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RESUMEN

El usodemicroondaspasivasenbandaL (1.4 GHz) permiteobtenerla humedaddel suelocerca
de la superficiedesdesat́elite a escalaglobal. La humedaddel sueloafectafuertementea las
propiedadesdieléctricasdel sueloenestabandadelespectroy por tantoa la temperaturadebrillo
de la superficie.Los estudiosactualessehallanenfasedeperfeccionamientode los modelosde
simulacíon de la temperaturade brillo de la superficieconsiderandocondicionesespećıficasde
rugosidad,tipo de vegetacíon y geometŕıa de la observación. La campãnaaerotransportadaEu-
roSTARRSdela AgenciaEspacialEuropeatienecomoobjetivo aportardatosexperimentalespara
el desarrolloy mejoradeestosmodelos.Enestacomunicacíonseofreceunaintroduccíonteórica
al fundamentodela mediday algunosresultadospreliminaresdela campãnaEuroSTARRS-2001.

Palabras clave: humedaddel suelo,radiometŕıademicroondaspasivas,SMOS.

ABSTRACT

Passivemicrowavesat L-band(1.4GHz)canbeusedto estimatenearsurfacesoil moisture from
satellitesat a global scale. Soil moisture affectsvery strongly surfacedielectric propertiesat
this frequencyand thussurfacebrightnesstemperature. Current studiesare focusedon the im-
provementof surfaceemissivitymodelsfor specificconditionsregarding surfaceroughness,type
of vegetation cover and geometryof observation. The airborne-basedcampaignEuroSTARRS
fromtheEuropeanSpaceAgencywill provideexperimentaldata to supportthedevelopmentand
improvementof thesemodels. The basisof microwavesfor surfacesoil moisture estimationis
presentedin thiscommunication,togetherwith somepreliminaryresultsof theEuroSTARRS-2001
campaign.

Key words: soil moisture, passivemicrowaveradiometry, SMOS.

1. INTRODUCTION

Soil moistureis known to bea crucialparameterin climatologyandmeteorology, but up to date
thereis no way to obtainglobalandregularmeasurementsof this propertyat a globalscale.At-
mosphericglobalcirculationmodels(GCMs)describeland-surfaceinterfaceprocessesby means
of soil-vegetation-atmospheretransfermodels(SVAT), wherefluxesbetweenthetwo systemsare
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modelled. Terrestrialfluxesare highly dependenton soil moisturefrom a soil layer spreading
from thesurfaceto theroots.Shouldit bepossibleto obtainlargeseriesof soil moisturedata,then
surface-atmosphereparameterisationswould besignificantlyimproved,thusresultingin a better
representationof massandenergy fluxesdriving atmosphericdynamics. Moreover, soil mois-
tureaffectsnot only verticalfluxes,but alsohorizontalfluxes(run-off), so importantfor coupled
ocean-atmosphere-landmodels,wherefresh-watersupplyfrom continentsto oceansis important
to describetheoceanicthermohalinecirculation.

Microwaveradiometrycontemplatesmany applicationsin remotesensing,usuallylow- resolution
applicationsfor globalscalestudies.Microwavespresentsomeadvantagesfor earthobservation
sincethey show verylittle attenuationby theatmosphere,clouds,rain,calima,etc.,thereforebeing
very usefulfor the observationof equatorialandmid- latituderegions. At this wavelength,it is
alsofeasibleto acquireinformationoverdenselyvegetatedareas,wheremicrowavescanpenetrate.
Main applicationsof microwavesare relatedto hydrology, agriculture,andmeteorologywhere
watervapour, temperatureandoxygenconcentrationcanbemeasuredfrom satellitesoperatingat
this band. Oceanographersdo alsomake useof microwavesto monitor ice layers,streamsand
surfacewindsamongothers.

Oneof themaininterestsof currentmicrowaveradiometryfocuseson thedevelopmentof models
andtechniquesto measuresoil moisturefrom spaceusingL-bandmicrowave radiometry(0.390-
1.550GHz). A radiometercan register the radiationemittedby the surfaceat that wavelength
andthis informationcanbe relatedto thesurfacebrightnesstemperature,definedastheproduct
betweenthe surfacephysical temperatureand its emissivity, that is variablefor every surface,
observationangleandfrequency. Brightnesstemperaturecanberelatedto anotherimportantmag-
nitudethatcharacterisesthesurface: its dielectricconstant.Thedielectricconstantof a material
providesa descriptionof theeasinesswith which moleculescanbepolarisedwithin thematerial,
thatis, to whatextentdoesmoleculesorientationchangewithin thematerialwhenanelectricfield
is applied.As regardswater(polarmolecule),moleculestendto exhibit a very strongresponseto
electricfieldsat L-band,resultingin a rotationof watermoleculesin thedirectionof theelectric
field. Thehighpotentialof microwaveradiometryto estimatesoil moisturestandsout from there.
Dielectricconstantat1.4GHz is veryhigh for freewater, ( � 80);avalueof 3 or 4 is foundfor dry
soils,whereasthedielectricconstantcanreacha valueof about20 for wet soils (SCHMUGGE,
1998).As a result,by measuringthedielectricconstantwe shouldbeableto geta goodindicator
of nearsurfacesoil moisture.

However, goodretrieval of soil moisturefrom brightnesstemperatureis difficult to achieve. On
theonehand,it is necessaryto evaluatetheinfluenceof variabletopographyonsurfacebrightness
temperatureat the satellitescale,asnon-smoothsurfacesincreasethe microwave signal. More-
over, vegetationinfluencesthe signalfrom the soil in a differentway, dependingon the type of
vegetation,density, polarisationandobservationangle.

Although the scientificbasisof L-bandpassive microwave radiometryhasbeenprovedfor bare
soils(WANG et al., 1981,JACKSON,1993)andcertaintypesof crops(MO et al., 1982),further
developmentis requiredfor othervegetationcanopiesandscenes,mainlyforestsandnaturalmixed
vegetation.
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TheEuropeanSpaceAgency is carryingout a spacemissionbasedon L-bandpassive microwave
technologyfor soil moisturemonitoringfrom space(SMOS:Soil Moisture andOceanSalinity).
The satellitewill be operationalaroundyear2006. Currentstateof the missionincludesalgo-
rithm developmentandfield campaignsto provide datafor testingandsupportingthe retrieval
algorithms.

The EuroSTARRS-2001campaignwasconductedin Novemberof 2001in several sitesaround
Europe.An L-bandradiometer(STARRS,SurfaceTemperature andRoughnessRemoteScanner,
NavalResearchLaboratory, U.S.A)wasplacedonboardanaircraftto obtainmeasurementsof sur-
faceemissionatdifferentaltitudes.Themaininterestof thecampaignwasto obtainmeasurements
over forestsandnaturalvegetationwherethereis lack of datato get rid of the vegetationwater
contentwhichis aperturbingeffectwhenretrieving soil moisture.Aircraft measurements,accom-
paniedby denseground-datacollection,wereperformedat Les LandesForest(nearBordeaux,
France),Agre Forest(nearToulouse)andValenciaSite (Utiel-Requenaplateau,nearValencia,
Spain)to fulfil this requirement.In orderto assesstheeffect of topographyin surfaceemission,
the transit flight from Franceto Spainthroughthe Pyreneestogetherwith somesamplingsites
suchastheValenciaSite(undulatedterrain)wereselectedfor thestudy. Otherissuessuchasthe
influenceof urbanareason the microwave signal(Toulouseurbanarea)andthe effect of mixed
vegetationon surfaceemissionwerealsoevaluated.

2. PHYSICAL BASIS FOR REMOTE SENSING OF SOIL MOISTURE

Microwaveremotesensingrefersto theregionof theelectromagneticspectrumrangingfrom 500
GHz(15mm)to 500MHz (1.5m).Within this regionwecandistinguishseveralbandshistorically
labelledwith lettersas follows: L-band(0.390-1.550GHz), S (1.550-4.20),C-band(4.20-5.75
GHz),X (5.75-10.90),etc.

Microwavespresentsomeadvantagesfor surfacemonitoringfrom spacewhich otherregionsof
thespectrumlackof. Moreprecisely:

� microwavesshow little attenuationby the atmosphere,beingequallyusefulundercloudy
andrainy conditions.

� illumination is not required,thereforeallowing dayandnight observation.

� microwavescanpenetratevegetationin mostcasesreachingthesurface.

� dielectricpropertiesat microwave frequencies(especiallybelow 6 GHz) arevery sensitive
to watercontent.

� L-bandgathersoptimalpropertiesfor soil moisturemonitoring.

Emissionfrom thesurfacecanbeapproximatedby theRayleigh-Jeansfunction(Planck’s law for
low frequency), whichcanbeexpressedasfollows:

B
�
θ � φ � ν � 2ν2KTb

�
θ � φ �

c2 (1)
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whereB
�
θ � φ � representsradiometrictemperature(W �m � 2 � sr� 1 �Hz� 1), ν is frequency (Hz), K is

theBoltzmann’sconstantandTb refersto thebrightnesstemperatureof thesurface.Thebrightness
temperatureTb definesthetemperatureof a bodywhoseemissioncorrespondsto theemissionof
a blackbodyat temperatureTb. Brightnesstemperatureandphysicaltemperature,T, arerelated
throughemissivity, ε

�
θ � φ � , asfollows:

Tb � ε
�
θ � φ � T (2)

Brightnesstemperaturefor vegetatedsurfacescanbeexpressedin termsof differentcontributions
to the signal: surfaceemission,vegetationemission,andatmosphericemission. The approach
followed in this studyconsiders3 basiclayers,onecorrespondingto the atmosphere,anotheris
a singlevegetationlayerandthe lastoneis thesoil layer; moreover, reflectionat thevegetation-
atmosphereinterfaceis neglected,singlescatteringalbedofor thevegetationis assumed(multiple
reflectionswithin thevegetationlayerarenot accountedfor), aswell asuniform vegetationtem-
perature,and a simple atmosphericmodel basedon latitude, seasonand water vapourcontent
(WIGNERON et al., 1995,2000). A solutionof the radiative transferequationswith thesehy-
pothesesproducesthe following equationdescribingthe surfaceemissionasseenfrom a sensor
abovethecanopy:

Tb
�
θ � p� � Tatm �
	

�
1 � Γsoil � Tsoilγ 	 Tveg

�
1 � ω � � 1 � γ � 	 Tveg

�
1 � ω � � 1 � γ � Γsoilγ 	 TskyΓsoilγ2 (3)

whereTatm � accountsfor directatmosphericemission,Tveg correspondsto thevegetationcanopy
temperature,Tsoil definesthesoil effective temperature(dependenton soil moisturecontent,tem-
peratureandfrequency), ω definesthevegetationsinglescatteringalbedo,Γsoil correspondsto the
soil reflectivity (dependenton soil moisture),γ refersto thetransmisivity of thevegetationlayer,
andTsky includesthe atmosphericandspacemicrowave signal. Dependenceon polarisation,p,
andangle,θ, is dueto thevegetationgeometryandobservationangle.

Vegetationtransmisivity canberelatedto vegetationopticaldepth,τ, alsodependenton polarisa-
tion andangle.Althoughthis relationhasbeenstudiedfor crops(WIGNERON et al., 1996),few
studieshavebeenconductedto determineit for forestsandscrubland.

The relationshipbetweenbrightnesstemperatureandsoil moisturemainly holdson the soil re-
flectivity parameterin Eq. (3). Reflectivity within two mediacanbe expressedin termsof their
refractive indexes,or equivalently in termsof their dielectricconstant. The dielectricconstant
providesa measurementof the polarisabilityof moleculesin a materialwhenanelectricfield is
applied;the higher this valueis, the easiermolecules(dipoles)canbe orientedin the direction
of the electricfield. The following tableshows someexamplesof the dielectricconstant,κ, for
severalmaterialsat microwavefrequencies.

As a result,an accuratemodelof surfacebrightnesstemperaturecanbe usedto obtainsurface
emissivity andretrieve thedielectricconstantfrom it. Thehigh differenceamongstthedielectric
constantvaluesfor dry andwetsoilsis thebasisfor soil moisturemicrowaveremotesensing.

Modelsfor the dielectricbehaviour of soils vary accordingto surfacecharacteristics–dry sand,
ice,wet soil–. In this study, theDobsondielectricmixing model(DOBSONet al., 1985)is used.
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Table1: Dielectricconstant,reflectivity andemissivity for severalmaterials.(Modifiedfrom VAN
DE GRIEND,1995).

Freq.(Hz) κ real κ imaginary κ module Reflectivity Emissivity
Freewater20oC 1 GHz 80 4.5 80.1 0.64 0.36
Dry soil 1.4GHz 2.8 ¡?0 2.8 0.06 0.94
Wet soil 1.4GHz 19.6 4.8 20.2 0.40 0.60
Ice 1 GHz 5 0.5 5.02 0.15 0.85
Granite 10 GHz 4.4 0.3 4.4 0.13 0.87
Limestone 14 GHz 8.4 0.03 8.4 0.24 0.76

Themodelconsidersdifferent’particles’with differentdielectricbehaviour asto produceonesoil
dielectric constantvalue. Theseparticlesare free water, boundedwater, air and soil particles.
A characterisationof the soil type is thereforerequiredto determinethe soil dielectricconstant.
Othermodelsarerequiredfor dry sandysoils(MÄTZLER, 1998) or ice(HALLIKAINEN, 1985).

3. CURRENT STATUS OF SOIL MOISTURE RETRIEVAL ALGORITHMS

A goodparameterisationof all termsin equation(3) is requiredto obtainsoil moisturewith the
requiredaccuracy for the SMOSmission(0.04 cm3/cm3) (WIGNERON et al., 2000,KERR et
al., 2001). Actually, it hasbeenproved that having several configurationsfor the observation
(angle,polarisation),it is possibleto invertequation(3) andretrievesimultaneouslysoil moisture,
surfacetemperatureandbiomass(WIGNERON et al. 1995,2000). The lattervariableis related
to transmisivity asfollows:

γ � e� τ � cosθ and τ � bWc (4)

whereWc representsthevegetationwatercontentandb is a parameter(alsodependenton angle
andpolarisation)relatingvegetationopticaldepthto watercontent.

However, someissuesstill needto bestudiedto achieve satisfactoryresultsin the inversionpro-
cess. On one hand, the influenceof vegetationon soil moistureretrieval needsfurther study.
Dependency of the vegetationoptical depthwith observation configurationis not known for all
canopy typesandthisis akey parameterisationrequiredfor theinversionprocess.OncetheSMOS
satellitemissionis operational,a surfaceareawill beobservedwith differentanglesandpolarisa-
tion; therefore,it will benecessaryto includethedependenceof vegetationopticaldepthon the
observationconfigurationto usemulti-angularbi-polarisationbrightnesstemperatureto retrieve
soil moisture.

Otherfactorsthatareunderinvestigationarerelatedto theeffectof topographyon themicrowave
signal(NJOKU y ENTEKHABI, 1996;KERR et al., 2001). Roughnessincreasesemissivity as
comparedto smoothsurfaces(WANG et al., 1981),but this effect is not fully known at satellite
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scale.Moreover, how mixedcoverswithin thesamefootprint will influencetheemissivity needs
still to beevaluated.

4. THE EUROSTARRS CAMPAIGN TO PROVIDE DATA FOR ALGORITHM DEVEL-
OPMENT

In orderto providedatato addresstheissuesstatedabove,theEuropeanSpaceAgency fundedan
experimentalairbornecampaignin supportof theSMOSMissionandfocussingon thefollowing
scientificrequirements:

� Analysisof L-bandemissivity modelsover forests.

� Analysisof theeffectsof mixedvegetationcoverson themicrowavesignal.

� Analysisof theeffectsof topographyon thesignal.

� UrbanandRFI impacteffectson thesignal.

EuroSTARRS-2001involved airborne-basedacquisitionsof the surfacebrightnesstemperature
over severalsitescoveringtherequirementsjust mentioned.A summaryof themain interestand
typeof activity in every region is outlinedin table2.

5. PRELIMINARY RESULTS OF THE EUROSTARRS-2001 CAMPAIGN

Initial processingof theEuroSTARRS-2001dataacquiredoverall sitesshowssatisfactoryresults
of thecampaignperformance.

The sensitivity of brightnesstemperatureto soil moisturecontentcanbe observed in Fig. 1-4.
showing the transectsover all the studyareas. Figure 5 shows the multi-angularemissivity of
baresoil obtainedby STARRS at Les Landesforestand the simulatedemissivity for the same
conditions.AlthoughtheSTARRSradiometeris expectedto berecalibratedafter reportingpos-
sible maladjustmentsin two antennas-mainly on the near-nadir one(5o)-, minor modifications
areexpectedfor therestof them.Experimentaldatacorrespondto theemissivity of severalplots
of baresoil; dispersionin datais mainly dueto the variability of texture andsurfaceroughness
in differentpatches.This effect is largerastheobservationangleincreases,sincetheradiometer
integratesinformationover largerareas.A preliminarysimulationof emissivity seemsto fit rather
satisfactorily to experimentaldata.

Over naturalvegetation(ValenciaSite), a similar plot providesacceptablevaluesassuminguni-
form vegetationoptical depthand using best-fittingvaluesof the vegetationsingle scattering
albedoandoptical depth(Fig. 6). Theseresults,however, needto be normalisedto reducethe
effectof surfacetemperatureonbrightnesstemperature.Surfaceroughnessfor thesimulationwas
obtainedfrom STARRS dataover an adjacentbaresoil field. Anotherexamplecanbe seenin
Fig. 7, whereresultsover orchard(olive trees)fields areshown. Firstly, brightnesstemperature
valuesareslightly higherin this case.On theonehand,surfaceroughnessis largerthanin Fig. 6,
soilsaredrier andthepercentageof vegetationcover is smaller, thusresultingin highervaluesof
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Table2: Descriptionof sitesinvolvedin theEuroSTARRS-2001campaignfrom ESA.

SITE DESCRIP- MAIN TYPE OF EXPECTED OUTCOME
TION INTEREST ACTIVITIES

Les Lan-
des Forest
(South-
West
France)

Coniferousfor-
est, distribution
of plots with
different ages,
flat region

Study of forest
emissivity, infor-
mation retrieval of
forest characteris-
tics

Low altitude flights
(300m above surface),
multi- angular observa-
tions over samepatches
+ groundsampling

Assessmentof the influenceof densevege-
tation on soil moistureretrieval algorithms,
parameterisationof vegetationopticaldepth
with observation configurationfor conifer-
oustrees.

Agre For-
est (near
Toulouse,
France)

Deciduous for-
est,flat region

Study of forest
emissivity, infor-
mation retrieval of
forest characteris-
tics

Low altitude flights
(300m above surface),
multi- angular observa-
tions over samepatches
+ groundsampling

Assessmentof the influenceof densevege-
tation on soil moistureretrieval algorithms,
parameterisationof vegetationopticaldepth
with observationanglesoveramixedareaof
deciduousvegetation(mainly oaktrees)and
someconiferoustrees

Valencia
Site (near
Valencia,
Spain)

Mediterranean
shrubs, pine
trees, olive
trees. Undu-
latedterrain

Study of the emis-
sivity of orchards
and Mediterranean
natural vegetation,
mixed vegetation,
and undulated
terrain

Low altitude (600 m
above surface)and high
altitude (1800 m above
surface) flights, multi-
angular observations
over same patches +
groundsampling

Parameterisationof vegetationopticaldepth
with observation angleover Mediterranean
vegetation, impact of heterogeneouscover
on simulated brightness temperatureand
retrieved soil moisture, impact of surface
roughnesson soil moisture retrieval algo-
rithms

Pyrenees
(transit
flight
France to
Spain)

Abrupt topog-
raphy; different
surfacecover

Study of the emis-
sivity of surface
over very irregular
topographyareas

Variable altitude flight
over the chainof moun-
tains

Effect of irregular topographyon retrieved
soil moisture

Toulouse
urbanarea

Urban environ-
ment

Study of L-band
emissivity over ur-
banareas

Low altitudesingleflight
over thecity of Toulouse

Impactof urbannucleionthefrequency used
for thesoil moisturestudy

brightnesstemperature.Simulatedbrightnesstemperature,however, differsmorein thisparticular
case. Actually, this might be due to a strongereffect of topographiceffects,and to a stronger
influenceof thevegetationgeometry–lesshomogeneousthanin Fig. 6– on themicrowavesignal.

Moreover, brightnesstemperatureappearsto bemoresensitive to anglevariationsfor shrubsthan
it is for orchards.Thereflectivity parameterΓsoil in eq. (3) includesa roughnesscorrectionwith
respectto specularreflectivity (Γ 
s) andcanbe written asfollows (CHOUDHURY et al., 1979,
WIGNERON et al., 2001):

Γs
�
θ � p� � Γ 
s

�
θ � p� e� hscos2 θ (5)

Asaresult,for highervaluesof theroughnessparameterhs, brightnesstemperatureis lesssensitive
to anglevariations,asit occursin theorchardsfield.

Finally, overforests,largedifferencesbetweensimulatedandexperimentalbrightnesstemperature
are found (Fig. 8). It is over densevegetationwhereoptical depthis more likely to be angle
dependentandparameterisationsof thatdependenceareneeded.
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Figures1-4: Sensitivity of brightnesstemperatureto soil moisturecontent.(Transectsoverall the
studyareas).
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Figure8: SimulatedandexperimentalL-bandbrightnesstemperatureover forest.

6. CONCLUSION

The sensitivity of soil dielectric propertiesto microwavesat L-band, togetherwith the advan-
tagesof microwavesfor earthobservation-low atmosphericattenuation,penetrationin vegetated
areas-arethe basisof soil moisturemicrowave remotesensing.Measurementandmodellingof
surfacebrightnesstemperatureallow estimationsof surfacesoil moisturethoughthe determina-
tion of surfaceemissivity -relatedto thesoil dielectricconstant-andtheuseof dielectricmixing
modelsto derive soil watercontentfrom it. Actually, multi-configurationobservationsof surface
brightnesstemperaturecanbeusedto retrievesimultaneouslysoil moistureandvegetationoptical
depth.However, it is requiredto parameterisethedependenceof vegetationopticaldepthon the
observation parameters(polarisationandincidenceangle)andto accountfor other factorssuch
asthe effect of topographyon the microwave signal. An airborneandground-basedcampaign,
EuroSTARRS-2001,was conductedin Franceand Spain to addresstheseissues. Preliminary
resultsshow goodsimulationsof brightnesstemperatureover baresoils, but indicatethat some
modellingwork is still neededover forestsandothertypesof irregularvegetationcoverssuchas
orchardsfieldsandmixedcoversof relatively densevegetation.Furtheranalysisof EuroSTARRS-
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2001datawill focuson improving modelparameterisationsalsofor topography, densevegetation
andmixedvegetationcovers,aswell asurbanemission.
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