model(CY48) andthethenoperational
version(CY47)*, wererunningin parallelatfull resolution(spectratruncationT213,grid-pointspacing~ 60km),
including dataassimilation.Beljaarset al. (1996) comparedhe performanceof the two schemeslooking at the
averageof all one-,two- andthree-dayforecastserifying betweerd and25 July. While thedayoneprecipitation
of thetwo systemsverevery similar, andsimilarto theobseredprecipitation theforecastatday 3 weremarkedly
different.In the new systemthelocationandintensityof the maximumprecipitationwassimilar to the obsera-
tions (40 N, 95 W), while the old systemhadlessthenhalf the precipitationamountin the areaof the obsered
maximumandhada spuriousmaximumof precipitationdisplacedB00km NE. In theold systemtherewasagrad-
ual reductionin precipitationfrom day 1 to day 3, while the new systemwasableto bettermaintainthe intensity
However, evaporationat the areaof maximumprecipitationwassimilar for the old andnew system,andin both
systemgherewasno evidenceof forecastspin down, strongly suggestinghatthe local evaporationwasnot re-

4. ThemaindifferencedetweerCY47 andCY48rely onthesurfaceandboundarylayerprocesseparametrizationThesoil modelin CY48
has 4 layers, with no heat flux and free drainage bottom boundary condition, with soil properties (ha&tracmhauctiities and difusivi-
ties) dependent in a non-lineaayvon soil moistureGlappand Hornbeger 1978). CY47 has 2 layers plus 1 climate layer underneath, with
constant water soil properties. CY48 has a smaller roughness length for heat than for momentum, while in C¥¢¥itiemtical. 6r more
details se&/iterbo and Beljaars (1995).
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sponsiblefor the differencesn precipitation.lt turnsout thatthe maximumof the evaporationdifferencewaslo-
catedover the Mexican Plateau,1000 km SW of the precipitationmaximum,two to three daysupstreamas
suggestethy backwardstrajectorieendingupat 750hPa, 40N, 95W. Themeanthermodynamiprofiles,similar
for day 1 forecastsyerevery differentfor day 3 forecastsThe old modelshavedatoo strongcappinginversion
above the BL, with air too warmandtoo dry andmuchlower valuesof CAPE. It is clearthatthe differentialad-
vectionmechanisntharacteristiof the US Monsoonwasresponsibldor the differencesn precipitation.When
comparedo thenen model,the soil onthe MexicanPlateathadmuchlower valuesof soil moisturein CY47, giv-
ing amuchreducedevaporationwhichin turn producedawarmanddry air masshatcappedheBL downstream,
inhibiting corvection.In CY47, the soil modelvalueswerestronglyforcedto anerroneoustoo dry, climatology:
In sucha datadenseareaatmospheriprofileswereinitiatedto correctvalues but duringtheforecasthey slowly
felt theinfluenceof the erroneousoil moisturevalues.In CY48 the soil moisturevalueswereinitialisedto field
capacityatthebeginningof July, consistenwith valuesof Juneprecipitationin theareamuchabose normal.There
wasnoforcingto climatologyin CY48 (ViterboandBeljaars1995)andthemodelwascapableof maintaininghigh
valuesof moisturethroughoutJuly. Monthly integrationsperformedwith CY47 andCY48 suggestedhe impor-
tanceof the memoryassociatetb idealisedsoil moistureanomaliesn theinitial conditions(Beljaarsetal. 1996).
The monthly precipitation fields with CY48 compared much better to odtsmmg than those of CY47.

a) CY47, 78 hour forecast b) CY48, 78 hour forecast
44 52 60 44

68 76 52 50 68 76

4 8 12 1 20 24 28 32 36 4 8 12 1 20 24 28 32 36
5 7 9 12 16 20 28 36 5

78 12 16 20 28 36

Figure 6. Profiles(so-calledefigrams)of temperaturésolid line) anddewpoint (dashedine) with CY47 (a) and

CY48(b) of theaveragewerifying from 9 to 25 July attheforecastrange78hours.Themodellocationis 40N 95

W. (c) shavs the averageverifying analysis The shadingndicatesthe areawherea parcellifted from thesurface

hasalowertemperatur¢ghanthesurroundingit, i.e.,theshadeduriaceareais ameasurdor the stability aparcel
has to @ercome before carction can occur (frorBeljaarsand \iterbo 1999).

CY48surfacemodelranwith predictedsoil moisturethroughouthefirst half of 1994.1t wasclearthataverylarge
nearsurfacewarmanddry biasdevelopedovertheNH continentabreasattheendof springandbeginningof sum-
mer. A schemdo initialise soil waterbasedntheshort-termforecaskerrorsof nearsurfaceatmosphericiumidity
wasdevelopedto overcomethatproblem(Viterbo 1996).In orderto testthe new schemethreecompletedataas-
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similation-forecasexperimentsvereranat T213for the monthof Junel994:(a) Control (CY48, no assimilation
of soil moisture);(b) As control,but usingtheinitialised soil moisturevalues,and;(c) As in (b), but usinga prog-
nosticcloud schemewith muchmorerealisticcloud cover over land (Tiedtke 1993). The nearsurfacewarmand
dry bias,reducedrom Controlto theinitialised soil waterexperiment,in respons¢o a wettersoil. A lower tropo-
spheriovarmbiasdevelopedn theControlmodelandwasgreatlyreducedvheninitialisationof soil wateris used.
Bothexperimentdadtoolittle cloudcover overlandwith too large surfaceshortwave radiative fluxes,but thewet-
ter soil conditionsof experiment(b) managedo maintainevaporationin thefaceof excessie netradiationat the
surface.Thethird simulationdisplayedevensmallerbiasesassociatedvith alarger, morerealisticcloudcoverand
smaller radiatie biases.

Thealgorithmto initialise soil wateris successfuin controlling modeldrifts but dampenghe seasonatycle and
interannualariationsof evaporatiomandsoil moisture .Viterbo andBetts(1999a)revisited the July 1993simula-
tion, usingtheinitial soil wateralgorithmandthe prognosticcloud schemeThe newv systemgivespoorerresults
for precipitationthanBeljaarsetal. (1996).Although muchbetterthanCY47, thereis a suggestiorof northward
displacemen&ndreductionin the precipitationmaximumin day2 forecastslt appearshattheinitialisationof soil

moistureat field capacityat the beginning of July in Beljaarset al. wascrucialto obtaina goodsimulationof the
excessie rainfll events.

5.2 Boreal forests

Surfacealbedois the primeregulatorof the netenepgy availableat the surface.The albedoof snav-freelandsur-
facesrangedrom valuesof 0.1in foreststo valuesof 0.35over desertsFor areasseasonallycoveredwith snaw,
thatrangecanextendupto 0.85.BettsandBall (1997)analysedheannualcycle of albedoin the BOREASexper-
iment,performedn Canadaluring1994,focussingon the snav seasongomparingseveralmeasuremersiteslo-
catedovergrassasperandconiferousRepresentate valuesfor daily averagedalbedoof snov-coveredgrasssites
are0.75,while correspondingaluesfor the asperandconifersitesare0.21and0.13,respectiely, with valuesas
high as0.4,oneto two daysaftersnawfall. Thelower albedoof the borealforestsin the presencef snav corrob-
oratesdatafrom otherobsenationalstudiesandthefew attemptf makingahemispheric-satellitbasedestimate
of albedo.

The ECMWF modelversionof 1994,atthetime of the BOREASexperiment treatedthe albedoof snav covered
areaswith no regardto the land cover: beyond a critical valuefor snov depth,the albedoof snov coveredareas
wasrarelyoutsidethe0.7-0.8range As aresult,whencomparedo experimentaresults hetradiationwastoo low
andnearsurfaceair temperaturesveretoo cold. A modificationto the schemevasdesignedsuchasthe albedoof
snawv-coveredsuriacestendedto theasymptoticvalueof 0.2in the presencef forestsand0.7 otherwise(Viterbo
andBetts1999b).Themodifiedscheméasmuchreducediasesn temperatur@andradiationin thehighlatitudes.
The cold biasin temperaturen the control schemeextendedin the vertical to the whole troposphereincreasing
with forecastrangeandaffectingmostcontinentabreasThebottompanelof Fig. 7 shavstheday5 forecaserror
of 850 hPa temperatureaveragedior MarchandApril in 1996.The very high albedoinducescooling errorsex-
ceeding-3K in North Americaand-7K in Asia. Thetop panelshavsthecorrespondindigurefor 1997.In spring
1997,with thenew snov albedoschemethe cold biasover the borealforesthasbeenalmosteliminated.Thenew
schemealsoimproved the quality of the medium-rangdorecastsasevidencedby betterscoresof 500 hPa geo-
potential fields.
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March-April 1997 850 hPa T day 5 error

135°W 180° 135°E

Figure 7. Comparison of theerage 5-day forecast temperature errors at 8a0foPthe ECMWF operational
model during March-April 1996 (bottom) and 1997 (top) (frditerbo and Betts 1999b).

Theforecastresultsabore corroboratehe studyof ThomasandRowntree(1992)on therole of the borealforests
in conditioningthe climateat high latitudes.The springmonthsof two five-yearexperimentsthefirst with a (re-

alistic) snav albedoandthe secondwith the high latitudeforestsremoved arecomparedThe latter experimentis

colderthantheformerin thecontinentabreashorthof 50N. PielkeandVidale (1995)suggestethattheboundary
betweertundraandborealforestsis aregion of enhancedhorizontaltemperaturgradientsactingasa pre-condi-
tioner for baroclinicinstability and“locking” the climatologicalpositionof the polarfront. In analysingfurther
refinementso the ECMWF snawv modelyandenHurk etal. (2000)shaow that(a) simulatingtheborealforestcon-

trol on evaporationin spring(reducedranspirationfrom frozensoils) and (b) increasingthe runoff over frozen
soils, impraes the agreement of model results with oletaywas.

5.3 Soil water freezing: A regulator of cold climates

The operationaECMWF forecastgor thewintersof 1993-94throughto 1995-96shaved atendenyg to produce
a cold biasover continentalareasin winter. This error was particularly severe during the winter of 1995-96for
Scandingia, a yearcharacterisethy reducedsnov amountsand,consequentlylarger thermalcouplingbetween
the soil andthe atmospherabove. Viterbo et al. (1999)diagnosedwo main problemscontritbuting to thaterror.
Firstly, the enegy involvedin phasechangesn the soil wasnot takeninto accountWhenpositive temperatures
approactd C, asubstantiaamountof theexternalcoolingdemandi.e., infraredcooling)is usedto freezethe soil
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water therebydecreasinghe rate of soil cooling; a similar effect occursin melting. Soil waterphaseransitions
actasathermalbarriet increasinghe soil inertiaat temperaturesloseto 0 C. Secondlythe downward sensible
heatflux, prevailing in winter conditions,wastoo small, leadingthe modelinto a positive feedbackoop where
coolingreducedheheatflux, andmadethesoil evencolder Model changesveredesignedo incorporatehemiss-
ing physicalmechanismsSeparatseasonahtegrationswith bothmodelschemesevealedagreatlyalleviatedsoil
andnearsurfaceatmosphericoolingdrift: Screen-lgeltemperatureseducedrom—10C to closeto zero.Despite
the considerablevarmingin the modelsoil andnearsurfacewinter climatein continentalareastherewasnegli-
gible impacton the freeatmospheréemperatur@andthe atmospheridlow. In winter, stablesituationsthe atmos-
phereis decoupledrom the surfaceandchangesat the surfacedo not propagte upwards,unlessthey affect the
momentum hbdget.

6. CONCLUSIONS

Theexamplespresente@bove have shavn thatlandsurfacecanhave a significantimpactontheatmospheratthe
synoptic/continentadcalewhenit affectsthepartitioningof thesurfaceenegy into sensible/latertieat,via thesoil
water This effectcanbelocal or non-local.Onthe otherhand,land surfacehasa significantimpacton the atmos-
phereat the synoptic/continentascalewhenit affectsthe netenegy at the surface,e.g.,changeof the albedoin
snav-coveredareasn spring.However, in winter, staticallystable conditionsthe land surfaceis decoupledrom
theatmospheretarge variationsin surfacetemperatureaffect only the lowesthundredmetresof the atmosphere
and do not hae a significant impact on the circulation.

RecenexperienceatECMWE, summarise@bove, shovsthatforecastsystemsresensitve to misrepresentations
of longertimescalesn the land-surice/atmospheriateraction.Progressanonly be madewith sustainecdfforts
on validationof the modelcomponentsDataassimilation/forecastystemsareidealtoolsto validateparameteri-
sationsbecausef their constanticonfrontationwith obsenations(in a “perfect synoptics”scenariojanda very
large communityof usergrequiringaccuratediurnalcycle of weatheparameterdn this context, GEWEX (Global
Enegy andWaterExperiment)ContinentalScaleExperimentandthe CoordinatedEnhancedbsenration Period
plannedfor 2002will play a prominentrole. If the surfaceandupperair obsenationsarrive atthe NWP centres
they canbeassimilatedAnalysisandshorttermforecastdrom thosecentresarethe besthopeof having acoherent
picture of surhce and atmospheranables and of the sade flues.
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Figure 8. History of monthlybiaseqthick lines)andstandardleviations(thin lines)with respecto obsenations
of thedaytime(72-hour:redline) andnight-time(60 hour:blueline) operationatwo-metretemperaturdéorecasts,
averaged for all @ailable suréice stations in the European area (30° N to 72° N and 22° W to 42° E).

An importantfeedbacKoop in the surface-atmospheriateractionis thelink betweertheanomalief soil mois-
tureandprecipitation.Its correctrepresentatiom the modelrelieson the interplayof several parameterisations:
evaporationand soil moisture,boundarylayer processes;loudsand convection. Most NWP modelshave their
poorestscoreon precipitationin thetropicsandspring/summeextratropicsandimprovementontheunderstand-
ing of thesoil moisture-comectioninteractionwill mostlik ely greatlyalleviatethatdeficieng. Validationof model
resultsagainstresultsirom theLarge ScaleBiosphere-Atmosphefexperimenin Amazonia(LBA) (seeforthcom-
ing Speciallssueof J. Geophys.Re2001)obsenationsof thediurnalcycle of precipitationandatmospheri¢her-
mal and humidity profileswver the Amazon Rer Basin will probably be agl for progress in that area.

Probablythebestsummaryof theimpactof landsurfaceonweatheicanbeshovn onFig. 8, displayingthehistory
of ECMWEF operationakhort-rangdorecasterrorsof 2 m temperaturever Europeasa time-seriesof monthly
averagesTheseerrorsshav alargeannuakycle, aredifferentfor nightandday(72and60 hourforecastwerifying
at12and00UTC, respectiely), andhave arich historyof themary modelchangeshatweremadeovertheyears.
We will discuss only the model changes made from 199&nisy

In August1993,asurfaceschemeawvith aclimatologicaldeep-soiboundaryconditionfor temperatur@andmoisture
wasreplacedy thefree-runningour-layerschemeViterboandBeljaars1995),but theimpactis notveryobvious.
The summerdaytimebias of August1993was smallerthanthat of the previous yearbut, at thattime, the soil
schemehasbeenrunningfreely for only two-months(includingthe July paralleltestdescribecearlier). The next
summeishavedapronouncedvarmbiasrelatedto agradualdrying out of thesoil whichwasreducedn July 1994
by resettingthe soil moistureto field capacityover vegetatedareas A simplesoil moistureanalysisschemewas
introducedn Decembed 994 (Viterbo 1996)with a clearbeneficialimpactonthe daytimebiasfor summer1995.
Thenight-timetemperaturelave beenbiasedcold for mary years relatedto anoverly large amplitudeof the di-
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urnalcycle. Thewinterof 1995/1996vasparticularlybad,mainly becaus¢he Europearareawvasblockedfor most
of the winter with easterlywinds andvery cold temperaturesalthoughchangego the cloud schemeor the oro-
graphicdragmighthave hada negative impacton night-timetemperaturedt is interestinghatthereductionof the
daytimebiasactuallyincreasedhe night-timebiasby displacingthe entirediurnal cycle to coldertemperatures.
Soil freezingandincreasedoundanyjayerdiffusionin stablelayers,introducedn Septembei996,improvedthe
monthlyerror statisticsconsiderablyThewintertimebiaswaslargely eliminatedandthe amplitudeof thediurnal
cycle wasdown to a reasonabldevel. The snov albedoreductiondescribedn SectionBorealforestswasintro-
ducedin Decembefl996,but its impactis not clearover Europe dueto therelatively smallareacoveredby snav
andtheoverallmagnitudeof the errorslinkedto the excessie soil cooling, correctedhreemonthsearliet Finally,
amuchmoreselectve way of initialising soil moisture(Douville etal. 2000),introducedn April 1999,mightbe
responsibldor aslightreductionof thestandardleviation of temperaturerrorsin thatyear A new surfacescheme
wasintroducedn June2000(vandenHurk etal. 2000),but it is too earlyto asses#s operationaperformancelt
is fair to point out thatthe statisticspresentedn Figure 8 areaveragedover a monthandover a large area.The
errorsonaday-to-daybasiscanstill belarge,but arelesssystemati@ndareoftenrelatedto errorsin theforecasted
clouds or the presence of sno
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