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Abstract:　Athree-layerscattermodelisdevelopedfortheretrievalofmoistureprofileoftheterrainsubsurfaceunder
SARobservationatUHF/VHFbands.BasedondifferentpenetrationdepthsatUHFandVHFchannels, scattering
observationsatthesetwobandsarealternativelyusedtoiteratetheretrievedmoistureofthelayeredmedia, andfinally
reachtheconvergenceofthemoistureprofileofthelayeredsubsurfacemedia.
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1　INTRODUCTION

Moistureprofilesofsubcanopyandlandsubsurface
playanimportantroleinclimateresearch, suchasland
hydrologicprocesses, globalclimatechangeandcarbon
balance.Itismain motivation forMOSS mission
(microwaveobservationofsubcanopyandsubsurface)
(Moghaddanetal., 2007).Thesubsurfacesoilmoisture
profile, linkingwithsoilstructure, mixture, rooted

waterdrainageandevaporation, asakeyparameterfor
hydrologicprocess, zoology, climate, etc., is of
importancefortheforecastofdroughtandflooding,
irrigationplanning, andestimationofcropproducts,
etc.However, currentSARobservationsatL, C, X,
Kubandscanonlypenetratethroughnon-denseplants
(biomassisabout4kg/m2)incentimeterorder, evenat
lowLband(Duboisetal., 1995;ohetal., 1992).It
needslowerfrequencysuchasUHF/VHF(350MHz,

100MHz)togothroughthedensesubcanopy(about20
kg/m2 andmore) withlittlescattering and reach
subsurface.IthasbeenstudiedthatFaradayrotation,
whichaffectssatellite-bornemeasurement, especiallyat
lowerchannels, canbecorrectedbyfullypolarimetric
SARtechnology(Qi＆Jin, 2007;Freeman, 2004).
Soilmoistureprofilepresentsdifferentweighting

functionatL, UHF, andVHFbandsduetodifferent
penetrationdepthsoflossysoilmedia.Itcanbeseen

from numericalsimulationofMuellermatrixsolution

(Jin, 1994)thatthescatteringfrom vegetationcanopy
mightbeasmuchasfrom underlyingroughsurface,
evenatlow Lband.Thus, lowerfrequencysuchas
UHF/VHFshouldbeemployedifmainattentionis

focusedonsoilmoistureofunderlyingsoilmedia,
insteadofvegetationcanopy.
Comparingwiththebackscatteringfrom bareland

roughsurfacebasedonsmallperturbationmethod, the
first-orderMuellermatrixsolutionfrom aone-layer
modelofvegetationcanopyofnon-sphericalparticles

showsthesignificantimpactfrom thecanopy, which
darkenstheeffectfrom underlyingmedia, evenatL
band.MuchlowerUHF/VHFbandsareproposedto

explorethesoilmoistureprofileduetolargerpenetration
depthandnegiligiblecanopyeffect.
Inthispaper, makingathree-layerlandmodel, the

Muellermatrixofbackscatteringfromthe3-layermodel
atUHF/VHFbandsisnumericallypresented.Itisfound
thatduetothedifferenceofpenetrationdepthbetween
thesetwobands, UHFbandisonlysensitivetothesoil

deptharound 10— 60cm, andVHF bandcanreach
deeper.
Asacriteriaofthechangesensitivityof0.1dBin

SARobservation, itisfoundthatasthesoilmoistureof
the2-ndlayerislessthan0.25, theVHFcanbeusedto
retrivethesoilmoistureofthe3-rdlayer3 belowthe

depth60cm.Aniterativealgorithmofusingalternative
UHF/VHFresultsisdevelopedtoinvertthesoilmoisture
ofthe2-ndand3-rdlayers, andtheerroranalysisshows

goodapplicability.
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2　 DIELECTRICCONSTANTOFMOISTURED
SOILATUHF/VHF

Thedielectricconstantofmoisturedsoildependson
frequency, soilmoisture, physicaltemperature, structure,
mixtureandsoon(Peplinskietal., 1995a, b).Some
empiricalformulations of soildielectric constantin
microwavefrequency(Peplinsketal., 1995a, b;Valeryet
al., 2004;Wangetal., 1980).canbefound, butnotin

UHForVHFregime.Basedonthemeasurementsinof
Mironovetal.(2007), thedielectricconstantofmoistured
soilatUHF(350MHz)issummerizedas

ε=ε′+iε″ (1)
ε′=93.1W1 /0.65 +3.79, ε″=4.9W+0.47 (2)

whereWissoilvolumetricmoisture.
Figs.1(a, b)showtheresultsofEqs.(1, 2)and

thecomparisonswiththemeasurements, wherethe
trianglepointsfromMironov, etal.(2007)andsolid
circlesfromJin(1994).

Fig.1　SoildielectricconstantandcomparisonwithMironovetal.(2007)
(a)Realpartofsoildielectricconstantversusvolumetricmoisture;

(b)Imaginarypartofsoildielectricconstantversusvolumetricmoisture

FromMironovetal.(2007), therealpartofdielectric

constantalmostkeepsconstantfordifferentfrequency.

However, thegraphofimaginarypartversusfrequency, as

showninFig.2, hasnon-consistenttrends, oneisfrom

Mironovetal.(2007)andanotherfrom(Jin, 1994).For

simplicity, imaginarypartofsoildielectricconstantatVHF

isassumedasthesameasoneatUHF.

Fig.2　Imaginarypartofsoildielectricconstant

versusfrequency

3　THEMUELLERMATRIXSOLUTIONOFLAY-
EREDSOILMODEL

Themodelofthree-layermediawithtoproughsurface
isshowninFig.3, whereW1 , W2 , W3 denotethevolumetric
moisture(wetness)ofthelayers1, 2, 3, respectively.

Fig.3　Alayeredmodeloflandmoisturedmedia

Forlessrough boundaries, coherentscattering is
dominantforsmallperturbedroughsurface.Underlow
frequencyincidence, scatteringofthelayeredmediacanbe
describedbythreepartsasshowninFig.4:direct
backscatteringfromroughsurface(M0), andscatteringdue
tointeractionsMb1 andMb2.
In Fig.4, the straightline indicates coherent

reflectionortransmission, andcurvedenotesincoherent
scattering.Hereby, thesolutionofMuellermatrixfor
thelayeredsoilmodelcanbewrittenas:
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Fig.4　Scatteringmechanism

 M(θi, φi)=≧R
n
01(θi)+≧T

c
10(θ, φi;θi, π -φi)·

e-κd1secθ·≧Rc12(θ)· e
-κd1secθ·

≧Tn01(θi, φi;θ, π -φi)+≧T
n
10(θ, φi;θi, π -φi)·

e-κd1secθ·≧Rc12(θ)· e
-κd1secθ·≧Tc01(θi, φi;θ, φi) (3)

where≧Rand≧Tdenotethescatteringandtransmission
matrices, respectively. The superscriptn denotes
incoherentfieldandcforcoherentfield, thesubscriptij
denotesthepropagationfromLayeritotheLayerj, and

κistheabsorptioncoefficientofLayer1.Allmatricesin
Eq.(3)canbefoundin.Jin(1994).

4　SIMULATIONOFSUBSURFACEOBSEVA-
TIONATUHF/VHF

First, consideratwo-layermodel(i.e.ε2 =ε3),

supposingW1 =0.05 fortoplayer, varianceofrough
surfaceδ=0.1λUHF=8.57cm, correlationlengthl=0.3λUHF
=25.71cm, andevaluatingε2 ofunderlyingmediabyEqs.
(1, 2).Underincidenceof40°atUHFandVHF, co-
horizontallypolarizedbackscatteringcoefficientσhhdueto
surfaceroughness, underlyingmedia(Layer2 and3)as
water, andW2 =0.3, 　0.5 fordifferentdepthofthetop
layeriscalculatedbyEq.(3), asshowninFigs.5.

Fig.5　　(a)Co-horizontallypolarizedbackscatteringatUHF;(b)Co-horizontallypolarizedbackscatteringatVHF

Itcanbeseenthatthesubsurfacemoistureatthe
depth of 10— 50cm might affect backscattering
observationbyseveraldB.Sincethesoilisloss-
dielectricmedium, asthedepthincreases, thiseffect
from underlyingmediabecomesmuchweaker.Itis
almostnegligiblebelow1m depthatUHF, while1dB
differencecanbeseenatVHF.LowerVHFshouldbe
employedforprobingsoilmoistureatdeeperdepth.
Nowconsiderathree-layermodelasshowninFig.3,

whered1 =10cmisassumed.Otherparametersarethesame
asFig.5.SupposethattheinterfacebetweenLayer2 and3

canbevarying20cmaroundd2 , backscatteringfromLayer
3 isaveragedas

 σ =
1

40∫
d2+20

d2-20
σ(z)dz (4)

Supposed2 =60cm, backscatteringcoefficientsatUHFand
VHFbandsversusW2 , W3 areshowninFigs.6.Itis
obviousthatbothUHFandVHFaresensitivetoW2-
change.InFig.6.(a), duetolargerattenuationatUHF
band, W3 -changecannotbewelldetected.However, in
Fig.6(b), thevariationofbackscatteringversusW3 atVHF
bandisclearlyidentified.

Fig.6　(a)BackscatteringwithdifferentmoistureW2 , 　W3 atUHF;(b)BackscatteringwithdifferentmoistureW2 , 　W3 atVHF
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5　MOISTUREESTIMATIONOFTHREE-LAYER
SOILMODEL

Thepenetrationdepthofahomogeneousmediumis
definedasd=1/k″, wherek″istheimagenarypartof
thewavenumberofthemedium.Thepenetrationdepth
atUHF and VHF isshown in Fig.7.Different
penetrationdepthatUHFandVHFissensitivetosoil
moistureatdifferentdepth.

Fig.7　PenetrationdepthatUHFandVHF

Lbandcanbeusedtosensethesoilmoistureatthe
depthlessthan10cm, andsurfaceroughness.Suppose

thatfrom themeasurementatL bandthesurface
roughnessparametersδ, landmoistureW1 =0.05 are
obtained.Meanwhile, d1 =10cm, δ=0.1λUHF =8.57
cm, l=0.3λUHF=25.71cm, andtheincidenceat40°
arealwaysassumed.
SupposethatthesensitivityofSARobservationis0.1dB

todetectmoisturevariationof0.1.Itpresentsacriteriaof
theretrivealapplicabilityasfollows:
Δσ=σ(W1 , W2 , W′3)-σ(W1 , W2 , W3)>0.1dB

(5)
Firstly, letavariationW′3 =W3 +0.1 andW3 =W2.

Then, thechangeofbackscatteringσhhfordifferentW2

andd2 atUHFandVHFisshownonFigs.8(a, b),
respectively.TheredareainFigs.8(a, b)indicates
Δσhh<0.1dBasundetectableforW3.Figs.8(c, d)
showaprojectionmapandmightbeeasiertoseewhere
theW3-changecannotbeidentified.
Itcanbeseenthatthechangeofbackscatteringdueto

themoistureatUHFaroundd2 =30cmislargerthanVHF.
ThedetectableareasgivenbyFigs.8(a, b)arelargely
restrictedwithinW2 <0.25, becausethestrongreflection
fromtheinterfaceofLayers1 and2 shadowstheweaker
reflectionfrom theinterfaceofLayers2 and3, which
causesdifficultyforestimationofsoilmoistureofLayer3.
Asincreasingd2 , thechangeofW3 cannotbedetectedat

UHFband.VHFbandshouldbealternativelyused.Thus,
weuseUHFtoobtaintheaverageW2 ofLayer2 (10—
60cm), andthenVHFforW3 underthedepth60cm.

Fig.8　(a)ImpacttobackscatteringduetovariationofW2 , 　d2 atUHF;

(b)ImpacttobackscatteringduetovariationofW2 , 　d2 atVHF;(c)ProjectionmapofFig.8(a);(d)ProjectionmapofFig.8(b)
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Sincetheimpactfrom Layer3 onbackscatteringis
negligibleatUHF, wefirstusetwo-layermodelwithW2

=W3 toevaluateW2 bylinearlyincreasingW2.Taking
theinvertedresultofW′2 intothethree-layermodeland
assumingW3 ≥ W2 , linearlyincreaseW3 andobtain
invertedresultW′3 atVHFband.Iterativeapproachis
usedtoinvertW2 asW″2 byinputingW′3 intothree-layer
modelatUHFband, andagain, toinvertW″3 byW″2 at
VHFband andso on untilconvergenceisfinally
reached.

Backscatteringsimulationofthree-layermodelis
testedforvariousW2 andW3 , whered2 =60cm is
assumed.TheinversionresultisshowninFig.9.The
averagerelativeerrorofFig.9(a)is0.18%.
SincethedetectableareaofLayer3 isrestrictedby

W2 <0.25, theinversionresultisshowninFig.9(b).
Averagerelativeerroris2.3%.Inversionerrorsofboth
Layers2and3 aresmall.Thus, ouriterativeinversionis
feasibleforsoilprofileinversionifparametersofd1 , δ, l,
W1 areknown.

Fig.9　Inversionofsoilvolumemoisture
(a)InversionofsoilvolumemoistureofLayer2;(b)InversionofsoilvolumemoistureofLayer3

6　CONCLUSION

Inthispaper, athree-layermodelofmoisturedsoil
mediaandtheMuellermatrixsolutionareappliedto
simulactebackscatteringobservationoflayeredmoistured
landsoilatUHF/VHFbands.
Assumingthedetectabledifferenceofbackscattering

observationis0.1dB, evaluationofsoilmoistureofLayer3
below60cmatVHFbandisapplicableunderthecondition
thatthesoilmoistureofLayer2 islessthan0.25.
UsingouriterativeapproachofUHF/VHFalternative

inversions, thesoilmoistureprofileoflayeredmediacan
beinverted.
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UHV/VHF波段 SAR对次地表层
土壤湿度探测与反演

戚任远 ,金亚秋
复旦大学 波散射与遥感信息教育部重点实验室 ,上海　 200433

摘　要:　首先采用一层非球形粒子植被模型 , 计算各波段矢量辐射传输方程 Mueller矩阵一阶散射解 ,对比微扰法所得各波

段地表粗糙面直接后向散射解 ,结果证明 L波段植被层的散射对观测结果仍有影响 , 与下垫土壤粗糙表面的散射不易分离。

因此 , 宜采用更低频率的 UHF和 VHF波段 , 对地表和次地表层能有较大的渗透深度 , 并可忽略植被层影响。接着 , 运用矢量

辐射传输的 3层土壤全极化 Mueller矩阵解 ,计算 UHF/VHF波段分层土壤的散射与传输 , 分析该两波段探测深度的差异 , 证

实 UHF波段可探测大致 10— 60cm深处的土壤湿度 ,而 VHF波段探测深度能更大一些。根据第 3层中土壤体湿度变化 0.1

时能否引起土壤表面观测的后向散射系数变化 0.1dB这一判据 , 分析 VHF波段反演第 3层土壤体湿度的必要条件 ,证实当第

2层的体湿度较小时(<0.25)才能反演层 3的体温度。基于 UHF/VHF两波段探测深度的差异 , 耗散土壤层的贡献有不同的

权重 , 先后采用 UHF和 VHF,迭代法实现 3层土壤湿度廓线反演。误差分析表明 ,该方法是有意义的。

关键词:　土壤湿度 , UHF/VHFSAR, 次地表层


