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1. INTRODUCTION

Numericalweatherpredictionmodelsrequirean ac-
curaterepresentationof initial landsurfaceconditionsin
order to partition properly the sensibleand latent heat
�ux es that drive the evolution of the planetarybound-
ary layer. Modelsaccomplishthis exchangeof energy
betweenthe land surface and the atmospherethrough
land surfaceparameterizations(e.g.,Bhumralkar1975;
Blackadar1976;Deardorff 1978;McCumberandPielke
1981;PanandMahrt 1987;NoilhanandPlanton1989),
in which thegroundheat�ux playsa critical role in the
surfaceenergy balance.Thegroundheat�ux in turn de-
pendsheavily upon soil temperatureand soil moisture
conditions,aswell asvegetationcoverage,atmospheric
conditions,andthe physicalpropertiesof the soil. Soil
moistureprovidesakey link betweentheatmosphereand
thewaterandenergy balancesat thesurfaceof theearth
(Wei 1995; Robocket al. 2000; Leeseet al. 2001). It
in�uencestheavailablewaterfor planttranspiration,and
playsa role in themassbalancefor many forecastmod-
els. Soil thermalconductivity estimates,which facili-
tatetheproperheattransferwithin thesoil, alsostrongly
dependuponsoil moisturespeci�cations. To calculate
soil heattransfer, themostsophisticatedlandsurfacepa-
rameterizationsrequirenot only near-surfacesoil tem-
peratures,but alsotemperaturepro�les (e.g.,Viterboand
Beljaars1995; ChenandDudhia2001). Together, soil
temperatureandmoisturework in concertto directly in-
�uenceground,sensible,andlatentheat�ux esandaffect
forecastsof temperature,mixing ratio,precipitation,and
cloudcover.

Several studies have demonstratedsensitivities of
forecastsof near-surfacevariablesto soil watercontent.
An inspectionof the relationshipbetweensoil moisture
variationsandsurfaceturbulentenergy �ux esfor a vari-
etyof vegetationtypesrevealsthatenergy �ux esdisplay
moresensitivity for dry soils thanfor wet soilsandthat
sparselyvegetatedareasrequiremoreaccuratesoil mois-
tureobservationsor simulations(Dirmeyer et al. 2000).
Changesin soil moisturemodify thebalancebetweenla-
tent and sensibleheat �ux esand can in�uence surface
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temperaturesor affect turbulenttransferin theboundary
layer (McCumberandPielke 1981). For example,Pan
andMahrt(1987)coupleaone-dimensionalmodelof the
planetaryboundarylayer(TroenandMahrt1986)with a
two-layer soil hydrology model (Mahrt and Pan 1984)
and �nd that surface evaporationcan drive boundary-
layerdevelopment.

Soil moisturealsoin�uencesthedevelopmentof deep
convectiondueto thein�uence of soil moistureon latent
heat�ux esandboundarylayermoisture(ClarkandArritt
1995). Yan andAnthes(1988) investigatethe effect of
soil moisturevariationsonprecipitationpatternsby sim-
ulatingadjacentstripsof moistanddry land. They �nd
thatfor suf�ciently wide horizontalstripsunderconvec-
tively unstableconditions,the inhomogeneitiesin sur-
facemoisturelead to gradientsof groundtemperature
thateventuallyhelpproducesea-breezecirculationsand
an increasein convective rainfall. This result compli-
mentstheobservationsof Pielke andZeng(1989),who
show increasesin available buoyant energy when irri-
gatedland lies adjacentto naturalgrassland,compared
with naturalgrasslandalone. Soil moisturefurther af-
fects boundary-layercloud developmentby increasing
cloud cover for both moist anddry soils, dependingon
thestrengthof thestabilityabovetheboundarylayer(Ek
andHoltslag2004).

Numericalandobservationalstudiesof soil moisture
revealthatsoil moistureanomaliesin�uence regionalat-
mosphericconditionsover time scalesof two to three
months(Liu etal. 1993;Vinnikov etal. 1996),with vari-
ationsin temporalscalesof soil moistureattributableto
the seasonalcycle of potentialevaporation(Entin et al.
2000). After simulatingsoil moistureanomalies,there
is evidencethatsoil moistureaffectsmodelforecastsof
precipitation,atmosphericmoisture,andtemperaturefor
several weeks(Walker and Rowntree 1977; Rowntree
andBolton 1983). Modelingstudiesof soil temperature
and moistureconditionsshow that differing soil mois-
ture initializations in�uence monthly or seasonaltem-
peraturesand precipitationpatterns(Rind 1982; Betts
et al. 1996)andthat theseinitial conditionsagainpos-
sessa persistencetime scaleof monthsto seasons(Yeh
et al. 1984; Walshet al. 1985; Vinnikov andYeserke-
pova 1991;Gaoet al. 1996;Liu andAvissar1999a,b).
Monthly forecastsalso show sensitivity to initial soil
moistureconditions,displayingincreasedskill for pre-



cipitationandair temperatureforecastswith morerealis-
tic landsurfaceinitializations(Kosteretal. 2004).Other
studiesreport that soil moistureanomaliesalso affect
extremeprecipitationforecastson monthly time scales
(Beljaarset al. 1996; Viterbo andBetts1999). In sea-
sonalpredictions,FennessyandShukla(1999) investi-
gatethe role of initial soil moistureusingensemblesof
globalclimatemodelsimulationsand�nd that increases
in initial soil wetnessleadto increasedseasonalevapora-
tion, decreasedseasonalmeansurfaceair temperatures,
and generallyincreasedseasonalmeanprecipitationin
many regions.Otherauthorsassertthattheseasonalevo-
lution of theatmospherein aregionalatmosphericmodel
is dependentupon initial soil moistureand landscape
speci�cation(Pielke et al. 1999).Thus,whencompared
with soil temperature,soil moistureclearlyhasmorein-
terannualvariability andmorestrongly in�uences fore-
casts(Liu andAvissar1999a,b;Rodellet al. 2005).

While soil moistureappearsto be themostimportant
factorfor land-surfaceinitializations(Gannon1978;Mc-
CumberandPielke 1981;Smithet al. 1994),oneshould
notunderestimatetheroleof soil temperaturein theevo-
lutionof theloweratmosphere,especiallyfor short-range
forecasts.Longwave radiationlossis a function of soil
temperatureanddirectly affects the radiationbudgetat
the surface. Groundheat�ux alsois a function of soil
temperature(Brotzgeand Crawford 2003), and affects
the sensibleheat �ux, boundarylayer growth and de-
cay, turbulence,and air temperature.Clearly, forecast
modelsrequireboth accuratesoil temperatureand soil
moistureinitializations. Thoughefforts are underway
to providemoreextensivenetworksof soil moisturedata
from avarietyof remotesensinganddirectobservational
sources(Entekhabiet al. 1999;Leeseet al. 2001;Seuf-
fert et al. 2004),routinein situ observationsof soil tem-
peratureandmoisturesuitablefor dataassimilationare
currentlyunavailableover largeareasof thecontinental
UnitedStatesandtheworld.

Due to the absenceof a large observational soil-
monitoring network, many forecastmodelsimplement
complex land surfacemodelsto realistically determine
soil hydrology. TheNationalCentersfor Environmental
Prediction(NCEP)operationalEta model(Black 1994)
producesland surfaceanalysesby continuouslycycling
temperatureand moisture�elds within the Noah land
surfacemodel (LSM, Chen et al. 1996; Koren et al.
1999). In thepast,these�elds evolvedonly in response
to radiationbudgetconstraintsand modeledprecipita-
tion, but NCEPrecentlyupgradedthe self-cycling pro-
cessso that soil �elds respondinsteadto adjustedpre-
cipitation observationsfrom both radarandgaugedata
over theUnitedStates.

Many modelingefforts have usedNCEP Eta model
analysesandforecastsover thecontinentalUnitedStates
asinitial andboundaryconditionsfor a varietyof appli-
cations(e.g.,Colle et al. 2001;Bright andMullen 2002;
StensrudandWeiss2002; Westricket al. 2002; Zhen-
der 2002; Brennanet al. 2003;Chenet al. 2004;Hart

et al. 2004; Hoadley et al. 2004; Galewsky andSobel
2005; Zamoraet al. 2005; Zhong et al. 2005). The
Etamodelthereforeprovidesvery importantinitial land-
surfaceconditionsthat strongly in�uence forecastsfor
both operationalandresearchpurposes.Unfortunately,
many land surface models, including the Noah LSM,
do not captureobserved soil moisturevariationswhen
forced with atmosphericobservationsor cycled model
output (Robocket al. 2000). Marshall et al. (2003)
found a strongpositive bias in soil moisturefrom the
Eta model in comparisonto OklahomaMesonetobser-
vations,but also notedthat a changein the Eta model
initialization procedureto a continuousself-cycling ini-
tialization for soil moisturesigni�cantly mitigatedthis
bias.Marshallet al. (2003)alsoreporteda warmbiasin
soil temperaturesat a depthof 5 cm in thelateafternoon
anda cool biasin theearlymorning.On theotherhand,
Robocket al. (2003)foundgoodagreementwhencom-
paringsoil temperatureandmoistureoutputfrom amore
recentlyimplementedversionof theNoahLSM with ob-
servationsfrom theOklahomaMesonetaveragedoverall
of Oklahomaduring1998–99.

This studycomparesEtamodelanalysesof soil tem-
peratureandmoistureat 0000UTC and1200UTC with
observations from the OklahomaMesonetbetween1
March2004and1 October2005.In contrastto the�nd-
ings of Robocket al. (2003),strongbiasesin soil tem-
peratureexist, aswell asasevereunderestimationof soil
moistureatall depths.An importantdistinctionbetween
this andprevious studiesis that the resultsderive from
point comparisons,ratherthanlarge-scaleaverages.The
reasoningbehindthis decisionappearsin section4.

2. MODEL DESCRIPTION

The National Centersfor EnvironmentalPrediction
(NCEP)Etamodel(Black1994)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
thecontinentalUnitedStates.Thesystemthenusesthis
forecastas a background�eld for assimilatingsubse-
quentobservationsover this 3-h periodandproducesa
new analysisvalid at the endof the 3-h window. This
processcontinuesinde�nitely, with forecastsout to 84
hoursproducedfrom themostrecentEDAS analysisev-
erysix hours.TheEtamodelproduceseachEDAS fore-
castso that initial atmosphericand soil conditionsare
consistentwith theforecastmodelandmatchits resolu-
tion, physics,anddynamics(Rogerset al. 1996). The
absenceof a completeset of observationsof soil tem-
peratureandsoil moisturenecessitatescontinuouslyself-
cycledsoil �elds within theEDAS withoutobservational
correctionsor soil moisturenudgingtowardclimatology.
Thesesoil �elds evolveonly in responseto externalforc-
ing from modelphysicsandsurfaceforcing in the form
of precipitationandthesurfaceradiationbalancewithin
theEDAS.



Prior to a modi�cation on 16 March2004,theEDAS
assimilatedhourly precipitationdataconsistingof radar
andgaugeobservationsfrom NCEPStageII andStage
IV analyses(Fultonet al. 1998;Lin et al. 2005). These
analysesexhibit a systematicdry biaswhich,whenused
asthedriver for soil moisture,leadsto drier soil. After
an adjustmenton this date,comparisonsof thecumula-
tive 24-h precipitationfrom EDAS againstdaily gauge
analyses,in�ated by 10% to correct for catchmenter-
rors, yield a long history of net de�cits or surplusesin
precipitation.Adjustmentsto theEDAS hourly precipi-
tationinputbasedonthishistoryattemptto eliminatethe
de�cit or surplusover24hours.Adjustmentsremainlim-
ited to
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20%of thehourlyprecipitationanalysisvalues
andonly apply to grid points in the analysiswith non-
zeroprecipitation. The EDAS assimilatesthe adjusted
hourly precipitationinput andthenmodelstheprecipita-
tion �eld. Thismodeledprecipitationdrivesthelandsur-
facephysics,thoughthemodeledprecipitationdoesnot
necessarilymatchthebias-adjustedobservations(Lin et
al. 2005).

A more extensive modi�cation to the land surface
schemeoccurred on 3 May 2005 in the operational
Eta model,now termedthe North AmericanMesoscale
(NAM). Previously, theEDASwouldcreateprecipitation
duringtheassimilationprocessin regionswheretheEta
modeldid not forecastprecipitation.TherenamedNAM
DataAssimilationSystem(NDAS)nolongeradjustspre-
cipitationtotalsin locationswheretheprecipitationfrom
the NAM model is lessthanthe bias-adjustedobserva-
tions. However, the latentheatandmoisture�elds are
reducedwherethemodeledprecipitationis greaterthan
the bias-adjustedobservations. More importantly, the
NDAS drivesthe land surfacephysicsdirectly with the
bias-adjustedobservationsrather than with the NDAS
modeledprecipitation,resultingin moistersoil. Thepre-
viousversiontendedtowarda dry biasduringtheassim-
ilation becausethemodeledprecipitationdid notexactly
replicateobservedprecipitationcoverageandintensities.
This allows for a morerobustandmoreaccurateprecip-
itation assimilationthat increasessoil moisture. Addi-
tionally, thereis no longeran upperlimit for cloudwa-
ter mixing ratioswhencomputingopticaldepths,which
improvesradiationabsorption,andmodi�cations to the
cloud cover parameterizationallow for more fractional
cloudiness(DiMegoandRogers2005).

Simultaneousupgradesto the Noah LSM addressed
low-level temperatureandhumidity biases. Vegetation
andsoil databaseshave moreclasseswith higherspatial
resolution. A 1-km resolution,United StatesGeologi-
calSurvey (USGS)24-classvegetationtypedatabasere-
placedthe13-class,1-degreeresolutionsimplebiosphere
(SiB)vegetationtypes(Sellersetal. 1986).For soil char-
acteristics,the1-km resolution,16-classStateSoil Geo-
graphicDatabase(STATSGO,Miller and White 1998)
dataeclipsedthe1-km resolution,nine-classZoblersoil
types(Zobler1986).A 1-degreedatabaseof soil temper-
aturesat the lower boundaryat 300 cm depthreplaced

an old 2.5-degreesoil temperaturedatabase. In addi-
tion, modeldevelopersloweredthe leaf areaindex and
compensatedfor the effect of the new precipitationas-
similation procedureson the existing soil moisturebias
by tuning the canopy conductanceandothervegetation
parameterswithin theNoahLSM. A loweredroughness
length for heat reducesthe skin temperature,thereby
loweringthe2-m temperatureforecastsandreducingthe
warm bias,thoughthis doesnot changelatentor sensi-
bleheat�ux essigni�cantly. Overall,thesemodi�cations
reducedrying trendsandincreasethelow-level moisture
(DiMegoandRogers2005).

3. DATA

The OklahomaMesonetis an integratednetwork of
116 automatedsurfaceobservingstations,with at least
onesite in eachof Oklahoma's seventy-seven counties.
Eachsitemeasuresatmosphericvariablesevery� vemin-
utesandsoil temperatureat a depthof 10 cm every 15
minutesunderbothbaresoil andnativevegetation.Most
of the sitesalsomeasuresoil temperatureat a depthof
5 cm underboth baresoil andnative vegetationandat
a depthof 30 cm undernative vegetation. Many Okla-
homaMesonetsitesalsoreportsoil moistureatdepthsof
5, 25, 60, and75 cm. All datafall subjectto rigorous
qualityassuranceproceduresto ensuretheproductionof
reliable, research-qualitydata(Shaferet al. 2000). A
completedescriptionof theOklahomaMesonet,includ-
ing sensorspeci�cations,appearsin Brocket al. (1995),
while BasaraandCrawford (2000)discussthesoil mois-
tureinstrumentation.

4. COMPARISON WITH OBSERVATIONS

Gridded40-km Eta model analysesof soil tempera-
tureandmoistureat 0000UTC and1200UTC werebi-
linearly interpolatedto OklahomaMesonetobservation
sitesallowing for direct model veri�cation. While Eta
model soil analysesare available at the presentoper-
ational grid spacingof 12 km, researchersseldomuse
theseanalysesfor initializing forecastmodels.Compar-
isonsspantheperiodfrom 1 March2004through1 Oc-
tober2005. This periodis suf�cient to characterizethe
performanceof theEDAS soil temperatureandmoisture
schemesboth beforeandafter the changefrom contin-
uouslyself-cycling modeledprecipitationandradiation
to assimilationof precipitationobservationson 3 May
2005.

Pointmeasurementsof soil temperatureandmoisture
are not asspatially representative as atmosphericmea-
surements,primarily due to spatial heterogeneitiesin
vegetationcoverageandsoil types(Marshalletal. 2003;
BrotzgeandCrawford 2003).For thisreason,spatialand
temporalaveragingof observationsreducessmall-scale
noiseandenablesmodelvalidationandintercomparisons
(e.g.,Marshallet al. 2003;Robocket al. 2003). How-



FIG. 1. Soil temperature(K) at 0000UTC 15 July 2005from a) Ok-
lahomaMesonetobservationsat a depthof 5-cmundersodandb) the
0–10cm soil layerof the0000UTC Etaanalysis.

ever, interpolatingobservationsto a model grid yields
comparisonsthat arepartly a function of the interpola-
tion schemeratherthantheunderlyingobservations.An
analysisschemecannotaccountfor small spatialvaria-
tionsin theobservationsandthusanalyzedandobserved
valuesmay differ considerably(Schlatter1975). More-
over, individual observation points,andnot arealaver-
ages,providetheraw datafor objectiveanalysisschemes
that producegriddedinitial conditionsfor models. It is
thereforeimportantto correctlyestimatepoint valuesof
soil temperatureandsoil moisturein the Eta modelso
that thesevaluescan provide meaningfulinitial condi-
tionsfor othernumericalmodelswith differentgridsizes.
The choiceto analyzepoint comparisonsin this study
ratherthaninterpolatetheobservationsto themodelgrid
permitsabulk characterizationof themodelperformance
overall of Oklahomawithout introducingerrorsthrough
large-scalespatialaveraging.

Thoughcomparisonsbetweenthe Eta modelandob-
servationsonly include point measurements,Figures1
and 2 provide informative visualizationsof the geo-

FIG. 2. Soil moisture(m� m ��� ) at 0000UTC 15 July 2005from a)
OklahomaMesonetobservationsatadepthof 5-cmandb) the0–10cm
soil layerof the0000UTC Etaanalysis.

graphicvariability of OklahomaMesonet5-cmsoil tem-
peratureand moistureobservationscomparedwith Eta
model 0–10 cm soil temperatureand moistureanaly-
ses for a representative summerday. The Oklahoma
Mesonetobservationsareinterpolatedto a3-kmhorizon-
tal grid usinga two-passBarnesanalysis(Barnes1973).
The Eta analyses,shown hereinterpolatedto the same
3-km horizontalgrid, displaya cool anddry biastypical
of many 1200UTC analyses.In addition,thedifferences
in thepatternsof each�eld canin�uence thesubsequent
forecast.

TheNoahLSM modelwithin theEDAS contains� ve
soil layersrepresentingdepthsof 0–10cm, 10–40cm,
40–100cm, and100–200cm, anda constantreservoir
temperatureat 300 cm. Soil temperaturesin the 0–10
cm model layer arecomparedwith OklahomaMesonet
observationsat a depthof 5 cm andsoil temperaturesin
the 10–40cm model layer arecomparedwith observa-
tionsat a depthof 30 cm. For soil moisture,thevalues
from theEtaanalysisin the0–10cm,10–40cm,and40–
100cm layersarecomparedwith observationsat depths
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FIG. 3. Pointcalculationsof daily soil temperaturebias(°C) averaged
over all of Oklahomain the0–10cm layer from 0000UTC (red)and
1200UTC (blue) Eta analysescomparedwith 5-cm soil temperature
observationsfrom theOklahomaMesonet.
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FIG. 4. Pointcalculationsof daily soil temperaturebias(°C) averaged
over all of Oklahomain the10–40cm layerfrom 0000UTC (red)and
1200UTC (blue)Etaanalysescomparedwith 30-cmsoil temperature
observationsfrom theOklahomaMesonet.

of 5 cm, 25 cm, and60 cm, respectively. Thesedirect
comparisonsallow computationof root-mean-squareer-
ror (rmse)andbias(Wilks 1995)acrosstheentireOkla-
homaMesonet.

4.1 Soil temperature

Thereis a strongpositive soil temperaturebiasin the
0–10cmlayerfrom 0000UTC Etamodelanalysescom-
paredwith observationsof 5-cmsoil temperaturesfrom
all OklahomaMesonetsites(Fig. 3). Twelve hourslater
at 1200 UTC, there is a predominatelynegative bias.
Overall, thebiasfor thismostshallow soil layeris 4.1°C
(-1.0°C) and the rmseis 5.0°C (2.4°C) for 0000 UTC
(1200UTC) Etaanalyses.Errorsappearreducedin mag-
nitudein the deeper10–40cm soil layer, andthe 0000
UTCand1200UTC soil temperatureanalysesdifferonly
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FIG. 5. Pointcalculationsof daily soil moisturebias(m
�
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) aver-
agedover all of Oklahomain the0–10cm layerfrom 0000UTC (red)
and1200UTC (blue)Etaanalysescomparedwith 5-cmsoil moisture
observationsfrom theOklahomaMesonet.
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FIG. 6. Pointcalculationsof daily soil moisturebias(m
�

m
���

) aver-
agedoverall of Oklahomain the10–40cmlayerfrom 0000UTC (red)
and1200UTC (blue)Etaanalysescomparedwith 25-cmsoil moisture
observationsfrom theOklahomaMesonet.

slightly (Fig. 4). Thereis a temporallycoherentpattern
of errorsthroughouttheyearsuchthaterrorsof thesame
sign persistfor multi-weekperiods. This trendappears
to follow themorevariablepatternof daily biasesin the
uppersoil layer. Modi�cations to thelandsurfacemodel
on 3 May 2005do not appearto affect signi�cantly the
magnitudeof subsequentsoil temperatureerrors.

4.2 Soil moisture

Thereis apervasiveandpersistentdry biasin boththe
0000UTCand1200UTCEtasoilmoistureanalyses.For
eachday, the Oklahoma-wideaveragesoil moisturein
the0–10cmmodellayerof theEtaanalysesis generally
drier thantheobservationsat5 cm(Fig. 5). In the10–40
cm layer, thesoil moisturebiasslightly exceedszerofor
only a single0000UTC Etaanalysisandin the40–100



                   
Date

-0.10

-0.05

0.00

B
ia

s 
(m

3  m
-3
)

MAR
04

APR
04

MAY
04

JUN
04

JUL
04

AUG
04

SEP
04

OCT
04

NOV
04

DEC
04

JAN
05

FEB
05

MAR
05

APR
05

MAY
05

JUN
05

JUL
05

AUG
05

SEP
05

FIG. 7. Pointcalculationsof daily soil moisturebias(m
�
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) aver-
agedoverall of Oklahomain the40–100cmlayerfrom0000UTC (red)
and1200UTC (blue)Etaanalysescomparedwith 60-cmsoil moisture
observationsfrom theOklahomaMesonet.

cm layer, the soil moisturebiasnever becomespositive
over theperiodof study(Figs.6 and7). Overall,thebias
for eachsoil layeris �

��� ���
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for the0–10cm,10–40cm,and40–100
cmEtamodellayers,respectively. In the40–100cmEta
modellayer, thedaily averagesoil moistureerroracross
all of Oklahomareachesaslarge as35% of the typical
rangeof soil moisturewhencomparedwith observations
at adepthof 60cm.

There is notable improvement in the analyzedsoil
moisture�elds afterthechangefrom self-cycling precip-
itation to observed precipitationassimilationon 3 May
2005. While this changereducedthe magnitudeof the
errors,andevidencesitself asa largediscontinuityin the
biastimeseriesof Figures6 and7, astrongdry biasper-
sistsin thesoil moisture�eld.

5. DISCUSSION

Systematicbiasesclearly exist in both soil tempera-
tureandsoil moisture.Positivesoil temperatureerrorsin
0000UTC Etaanalyseslikely stemfrom thedocumented
excessof solarradiationduring thedaytime(Zamoraet
al. 2005),while thegenerallynegative soil temperature
biasesin 1200UTC Eta analysesresultfrom underesti-
mateddownwardlongwaveradiative�ux esduringnight-
time hours(Stensrudet al. 2005). Modi�cations to the
land surfacephysicson 3 May 2005 did not mitigate
theseerrors;soil temperaturesin thetopsoil layerremain
toohigh in the0000UTC analysesanddry soil moisture
biasescontinuein eachof thetop threesoil layers.Tests
indicatethatthesesystematicbiasesin bothsoil tempera-
tureandmoisturedonotappearto bestronglydependent
uponsoil or vegetationtypesde�ned in Eta modelgrid
cells.

Figure8 shows the EDAS soil moistureat threesoil
depthscomparedwith observed precipitationtotalsand

observedsoilmoistureattheEufaulaOklahomaMesonet
site. The soil moistureerrorsin the top two modellay-
ersresultfrom bothaninappropriateresponseto rainfall
eventsandaccelerateddesiccationof the soil compared
with observations,particularly in the 10–40cm layer.
The responseto precipitationin the 40–100cm layer
appearslimited exceptafterseveral consecutive daysof
heavy precipitation. The new precipitationassimilation
procedureimplementedon 3 May 2005 somewhat im-
proved soil moistureestimatesat someMesonetsites,
thoughsystematicdry biasesremainin theEtaanalyses.

An explorationof the in�uence of soil heatcapacity
canhelp to addresstheeffect of sucha dry biason soil
temperatures.Soil heat capacityis a function of soil
moistureanddirectly affects the diagnosisof soil tem-
perature.Underestimatesof soil moisturesuchasthose
in Etamodelanalysescouldthereforeresultin poorlyes-
timatedsoil temperatures.A simple,one-layerslabsoil
modeldrivenby OklahomaMesonetobservationsallows
approximatecalculationsof thein�uenceof errorsin soil
moisturealoneon soil temperature.The compositesoil
volumetricheatcapacityemployedin theslabmodelis
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is the
soil porosity(ChenandDudhia2001).Thesoil porosity
dependsuponthesoil texture(Cosbyet al. 1984)deter-
minedfrom soil coresat eachobservationsite. Theslab
modelpredictsthesoil temperature@ at a depthof 5 cm
using
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cm is the depthof the slab. Sincethe observation fre-
quency for soil temperatureis 15 minutesand that for
soil moistureis 30minutes,theslabmodellinearly inter-
polatesthe soil moistureobservationsto obtaina com-
pletetime seriesof dataat 15-minuteintervals. Unfor-
tunately, theOklahomaMesonetsensorsdo not directly
measurethestoragegroundheat�ux, andinsteadobtain
thebestpossibleestimatebasedonsoil temperature,soil
moisture,andaveragesoil propertiesatselectedMesonet
sites.WhenusingEquation(2) with estimated

G
H

J

, the
observed volumetricwatercontentvalue,andan initial
soil temperatureequal to the observed value at 5 cm,
theslabmodelproducessoil temperaturesthatslowly di-
verge from observations. For this reason,an improved
estimateof

GIHKJ

is calculatedby determiningthe value
of

G
H

J

neededto producetheobserved5-cmsoil tem-
perature,giventheobservedvolumetricwatercontent.

The sensitivity of theslabmodelto errorsin thevol-
umetric water contentis explored using the improved
estimatesof

GIHKJ

for each15-minuteperiod. Ground
temperaturesfrom modelsimulationsproducedfor equal
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FIG. 8. Observedsoil moistureat 1200UTC at Eufaula(red)at depthsof a) 5 cm,b) 25 cm,andc) 60 cm comparedwith 1200UTC Etaanalyses
(blue)in the0–10,10–40,and40–100cm soil layers,respectively, andobserveddaily (0000UTC–0000UTC) precipitationtotals(bars).

positiveandnegativevolumetricwatercontentbiasesare
comparedwith observations. While this simple model
doesnotaccountfor thein�uence of differingsoil mois-
tureonthestoragegroundheat�ux or thesurfaceenergy
balance,it representsanidealizedapproachto determine
theeffectof soil moistureerrorsonsoil temperaturefore-
casts.

Givenobservationsandsoil characteristicsat theWa-
tongaOklahomaMesonetsite for 72 hoursbeginningat
both0000UTC and1200UTC 20July2004,thissimple
one-layerslabsoil modelestimatesthe5-cmsoil temper-
aturesthatwoulddevelopif theobserved5-cmsoil mois-
tureerrorwereequalto

�
���

 

m
�

m
���

(Fig. 9), or twice

thesoil moistureerror seenin theEta analyses.Differ-
ent initialization times show the effect of a soil mois-
ture biason eachpart of the diurnal cycle. Resultsre-
vealthatnegativesoil moisturebiasesalonemayaccount
for morethan1.6°C increases(decreases)in maximum
(minimum) daily soil temperatures.Positive soil mois-
turebiasesaccountfor amoremodestreductionof about
0.9°C in the amplitudeof the diurnal soil temperature
cycle. While underestimatesof soil moisturemay con-
tributeto thesignof thesoil temperatureerrorsshown in
Fig. 3, soil moisturealoneapparentlycannotaccountfor
themagnitudeof theEtaanalysiserrorsin soil tempera-
ture.
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FIG. 9. Slabsoil modeltemperaturesinitialized by a) 0000UTC and
b) 1200 UTC 5-cm soil temperatureobservationsat Watongaon 20
July 2004.Soil moistureerrorsof ������� m � m ��� (blue)and ������� m�

m � � (red) yield temperaturesthat differ from observed soil tempera-
tures(black).

6. CONCLUSIONS

This investigationcomparessoil temperatureandsoil
moistureestimatesfrom 40-km Eta analysesat several
differentmodellevelswith observationsfrom theOkla-
homaMesonet. Eta analysesexhibit a systematicdry
bias at all levels. Consistentwith the resultsof Mar-
shall et al. (2003),soil temperaturesin the most shal-
low soil layer tend to be too warm at 0000 UTC and
too cool at 1200UTC. As previousstudieshave shown,
soil temperatureandsoil moistureestimatesstronglyim-
pact forecastsby numericalweatherpredictionmodels
that implementsophisticatedlandsurfaceparameteriza-
tions. Problemswith soil �elds in Eta analyses,which
provide initial conditionsfor a variety of researchand
operationalmodelingapplications,may negatively im-
pacttheresultingmodelforecasts.Theseexistingbiases
suggestthestrongneedfor anextensive network of soil
observations,in addition to atmosphericsurfaceobser-
vations,andthenecessityfor assimilatingthoseobserva-
tionsinto landsurfaceinitializations.
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