543

MICROWAVE RADIOMETRY FOR SOIL MOISTURE
MONITORING: PRELIMINARY RESULTSFROM THE
EUROSTARRS-2001 CAMPAIGN

KauzarSALEH*, Jean-Christoph€ALVET**, Jean-Pierr&VIGNERON***,
Javier PRIOR*y ErnestoL OPEZ-BAEZA*

* Grupode Climatolagia desdeSatlites. Unidad de Investigacbn de Teledetecdn Departament
de Termodiramica. Facultatde Fisica. Universitat de Valencia.C/Dr Moliner, 50. Burjassot.
46100ValenciaTel.: 96.3983118Fax: 96.3983385E-mail: Ernesto.Lopez@uas
** Meteo-Fance/CNRM42 av G. Coriolis, 31057ToulouseCede 1, France
*** INRABIoclimatolayie, B.P. 81, 33883Villenaved’Ornon CEDEX,France

RESUMEN

El usode microondagpasvasenbandal (1.4 GHz) permiteobteneda humedadiel suelocerca
de la superficiedesdesaglite a escalaglobal. La humedaddel sueloafectafuertementea las
propiedadeslieléctricasdel sueloenestabandadel espectrgy portantoala temperaturale brillo

dela superficie.Los estudiosactualesse hallanenfasede perfeccionamientae los modelosde
simulacbn de la temperaturale brillo de la superficieconsideranda@ondicionesespedicasde
rugosidadtipo de vegetacony geometra dela obsenacion. La campdia aerotransportadgu-
roSTARRSdela AgenciaEspaciaEuropedienecomoobjetivo aportardatosexperimentalepara
el desarrolloy mejorade estosmodelos.En estacomunicadcdn seofreceunaintroduccbntedrica
al fundamentalela mediday algunogresultadogpreliminaredela campdaEuroSTARRS-2001.

Palabr as clave: humedadiel suelo,radiometfade microondagpasvas,SMOS.

ABSTRACT

Passivemicrowavesat L-band(1.4 GHz) canbe usedto estimatenear surfacesoil moistue from
satellitesat a global scale Soil moistue affectsvery strongly surfacedielectric propertiesat
this frequencyand thus surfacebrightnesstempeature. Current studiesare focusedon the im-
provemenbf surfaceemissivitymodelsfor specificconditionsregarding surfaceroughnesstype
of vegetation cover and geometryof observation. The airborne-basedcampaignEuroSTARRS
fromthe EuropeanSpaceAgencywill provide experimentaldatato supportthe developmentand
improvementof thesemodels. The basisof microwavesfor surfacesoil moistue estimationis
presentedn this communicationtogetherwith somepreliminaryresultsof the EuOSTARRS-2001
campaign.

Key words: soil moistue, passivemicrowaveradiometry SMOS.

1. INTRODUCTION

Soil moistureis known to be a crucial parametein climatologyandmeteorologybut up to date
thereis no way to obtainglobal andregularmeasurementsf this propertyat a global scale. At-

mospheriglobal circulationmodels(GCMs) describdand-surfceinterfaceprocesseby means
of soil-vegetation-atmospheteansfermodels(SVAT), wherefluxesbetweerthetwo systemsare
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modelled. Terrestrialfluxes are highly dependenbn soil moisturefrom a soil layer spreading
from thesurfaceto theroots. Shouldit be possibleto obtainlargeseriesof soil moisturedata,then

surface-atmospher@arameterisationsould be significantlyimproved, thusresultingin a better
representatiomf massand enepy fluxesdriving atmosphericdynamics. Moreover, soil mois-

ture affectsnot only vertical fluxes,but alsohorizontalfluxes(run-off), soimportantfor coupled
ocean-atmosphere-lamadodels,wherefresh-watersupplyfrom continentso oceands important
to describehe oceanichermohalinecirculation.

Microwave radiometrycontemplatesary applicationsn remotesensingusuallylow- resolution
applicationdor global scalestudies.Microwavespresentsomeadwantagedor earthobsenation
sincethey shaw verylittle attenuatiorby theatmosphere;louds rain, calima,etc.,thereforebeing
very usefulfor the obsenation of equatorialand mid- latituderegions. At this wavelength,it is
alsofeasibleto acquireinformationoverdenselwegetatedareasyheremicrovavescanpenetrate.
Main applicationsof microwvavesare relatedto hydrology, agriculture,and meteorologywhere
watervapour temperatur@ndoxygenconcentratiortanbe measuredrom satellitesoperatingat
this band. Oceanographerdo also make useof microwavesto monitorice layers,streamsand
surfacewindsamongothers.

Oneof themaininterestof currentmicrowave radiometryfocuseson the developmentbof models
andtechniquego measuresoil moisturefrom spaceusingL-bandmicrowave radiometry(0.390-
1.550GHz). A radiometercanregisterthe radiationemittedby the surfaceat that wavelength
andthis informationcanbe relatedto the surfacebrightnesgemperaturedefinedasthe product
betweenthe surface physicaltemperatureand its emissvity, that is variablefor every surface,
obsenationangleandfrequeng. Brightnesgemperatureanberelatedto anotheimportantmag-
nitudethat characterisethe surface:its dielectricconstant.The dielectricconstaniof a material
providesa descriptionof the easinessvith which moleculescanbe polarisedwithin the material,
thatis, to whatextentdoesmoleculesrientationchangewithin the materialwhenanelectricfield

is applied.As regardswater(polarmolecule),moleculegendto exhibit a very strongresponse¢o

electricfieldsat L-band, resultingin a rotationof watermoleculesn the directionof the electric
field. The high potentialof microwave radiometryto estimatesoil moisturestandsout from there.
Dielectricconstantait 1.4 GHzis very high for freewater, (~80); avalueof 3 or 4 is foundfor dry

soils, whereaghe dielectricconstanttanreacha value of about20 for wet soils (SCHMUGGE,
1998).As aresult,by measuringhe dielectricconstantve shouldbe ableto geta goodindicator
of nearsurfacesoil moisture.

However, goodretrieval of soil moisturefrom brightnesgsemperaturés difficult to achievze. On
theonehandi,it is necessaryo evaluatetheinfluenceof variabletopographyon surfacebrightness
temperatureat the satellitescale,asnon-smoottsurfacesincreasethe microwave signal. More-
over, vegetationinfluencesthe signalfrom the soil in a differentway, dependingon the type of
vegetation density polarisatiorandobsenationangle.

Although the scientificbasisof L-band passve microwave radiometryhasbeenproved for bare
soils(WANG etal., 1981,JACKSON, 1993)andcertaintypesof crops(MO etal., 1982),further
developments requiredfor othervegetationcanopiesandscenesmainlyforestsandnaturalmixed
vegetation.
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The EuropearSpaceAgeng is carryingouta spacamissionbasedon L-bandpassive microvave
technologyfor soil moisturemonitoringfrom space(SMOS: Soil Moisture and OceanSalinity).
The satellitewill be operationalaroundyear2006. Currentstateof the missionincludesalgo-
rithm developmentandfield campaigngo provide datafor testingand supportingthe retrieval
algorithms.

The EuroSTARRS-2001campaignwas conductedn Novemberof 2001in several sitesaround
Europe.An L-bandradiomete(STARRS, SurfaceTempeature and Roughnes®emoteScanney
Naval Researclt.aboratoryU.S.A)wasplacedonboardanaircraftto obtainmeasuremenisf sur
faceemissioratdifferentaltitudes.Themaininterestof the campaigrwasto obtainmeasurements
over forestsand naturalvegetationwherethereis lack of datato getrid of the vegetationwater
contentwhichis aperturbingeffectwhenretrieving soil moisture.Aircraft measurementsccom-
paniedby denseground-datecollection, were performedat Les LandesForest(nearBordeaux,
France),Agre Forest(nearToulouse)and ValenciaSite (Utiel-Requenglateau,nearValencia,
Spain)to fulfil this requirement.In orderto assesshe effect of topographyin surfaceemission,
the transitflight from Franceto Spainthroughthe Pyreneesogetherwith somesamplingsites
suchasthe ValenciaSite (undulatederrain)wereselectedor the study Otherissuessuchasthe
influenceof urbanareason the microwave signal (Toulouseurbanarea)andthe effect of mixed
vegetationon surfaceemissiorwerealsoevaluated.

2. PHYSICAL BASISFOR REMOTE SENSING OF SOIL MOISTURE

Microwave remotesensingefersto theregion of the electromagnetispectrunrangingfrom 500
GHz (15mm)to 500MHz (1.5m). Within thisregion we candistinguishsereralbandshistorically
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)gtc.

Microwavespresentsomeadvantagedor surfacemonitoringfrom spacewhich otherregionsof
the spectruniack of. More precisely:

e microwavesshaow little attenuatiorby the atmospherebeing equally usefulundercloudy
andrainy conditions.

illuminationis not required thereforeallowing dayandnight obsenation.

microwavescanpenetratezegetationin mostcasegeachingthe surface.

dielectricpropertiesat microwave frequenciegespeciallybelonv 6 GHz) arevery sensitve
to watercontent.

L-bandgathersoptimalpropertiedor soil moisturemonitoring.

Emissionfrom the surfacecanbe approximatedy the Rayleigh-Jean&unction (Plancks law for
low frequeng), which canbe expressedsfollows:

_ 2vKTy(6,9)

B(ea (p)\) - C2 (1)
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whereB(8, ¢) representsadiometrictemperaturéW-m=2-sr-*.-Hz™1), v is frequeny (Hz), K is
theBoltzmanns constanandT, refersto thebrightnessemperaturef thesurface. Thebrightness
temperaturd, definesthetemperaturef a bodywhoseemissioncorrespondso the emissionof
ablackbody at temperaturd},. BrightnessemperatureandphysicaltemperatureT, arerelated
throughemissvity, £(8, @), asfollows:

Th=¢(6,9T )

Brightnesgemperaturdor vegetatedsurfacescanbe expressedn termsof differentcontributions
to the signal: surfaceemission,vegetationemission,and atmospherie@mission. The approach
followedin this study considers3 basiclayers,one correspondindo the atmosphereanotheris

a singlevegetationlayerandthe lastoneis the soil layer; moreover, reflectionat the vegetation-
atmospherénterfaceis neglected singlescatteringalbedaofor the vegetationis assumedmultiple

reflectionswithin the vegetationlayer arenot accountedor), aswell asuniform vegetationtem-

perature,and a simple atmospherianodel basedon latitude, seasorand water vapourcontent
(WIGNERON et al., 1995,2000). A solutionof the radiatve transferequationswith thesehy-

pothesegproduceghe following equationdescribingthe surfaceemissionas seenfrom a sensor
abovethecanoyy:

To(6, P) = Tatm T ++(1— soit) TsoilY+ Tveg(1— 00) (1—Y) + Tueg(1— @) (1 —Y) soity+ Tsif soilY* (3)

whereTxm T accountdor directatmospheri@mission,Tye correspondso the vegetationcanopy
temperatureTse definesthe soil effective temperatur€dependenbn soil moisturecontent,tem-
peratureandfrequengy), w defineshevegetationsinglescatteringalbedo [ 5oy correspondso the
soil reflectivity (dependenbn soil moisture),y refersto the transmisvity of the vegetationlayer,
and Ty includesthe atmospheriand spacemicrowave signal. Dependencen polarisation,p,
andangle,B, is dueto thevegetationgeometryandobsenationangle.

Vegetationtransmisvity canbe relatedto vegetationopticaldepth,t, alsodependentn polarisa-
tion andangle.Althoughthis relationhasbeenstudiedfor crops(WIGNERON etal., 1996),few
studieshave beenconductedo determinet for forestsandscrubland.

The relationshipbetweenbrightnesgemperatureand soil moisturemainly holds on the soil re-
flectivity parametein Eq. (3). Reflectiity within two mediacanbe expressedn termsof their
refractive indexes, or equivalently in termsof their dielectric constant. The dielectric constant
providesa measurementf the polarisabilityof moleculesn a materialwhenan electricfield is
applied;the higherthis valueis, the easiermolecules(dipoles)can be orientedin the direction
of the electricfield. The following table shovs someexamplesof the dielectricconstantk, for
severalmaterialsat microwave frequencies.

As aresult,an accuratemodel of surfacebrightnessemperaturecan be usedto obtain surface
emissvity andretrieve the dielectricconstanfrom it. The high differenceamongsthe dielectric
constantaluesfor dry andwet soilsis the basisfor soil moisturemicrowave remotesensing.

Modelsfor the dielectric behaiour of soils vary accordingto surfacecharacteristics-dry sand,
ice, wet soil-. In this study the Dobsondielectricmixing model(DOBSONetal., 1985)is used.
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Tablel: Dielectricconstantreflectvity andemissvity for severalmaterials.(Modified from VAN
DE GRIEND, 1995).

Freq.(Hz) kreal kimaginary Kk module Reflectvity Emissvity
Freewater20°C 1GHz 80 4.5 80.1 0.64 0.36
Dry soll 1.4GHz 2.8 i?0 2.8 0.06 0.94
Wet soil 1.4GHz 19.6 4.8 20.2 0.40 0.60
Ice 1GHz 5 0.5 5.02 0.15 0.85
Granite 10GHz 4.4 0.3 4.4 0.13 0.87
Limestone 14 GHz 8.4 0.03 8.4 0.24 0.76

Themodelconsiderglifferent’particles’ with differentdielectrichehaiour asto produceonesoil

dielectric constantvalue. Theseparticlesare free water boundedwater air and soil particles.
A characterisationf the soil type is thereforerequiredto determinethe soil dielectricconstant.
Othermodelsarerequiredfor dry sandysoils(MATZLER, 1998) orice (HALLIKAINEN, 1985).

3. CURRENT STATUS OF SOIL MOISTURE RETRIEVAL ALGORITHMS

A goodparameterisatioof all termsin equation(3) is requiredto obtainsoil moisturewith the
requiredaccurag for the SMOS mission(0.04 cm3/cm?) (WIGNERON et al., 2000, KERR et
al., 2001). Actually, it hasbeenproved that having several configurationsfor the obsenation
(angle,polarisation)jt is possibleto invertequation(3) andretrieve simultaneouslgoil moisture,
surfacetemperature@ndbiomasgyWIGNERON et al. 1995,2000). The lattervariableis related
to transmisvity asfollows:

y=e /%%  and  T=Dbw (4)
whereW; representshe vegetationwatercontentandb is a parametealsodependenbn angle
andpolarisation)elatingvegetationoptical depthto watercontent.

However, someissuesstill needto be studiedto achieve satishctoryresultsin the inversionpro-
cess. On one hand, the influenceof vegetationon soil moistureretrieval needsfurther study
Dependeng of the vegetationoptical depthwith obsenation configurationis not known for all
canopy typesandthisis akey parameterisatiorequiredfor theinversionprocessOncethe SMOS
satellitemissionis operationala surfaceareawill be obsenedwith differentanglesandpolarisa-
tion; therefore it will be necessaryo includethe dependencef vegetationoptical depthon the
obsenation configurationto use multi-angularbi-polarisationbrightnessemperaturdo retrieve
soil moisture.

Otherfactorsthatareunderinvestigatiorarerelatedto the effect of topographyon the microvave
signal(NJOKU y ENTEKHABI, 1996; KERR et al., 2001). Roughneséncreaseemissvity as
comparedo smoothsurfaces(WANG et al., 1981),but this effectis not fully known at satellite
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scale.Moreover, how mixed coverswithin the samefootprint will influencethe emissvity needs
still to be evaluated.

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

In orderto provide datato addressheissuesstatedabove, the EuropearSpaceAgencg fundedan
experimentakirbornecampaignn supportof the SMOSMissionandfocussingon thefollowing
scientificrequirements:

e Analysisof L-bandemissvity modelsover forests.
e Analysisof the effectsof mixedvegetationcoverson the microwave signal.
e Analysisof the effectsof topographyon the signal.

e UrbanandRFIimpacteffectsonthesignal.

EuroSTARRS-2001involved airborne-base@cquisitionsof the surface brightnesstemperature
over several sitescoveringthe requirementgust mentioned.A summaryof the maininterestand
typeof actiity in everyregionis outlinedin table?2.

5. PRELIMINARY RESULTS OF THE EUROSTARRS-2001 CAMPAIGN

Initial processingf the EuroSTARRS-2001dataacquiredover all sitesshows satishctoryresults
of thecampaigmperformance.

The sensitvity of brightnessemperaturego soil moisturecontentcan be obsenedin Fig. 1-4.
shaving the transectsover all the study areas. Figure 5 shavs the multi-angularemissvity of
baresoil obtainedby STARRS at Les Landesforestand the simulatedemissvity for the same
conditions. Althoughthe STARRS radiometelis expectedto be recalibratedcafter reportingpos-
sible maladjustmentin two antennasmainly on the nearnadir one (5°)-, minor modifications
areexpectedfor therestof them. Experimentadatacorrespondo the emissvity of severalplots
of baresoil; dispersionin datais mainly dueto the variability of texture and surfaceroughness
in differentpatches.This effectis larger asthe obsenationangleincreasessincethe radiometer
integratesnformationoverlargerareasA preliminarysimulationof emissvity seemgo fit rather
satishctorily to experimentalddata.

Over naturalvegetation(ValenciaSite), a similar plot providesacceptablezaluesassuminguni-
form vegetationoptical depth and using best-fitting valuesof the vegetationsingle scattering
albedoand optical depth(Fig. 6). Theseresults,however, needto be normalisedto reducethe
effectof surfacetemperatur@n brightnesgemperatureSurfaceroughnessgor the simulationwas
obtainedfrom STARRS dataover an adjacentbaresoil field. Anotherexamplecanbe seenin
Fig. 7, whereresultsover orchard(olive trees)fields areshavn. Firstly, brightnesgemperature
valuesareslightly higherin this case.Onthe onehand,surfaceroughnesss largerthanin Fig. 6,
soilsaredrier andthe percentag®f vegetationcoveris smaller thusresultingin highervaluesof
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Table2: Descriptionof sitesinvolvedin the EuroSTARRS-2001campaigrfrom ESA.

SITE

DESCRIP-
TION

MAIN
INTEREST

TYPE OF
ACTIVITIES

EXPECTED OUTCOME

Les Lan-
des Fores
(South-
West
France)

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

Study of forest
emissvity, infor-
mation retrieval of
iforest characterig
tics

Low altitude flights|
(300m above surface)
multi- angular obsera-
tions over samepatche
+ groundsampling

Assessmendf the influenceof densevege-
tation on soil moistureretrieval algorithms
parameterisatioof vegetationoptical deptH
swvith obseration configurationfor conifer
oustrees.

Agre For-
est (neal
Toulouse,
France)

Deciduous for-
est,flat region

Study of forest
emissvity, infor-
mation retrieval of
forest characterig
tics

Low altitude flights|
(300m above surface)
multi- angular obsera-
tions over samepatche
+ groundsampling

Assessmentf the influenceof densevege-|
tation on soil moistureretrieval algorithms|
parameterisationf vegetationoptical depth
Hvith obserationanglesover amixedareaof
deciduousregetation(mainly oaktrees)and
someconiferoustrees

Valencia

Site (neal
Valencia,
Spain)

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

Study of the emis/

Low altitude (600 m

sivity of orchardsabove surface)and high

and Mediterranea
natural vegetation
mixed vegetation
and

terrain

raltitude (1800 m abore
surface) flights, multi-
angular  obserationg

undulatedover same patches +

groundsampling

Parameterisationf vegetationoptical depth
with obseration angle over Mediterranea
vegetation, impact of heterogeneousover|
on simulated brightness temperatureand
retrieved soil moisture, impact of surfacg
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 irregulal
topographyareas

Variable altitude flight
over the chain of moun-
tains

Effect of irregular topographyon retrieved
soil moisture

Toulouse
urbanared

Urban erviron-
ment

Study of L-band
emissvity over ur-
banareas

Low altitudesingleflight
overthecity of Toulouse

Impactof urbannucleionthefrequeng used
for the soil moisturestudy

brightnesgemperatureSimulatedorightnessemperaturehowever, differsmorein this particular
case. Actually, this might be dueto a strongereffect of topographiceffects, andto a stronger
influenceof the vegetationgeometry-lesshomogeneouthanin Fig. 6—onthe microwave signal.

Moreover, brightnesdemperatur@appearso be moresensitve to anglevariationsfor shrubsthan
it is for orchards.Thereflectvity parameter s in eq. (3) includesa roughnesgorrectionwith
respectto specularreflectvity (I'5) and canbe written asfollows (CHOUDHURY etal., 1979,
WIGNERON etal., 2001):

rs(ea p) = r;(ea p)e—hSCOSZG (5)
As aresult,for highervaluesof theroughnesparametehg, brightnessemperaturés lesssensitve
to anglevariations,asit occursin the orcharddield.

Finally, overforests largedifferencedetweersimulatecandexperimentabrightnessemperature
arefound (Fig. 8). It is over densevegetationwhereoptical depthis morelikely to be angle
dependenandparameterisationsf thatdependencareneeded.
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Figuresl-4: Sensitvity of brightnesdemperatureo soil moisturecontent.(Transect®ver all the
studyareas).
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Figures5-7: Simulatedand experimentalL-band brightnessemperatureover baresoil, natural

vegetationandolive treeorchard.
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Figure8: Simulatedandexperimental-bandbrightnessemperatur@ver forest.

6. CONCLUSION

The sensitvity of soil dielectric propertiesto microwaves at L-band, togetherwith the advan-

tagesof microwavesfor earthobsenation-low atmospheri@ttenuationpenetratiorin vegetated
areas-arethe basisof soil moisturemicrowave remotesensing.Measuremenand modelling of

surfacebrightnesgemperaturellow estimationsof surfacesoil moisturethoughthe determina-
tion of surfaceemissvity -relatedto the soil dielectricconstantandthe useof dielectricmixing

modelsto derive soil watercontentfrom it. Actually, multi-configurationobsenationsof surface
brightnesgemperatur@anbe usedto retrieve simultaneouslhsoil moistureandvegetationoptical

depth. However, it is requiredto parameteris¢he dependencef vegetationoptical depthon the
obsenation parametergpolarisationandincidenceangle)andto accountfor otherfactorssuch
asthe effect of topographyon the microwvave signal. An airborneandground-basedampaign,
EuroSTARRS-2001,was conductedin Franceand Spainto addresgheseissues. Preliminary
resultsshav good simulationsof brightnesgemperaturever baresoils, but indicatethat some
modellingwork is still neededver forestsandothertypesof irregularvegetationcoverssuchas
orcharddieldsandmixedcoversof relatively densevegetation.Furtheranalysisof EuroSTARRS-
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2001datawill focusonimproving modelparameterisationslsofor topographydensevegetation
andmixedvegetationcovers,aswell asurbanemission.
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