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1. INTRODUCTION

Numericalweatherprediction modelsrequirean ac-
curaterepresentationf initial landsurfaceconditionsin
orderto partition properly the sensibleand latent heat
ux esthat drive the evolution of the planetarybound-
ary layer. Models accomplishthis exchangeof enegy
betweenthe land surface and the atmospherehrough
land surface parameterizationée.g., Bhumralkar1975;
Blackadarl976;Deardorf 1978;McCumberandPielke
1981;PanandMahrt 1987; NoilhanandPlanton1989),
in which the groundheat ux playsa critical role in the
surfaceenegy balance.Thegroundheat ux in turnde-
pendsheaily upon soil temperatureand soil moisture
conditions,aswell asvegetationcoverage atmospheric
conditions,andthe physicalpropertiesof the soil. Sall
moistureprovidesakey link betweertheatmospherand
thewaterandenegy balancest the surfaceof the earth
(Wei 1995; Robocket al. 2000; Leeseet al. 2001). It
in uencestheavailablewaterfor planttranspirationand
playsarolein the massbalancefor mary forecastmod-
els. Soil thermalconductvity estimateswhich facili-
tatethe properheattransferwithin the soil, alsostrongly
dependupon soil moisturespeci cations. To calculate
soil heattransferthe mostsophisticatedand surfacepa-
rameterizationgequire not only nearsurfacesoil tem-
peraturesbut alsotemperaturgro les (e.g.,Viterboand
Beljaars1995; Chenand Dudhia2001). Together soil
temperatur@andmoisturework in concertto directly in-
uence ground,sensibleandlatentheat ux esandaffect
forecastof temperaturemixing ratio, precipitation,and
cloudcover.

Several studies have demonstratedsensitvities of
forecastof nearsurfacevariablesto soil watercontent.
An inspectionof the relationshipbetweensoil moisture
variationsandsurfaceturbulentenegy ux esfor avari-
ety of vegetationtypesrevealsthatenegy ux esdisplay
moresensitvity for dry soilsthanfor wet soils andthat
sparselyegetatechreagequiremoreaccuratesoil mois-
ture obsenationsor simulations(Dirmeyer et al. 2000).
Changesn soil moisturemodify thebalancebetweerla-
tent and sensibleheat ux esand canin uence surface
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temperaturesr affect turbulenttransferin the boundary
layer (McCumberand Pielke 1981). For example,Pan
andMahrt(1987)coupleaone-dimensionahodelof the
planetaryboundarylayer(TroenandMahrt 1986)with a
two-layer soil hydrology model (Mahrt and Pan 1984)
and nd that surface evaporationcan drive boundary-
layerdevelopment.

Soil moisturealsoin uencesthedevelopmenbf deep
cornvectiondueto thein uence of soil moistureon latent
heat ux esandboundaryjayermoisture(ClarkandArritt
1995). Yan and Anthes(1988)investigatethe effect of
soil moisturevariationson precipitationpatterndy sim-
ulating adjacentstripsof moistanddry land. They nd
thatfor sufciently wide horizontalstripsundercorvec-
tively unstableconditions,the inhomogeneitiesn sur
face moisturelead to gradientsof groundtemperature
thateventuallyhelp producesea-breezeirculationsand
an increasein corvectie rainfall. This result compli-
mentsthe obsenationsof Pielke andZeng(1989),who
shav increasesdn available buoyant enegy whenirri-
gatedland lies adjacentto naturalgrasslandcompared
with naturalgrasslandalone. Soil moisturefurther af-
fects boundary-layercloud developmentby increasing
cloud cover for both moistanddry soils, dependingon
thestrengthof the stability above theboundaryjayer(Ek
andHoltslag2004).

Numericaland obsenational studiesof soil moisture
revealthatsoil moistureanomaliesn uence regionalat-
mosphericconditionsover time scalesof two to three
months(Liu etal. 1993;Vinnikov etal. 1996),with vari-
ationsin temporalscalesof soil moistureattributableto
the seasonatycle of potentialevaporation(Entin et al.
2000). After simulatingsoil moistureanomaliesthere
is evidencethat soil moistureaffectsmodelforecastof
precipitation,atmospherienoisture andtemperaturdor
several weeks (Walker and Rowntree 1977; Rowntree
andBolton 1983). Modeling studiesof soil temperature
and moistureconditionsshow that differing soil mois-
ture initializations in uence monthly or seasonatem-
peraturesand precipitation patterns(Rind 1982; Betts
etal. 1996)andthattheseinitial conditionsagainpos-
sessa persistenceime scaleof monthsto seasongYeh
etal. 1984;Walshetal. 1985; Vinnikov and Yeserle-
pova 1991; Gaoetal. 1996;Liu andAvissar1999a,b).
Monthly forecastsalso shav sensitvity to initial soil
moistureconditions,displayingincreasedskill for pre-



cipitationandair temperaturéorecastsith morerealis-
tic landsurfaceinitializations(Kosteretal. 2004).Other
studiesreport that soil moistureanomaliesalso affect
extreme precipitationforecastson monthly time scales
(Beljaarset al. 1996; Viterbo and Betts 1999). In sea-
sonalpredictions,Fennessyand Shukla(1999) investi-
gatethe role of initial soil moistureusingensemble®f
globalclimatemodelsimulationsand nd thatincreases
in initial soil wetnesdeadto increasedeasonatvapora-
tion, decreasedeasonaimeansurfaceair temperatures,
and generallyincreasedseasonameanprecipitationin
mary regions.Otherauthorsasserthattheseasonadvo-
lution of theatmospher@ aregionalatmospherienodel
is dependenupon initial soil moistureand landscape
speci cation(Pielke etal. 1999). Thus,whencompared
with soil temperaturesoil moistureclearly hasmorein-
terannualvariability and more strongly in uences fore-
castgLiu andAvissarl999a,bRodelletal. 2005).

While soil moistureappeargo be the mostimportant
factorfor land-surfceinitializations(Gannonl978;Mc-
CumberandPielke 1981;Smithetal. 1994),oneshould
notunderestimatéherole of soil temperaturén theevo-
lution of theloweratmospheregspeciallyfor short-range
forecasts.Longwave radiationlossis a function of soll
temperatureand directly affectsthe radiationbudgetat
the surface. Groundheat ux alsois a function of soll
temperaturgBrotzge and Crawford 2003), and affects
the sensibleheat ux, boundarylayer growth and de-
cay, turbulence,and air temperature.Clearly, forecast
modelsrequire both accuratesoil temperatureand soil
moistureinitializations. Thoughefforts are underway
to provide moreextensie networksof soil moisturedata
from avarietyof remotesensinganddirectobsenational
sourcegEntekhabietal. 1999;Leeseetal. 2001;Seuf-
fert etal. 2004),routinein situ obsenationsof soil tem-
peratureand moisturesuitablefor dataassimilationare
currentlyunavailableover large areasof the continental
United Statesandtheworld.

Due to the absenceof a large obsenational soil-
monitoring network, mary forecastmodelsimplement
comple land surface modelsto realistically determine
soil hydrology The NationalCentergfor Ervironmental
Prediction(NCEP) operationalEta model (Black 1994)
producedand surfaceanalysesy continuouslycycling
temperatureand moisture elds within the Noah land
surface model (LSM, Chenet al. 1996; Koren et al.
1999). In the past,these elds evolvedonly in response
to radiation budget constraintsand modeledprecipita-
tion, but NCEP recentlyupgradedhe self-gycling pro-
cessso that soil elds respondinsteadto adjustedpre-
cipitation obsenationsfrom both radarand gaugedata
overtheUnited States.

Many modeling efforts have usedNCEP Eta model
analysesndforecastoverthecontinentalUnited States
asinitial andboundaryconditionsfor a variety of appli-
cations(e.g.,Colle etal. 2001;Bright andMullen 2002;
Stensrudand Weiss2002; Westrick et al. 2002; Zhen-
der2002; Brennanet al. 2003; Chenetal. 2004; Hart

etal. 2004; Hoadley et al. 2004; Galavsky and Sobel
2005; Zamoraet al. 2005; Zhonget al. 2005). The
Etamodelthereforeprovidesvery importantinitial land-
surface conditionsthat strongly in uence forecastsfor

both operationalandresearchpurposes.Unfortunately
mary land surface models, including the Noah LSM,

do not captureobsened soil moisturevariationswhen
forced with atmosphericobsenationsor cycled model
output (Robocket al. 2000). Marshallet al. (2003)
found a strong positive biasin soil moisturefrom the
Eta modelin comparisorto OklahomaMesonetobser

vations, but also notedthat a changein the Eta model
initialization procedureo a continuousself-gycling ini-

tialization for soil moisturesigni cantly mitigatedthis
bias.Marshalletal. (2003)alsoreporteda warmbiasin

soil temperatureat a depthof 5 cmin thelate afternoon
anda cool biasin the earlymorning. Onthe otherhand,
Robocketal. (2003)found goodagreementvhencom-
paringsoil temperatur@ndmoistureoutputfrom amore
recentlyimplementedrersionof theNoahLSM with ob-
senationsfrom theOklahomaViesonetwveragedverall

of Oklahomaduring 1998-99.

This study compare€ta modelanalysef soil tem-
peratureandmoistureat 0000UTC and1200UTC with
obsenations from the OklahomaMesonetbetweenl
March2004and1 October2005.In contrasto the nd-
ings of Robocket al. (2003), strongbiasesn soil tem-
peraturexist, aswell asa severeunderestimationf soil
moistureat all depths.An importantdistinctionbetween
this and previous studiesis that the resultsderive from
pointcomparisonsiatherthanlarge-scaleveragesThe
reasoningpehindthis decisionappearsn section4.

2. MODEL DESCRIPTION

The National Centersfor Ervironmental Prediction
(NCEP)Etamodel(Black 1994)is initialized from anal-
yses provided by the Eta Data Assimilation System
(EDAS, Rogerset al. 1996; Nelson1999). The EDAS
rst producesa 3-h forecastfrom its own analysisover
the continentalUnited States.The systemthenusesthis
forecastas a backgroundeld for assimilatingsubse-
quentobsenationsover this 3-h periodand producesa
new analysisvalid at the end of the 3-h window. This
processcontinuesinde nitely, with forecastsout to 84
hoursproducedrom the mostrecentEDAS analysisev-
ery six hours.The EtamodelproducesachEDAS fore-
castso that initial atmosphericand soil conditionsare
consistentith the forecastmodeland matchits resolu-
tion, physics,and dynamics(Rogerset al. 1996). The
absenceof a completesetof obsenationsof soil tem-
peratureandsoil moisturenecessitatesontinuouslyself-
cycledsaoil elds within the EDAS without obsenational
correctionor soil moisturenudgingtowardclimatology
Thesesoil elds evolveonly in responséo externalforc-
ing from modelphysicsandsurfaceforcing in the form
of precipitationandthe surfaceradiationbalancewithin
the EDAS.



Prior to a modi cation on 16 March 2004,the EDAS
assimilatechourly precipitationdataconsistingof radar
and gaugeobsenationsfrom NCEP Stagell and Stage
IV analysegFultonetal. 1998;Lin etal. 2005). These
analyse®xhibit a systematiary biaswhich, whenused
asthedriver for soil moisture,leadsto drier soil. After
an adjustmenbn this date,comparison®f the cumula-
tive 24-h precipitationfrom EDAS againstdaily gauge
analysesjn ated by 10% to correctfor catchmenter-
rors, yield a long history of netde cits or surplusesn
precipitation. Adjustmentgso the EDAS hourly precipi-
tationinputbasednthis historyattemptto eliminatethe
de cit orsurplusover24hours.Adjustmentgemainlim-
itedto 20%of the hourly precipitationanalysisvalues
andonly apply to grid pointsin the analysiswith non-
zero precipitation. The EDAS assimilateghe adjusted
hourly precipitationinputandthenmodelsthe precipita-
tion eld. Thismodeledorecipitationdrivesthelandsur
facephysics,thoughthe modeledprecipitationdoesnot
necessarilynatchthe bias-adjuste@bsenations(Lin et
al. 2005).

A more extensive modi cation to the land surface
schemeoccurredon 3 May 2005 in the operational
Eta model, now termedthe North AmericanMesoscale
(NAM). Previously, theEDAS would createprecipitation
duringthe assimilationprocessn regionswherethe Eta
modeldid notforecastprecipitation.TherenamedNAM
DataAssimilationSystem(NDAS) nolongeradjustgre-
cipitationtotalsin locationswheretheprecipitationfrom
the NAM modelis lessthanthe bias-adjusteadbsena-
tions. However, the latentheatand moisture elds are
reducedwherethe modeledprecipitationis greaterthan
the bias-adjustedbsenations. More importantly the
NDAS drivesthe land surfacephysicsdirectly with the
bias-adjustedbbsenations rather than with the NDAS
modeledprecipitation resultingin moistersoil. Thepre-
viousversiontendedowarda dry biasduringtheassim-
ilation becaus¢he modeledprecipitationdid not exactly
replicateobsenredprecipitationcoverageandintensities.
This allows for amorerobustandmoreaccuraterecip-
itation assimilationthat increasesoil moisture. Addi-
tionally, thereis no longeran upperlimit for cloud wa-
ter mixing ratioswhencomputingoptical depths which
improvesradiationabsorption,and modi cations to the
cloud cover parameterizatiorllow for more fractional
cloudinesgDiMego andRogers2005).

Simultaneousupgradedo the Noah LSM addressed
low-level temperatureand humidity biases. Vegetation
andsoil databasebave moreclasseavith higherspatial
resolution. A 1-km resolution,United StatesGeologi-
cal Suney (USGS)24-classregetationtype databasee-
placedhe13-class]1-degreeresolutionsimplebiosphere
(SiB) vegetationtypes(Sellersetal. 1986).For soil char
acteristicsthe 1-kmresolution,16-classStateSoil Geo-
graphic DatabasgSTATSGO, Miller and White 1998)
dataeclipsecdthe 1-km resolution,nine-classZobler soil
types(Zobler1986).A 1-degreedatabasef soil temper
aturesat the lower boundaryat 300 cm depthreplaced

an old 2.5-degree soil temperaturedatabase.In addi-

tion, model developersloweredthe leaf areaindex and

compensatedor the effect of the new precipitationas-

similation procedure®n the existing soil moisturebias

by tuning the canopy conductancend othervegetation

parametersvithin the NoahLSM. A loweredroughness
length for heat reducesthe skin temperature thereby
loweringthe 2-m temperaturdorecastandreducingthe

warm bias, thoughthis doesnot changdatentor sensi-

ble heat ux essigni cantly. Overall,thesemodi cations

reducedrying trendsandincreasehe low-level moisture

(DiMego andRogers2005).

3. DATA

The OklahomaMesonetis an integratednetwork of
116 automatedsurfaceobservingstations,with at least
onesite in eachof Oklahomas seventy-s&en counties.
Eachsitemeasureatmospherivariablesvery vemin-
utesandsoil temperatureat a depthof 10 cm every 15
minutesunderbothbaresoil andnative vegetation.Most
of the sitesalso measuresoil temperatureat a depthof
5 cm underboth baresoil and native vegetationand at
a depthof 30 cm undernative vegetation. Many Okla-
homaMesonesitesalsoreportsoil moistureat depthsof
5, 25,60, and75 cm. All datafall subjectto rigorous
quality assurancerocedureso ensurethe productionof
reliable, research-qualitgata(Shaferet al. 2000). A
completedescriptionof the OklahomaMesonet,nclud-
ing sensoispeci cations,appearsn Brock etal. (1995),
while BasaraandCrawford (2000)discusghesoil mois-
tureinstrumentation.

4. COMPARISON WITH OBSERVATIONS

Gridded 40-km Eta model analysesof soil tempera-
ture andmoistureat 0000UTC and1200UTC werebi-
linearly interpolatedto OklahomaMesonetobsenation
sitesallowing for direct modelveri cation. While Eta
model soil analysesare available at the presentoper
ational grid spacingof 12 km, researcherseldomuse
theseanalysedor initializing forecastmodels.Compar
isonsspanthe periodfrom 1 March2004throughl Oc-
tober2005. This periodis sufcient to characterizehe
performancef the EDAS soil temperatur@andmoisture
schemedoth beforeand after the changefrom contin-
uously self-cycling modeledprecipitationand radiation
to assimilationof precipitationobsenationson 3 May
2005.

Pointmeasurementsf soil temperatur@andmoisture
are not as spatially representatie as atmospherianea-
surements primarily due to spatial heterogeneitiesn
vegetationcoverageandsoil types(Marshalletal. 2003;
BrotzgeandCrawford 2003). For thisreasongpatialand
temporalaveragingof obsenationsreducessmall-scale
noiseandenablesnodelvalidationandintercomparisons
(e.g.,Marshallet al. 2003; Robocketal. 2003). How-



Fi1G. 1. Soil temperaturdK) at 0000UTC 15 July 2005from a) Ok-
lahomaMesonetobserationsat a depthof 5-cmundersodandb) the
0-10cm soil layerof the 0000UTC Etaanalysis.

ever, interpolatingobsenationsto a model grid yields
comparisonghat are partly a function of the interpola-
tion schemeaatherthanthe underlyingobsenations.An
analysisschemecannotaccountfor small spatialvaria-
tionsin theobsenationsandthusanalyzedandobsened
valuesmay differ considerably(Schlatter1975). More-
over, individual obsenation points, and not arealaver-
agesprovidetheraw datafor objective analysisschemes
that producegriddedinitial conditionsfor models. It is
thereforeimportantto correctlyestimatepoint valuesof
soil temperatureand soil moisturein the Eta modelso
that thesevaluescan provide meaningfulinitial condi-
tionsfor othernumericaimodelswith differentgrid sizes.
The choiceto analyzepoint comparisonsn this study
ratherthaninterpolatethe obsenationsto themodelgrid
permitsabulk characterizationf themodelperformance
over all of Oklahomawithoutintroducingerrorsthrough
large-scalespatialaveraging.
Thoughcomparisondbetweenthe Eta modeland ob-
senationsonly include point measurementgiguresl
and 2 provide informative visualizationsof the geo-

FI1G. 2. Soil moisture(m m ) at0000UTC 15 July 2005 from a)
OklahomaViesonebbserationsata depthof 5-cmandb) the0-10cm
soil layerof the0000UTC Etaanalysis.

graphicvariability of OklahomaMesone-cmsoil tem-
peratureand moistureobsenationscomparedwith Eta
model 0-10 cm soil temperatureand moisture analy-
sesfor a representatie summerday The Oklahoma
Mesonebbsenationsareinterpolatedo a3-kmhorizon-
tal grid usinga two-passBarnesanalysigBarnes1973).
The Eta analysesshowvn hereinterpolatedto the same
3-km horizontalgrid, displaya cool anddry biastypical
of mary 1200UTC analysesln addition,thedifferences
in the patternsof each eld canin uence thesubsequent
forecast.

The NoahLSM modelwithin the EDAS contains ve
soil layersrepresentinglepthsof 0-10cm, 10—40cm,
40-100cm, and 100—200cm, and a constantreseroir
temperatureat 300 cm. Soil temperaturesn the 0-10
cm modellayer are comparedwith OklahomaMesonet
obsenationsat a depthof 5 cm andsoil temperaturem
the 10—-40cm modellayer are comparedwith obsena-
tions at a depthof 30 cm. For soil moisture,the values
from theEtaanalysisn the0-10cm, 10—-40cm, and40—
100cm layersarecomparedvith obsenationsat depths
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Fi1G. 3. Pointcalculationsof daily soil temperaturéias(°C) averaged
over all of Oklahomain the 0—10cm layerfrom 0000UTC (red)and

1200UTC (blue) Eta analysessomparedwith 5-cm soil temperature
obsenrationsfrom the OklahomaMesonet.
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F1G. 4. Pointcalculationsof daily soil temperaturéias(°C) averaged
over all of Oklahomain the 10-40cm layerfrom 0000UTC (red)and

1200UTC (blue) Etaanalysexomparedvith 30-cmsoil temperature
obsenationsfrom the OklahomaMesonet.

of 5. cm, 25 cm, and 60 cm, respectiely. Thesedirect
comparisonsllow computatiornof root-mean-squarer
ror (rmse)andbias(Wilks 1995)acrosghe entire Okla-
homaMesonet.

4.1 Soiltemperature

Thereis a strongpositive soil temperaturéiasin the
0—10cmlayerfrom 0000UTC Etamodelanalysesom-
paredwith obsenationsof 5-cmsoil temperaturefrom
all OklahomaMesonetsites(Fig. 3). Twelve hourslater
at 1200 UTC, thereis a predominatelynegative bias.
Overall, the biasfor this mostshallowv soil layeris 4.1°C
(-1.0°C) and the rmseis 5.0°C (2.4°C) for 0000 UTC
(1200UTC) EtaanalysesErrorsappeareducedn mag-
nitudein the deeperl0-40cm soil layer, andthe 0000
UTC and1200UTC soil temperatur@analysesliffer only
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Fi1G. 5. Pointcalculationsof daily soil moisturebias(m m ) aver
agedover all of Oklahomain the 0-10cm layerfrom 0000UTC (red)
and1200UTC (blue) Etaanalysesomparedvith 5-cm soil moisture
obsenrationsfrom the OklahomaMesonet.
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FI1G. 6. Pointcalculationsof daily soil moisturebias(m m ) aver

agedover all of Oklahomain the 10-40cm layerfrom 0000UTC (red)
and1200UTC (blue)Etaanalysezomparedvith 25-cmsoil moisture
obsenrationsfrom the OklahomaMVesonet.

slightly (Fig. 4). Thereis a temporallycoherentattern

of errorsthroughoutheyearsuchthaterrorsof thesame
sign persistfor multi-week periods. This trendappears
to follow the morevariablepatternof daily biasesn the

uppersoil layer. Modi cations to thelandsurfacemodel

on 3 May 2005do not appeatrto affect signi cantly the

magnitudeof subsequerdoil temperaturerrors.

4.2 Soil moisture

Thereis apenasive andpersistentdry biasin boththe
0000UTC and1200UTC Etasoil moistureanalysesFor
eachday, the Oklahoma-wideaveragesoil moisturein
the0-10cm modellayerof the Etaanalysess generally
drierthantheobsenationsat’5 cm (Fig. 5). In the 10-40
cm layer, the soil moisturebiasslightly exceedszerofor
only a single0000UTC Etaanalysisandin the 40-100
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FI1G. 7. Pointcalculationsof daily soil moisturebias(m m ) aver
agedoverall of Oklahoman the40-100cm layerfrom 0000UTC (red)
and1200UTC (blue)Etaanalysexomparedvith 60-cmsoil moisture
obsenrationsfrom the OklahomaMesonet.

cm layer, the soil moisturebiasnever becomegositive
overtheperiodof study(Figs.6 and7). Overall,thebias
for eachsoil layeris mm m m ,and

m m for the0-10cm, 10-40cm, and40-100
cm Etamodellayers,respectiely. In the40-100cm Eta
modellayer, the daily averagesoil moistureerroracross
all of Oklahomareachesaslarge as 35% of the typical
rangeof soil moisturewhencomparedvith obsenations
atadepthof 60 cm.

There is notableimprovementin the analyzedsoil
moisture elds afterthechangdrom self-cycling precip-
itation to obsened precipitationassimilationon 3 May
2005. While this changereducedthe magnitudeof the
errors,andevidencesdtself asalarge discontinuityin the
biastime seriesof Figures6 and7, a strongdry biasper
sistsin the soil moisture eld.

5. DISCUSSION

Systematichiasesclearly exist in both soil tempera-
tureandsoil moisture.Positive soil temperaturerrorsin
0000UTC Etaanalysedik ely stemfrom thedocumented
excessof solarradiationduring the daytime(Zamoraet
al. 2005), while the generallynegative soil temperature
biasesn 1200UTC Etaanalysegesultfrom underesti-
mateddownwardlongwaveradiatve ux esduringnight-
time hours(Stensrudet al. 2005). Modi cations to the
land surface physicson 3 May 2005 did not mitigate
theseerrors;soiltemperatures thetopsoil layerremain
too highin the0000UTC analysesanddry soil moisture
biasescontinuein eachof thetop threesoil layers. Tests
indicatethatthesesystematitiasesn bothsoil tempera-
tureandmoisturedo notappeato bestronglydependent
uponsoil or vegetationtypesde ned in Etamodelgrid
cells.

Figure 8 shavs the EDAS soil moistureat threesoll
depthscomparedwith obsened precipitationtotalsand

obsenredsoil moistureatthe EufaulaOklahomaviesonet
site. The soil moistureerrorsin the top two modellay-
ersresultfrom bothaninappropriateesponséo rainfall
eventsandacceleratediesiccatiorof the soil compared
with obsenations, particularly in the 10—-40cm layer.
The responseo precipitationin the 40-100cm layer
appearsimited exceptafter several consecutie daysof
heavry precipitation. The new precipitationassimilation
procedureéimplementedon 3 May 2005 someavhat im-
proved soil moisture estimatesat some Mesonetsites,
thoughsystematiary biasesemainin the Etaanalyses.

An explorationof the in uence of soil heatcapacity
canhelpto addresshe effect of sucha dry biason soil
temperatures. Soil heatcapacityis a function of soil
moistureand directly affectsthe diagnosisof soil tem-
perature.Underestimatesf soil moisturesuchasthose
in Etamodelanalysesouldthereforeresultin poorly es-
timatedsoil temperaturesA simple,one-layerslabsoil
modeldrivenby OklahomaViesonebbsenationsallows
approximatecalculationf thein uence of errorsin soll
moisturealoneon soil temperature.The compositesoil
volumetricheatcapacityemployedin the slabmodelis

()

where is the soil volumetricwater content,
Jm K Jm K
and Jm K arethevolumetricheatca-

pacitiesof water soil, andair, respectiely, and isthe
soil porosity(ChenandDudhia2001). The soil porosity
dependsuponthe soil texture (Cosbyetal. 1984)deter
minedfrom soil coresat eachobsenationsite. The slab
modelpredictsthe soil temperature atadepthof 5cm
using

— )

where is the storagegroundheat ux and
cm is the depthof the slabh Sincethe obsenation fre-
queng for soil temperaturds 15 minutesand that for
soil moistureis 30 minutes theslabmodellinearly inter-
polatesthe soil moistureobsenationsto obtaina com-
pletetime seriesof dataat 15-minuteintervals. Unfor-
tunately the OklahomaMesonetsensorsio not directly
measurdhe storagegroundheat ux, andinsteadobtain
thebestpossibleestimatebasedn soil temperaturesoil
moisture andaveragesoil propertiesatselectedviesonet
sites.WhenusingEquation(2) with estimated , the
obsened volumetricwater contentvalue,and an initial
soil temperatureequalto the obsened value at 5 cm,
theslabmodelproducesoil temperaturethatslowly di-
verge from obsenations. For this reason,animproved
estimateof is calculatedby determiningthe value
of neededo producethe obsened 5-cm soil tem-
peraturegiventhe obsenedvolumetricwatercontent.
The sensitvity of the slabmodelto errorsin the vol-
umetric water contentis explored using the improved
estimatesof for each15-minuteperiod. Ground
temperaturefom modelsimulationgproducedor equal
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FIG. 8. Obseredsoil moistureat 12200UTC at Eufaula(red)at depthsof a) 5 cm, b) 25 cm, andc) 60 cm comparedvith 1200UTC Etaanalyses
(blue)in the 0-10,10-40,and40-100cm soil layers,respectiely, andobsered daily (0000UTC-0000UTC) precipitationtotals(bars).

positive andnegative volumetricwatercontentiasesare
comparedwith obsenations. While this simple model
doesnot accountfor thein uence of differing soil mois-

tureonthestoragegroundheat ux orthesurfaceenegy

balancejt representanidealizedapproacho determine
theeffectof soil moistureerrorson soil temperaturéore-

casts.

Givenobsenationsandsoil characteristicait the Wa-
tongaOklahomaMesonetsite for 72 hoursbeginning at
both0000UTC and1200UTC 20 July 2004, this simple
one-layesslabsoil modelestimateshe5-cmsoil temper
atureghatwould developif theobsened5-cmsoil mois-
ture errorwereequalto m m (Fig.9), or twice

the soil moistureerror seenin the Eta analyses.Differ-
ent initialization times show the effect of a soil mois-
ture bias on eachpart of the diurnal cycle. Resultsre-
vealthatnegative soil moisturebiasesalonemayaccount
for morethan1.6°Cincreasegdecreasesin maximum
(minimum) daily soil temperaturesPositve soil mois-
turebiasesaccounfor amoremodesteductionof about
0.9°C in the amplitudeof the diurnal soil temperature
cycle. While underestimatesf soil moisturemay con-
tributeto the signof the soil temperaturerrorsshavn in
Fig. 3, soil moisturealoneapparentlycannotaccounfor
the magnitudeof the Etaanalysiserrorsin soil tempera-
ture.
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FiG. 9. Slabsoil modeltemperaturesnitialized by a) 0000UTC and
b) 1200 UTC 5-cm soil temperatureobserations at Watongaon 20
July 2004. Soil moistureerrorsof m m (blue)and m
m  (red)yield temperatureshat differ from obsered soil tempera-
tures(black).

6. CONCLUSIONS

This investigationcomparesoil temperaturendsoil
moistureestimatesrom 40-km Eta analysesat several
differentmodellevels with obsenationsfrom the Okla-
homaMesonet. Eta analysesexhibit a systematicdry
bias at all levels. Consistentwith the resultsof Mar-
shall et al. (2003), soil temperaturesn the mostshal-
low soil layer tend to be too warm at 0000 UTC and
too coolat 1200UTC. As previous studieshave showvn,
soil temperatur@andsoil moistureestimatestronglyim-
pact forecastshy numericalweatherpredictionmodels
thatimplementsophisticatedand surfaceparameteriza-
tions. Problemswith soil elds in Eta analyseswhich
provide initial conditionsfor a variety of researchand
operationalmodeling applications,may negatively im-
pacttheresultingmodelforecastsTheseexisting biases
suggesthe strongneedfor an extensve network of soil
obsenations,in additionto atmosphericsurface obser
vations,andthenecessityfor assimilatinghoseobsenra-
tionsinto land surfaceinitializations.
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