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Abstr:lCl. Possible use of synthetic aperture radars (SAR) for momtoring
agricultural canopies is rnvcstigatcd ill this paper. Data have been acquired on Ihe
Orgcval watershed dunng lite AGRISCATrllll campaign. Four radar cxpcri
mcnts were carried out witb the airborne scaucromctcr ERASME (C and X
bands. HH and VV polarizations, multi-incidence angles]. Simultaneous ground
measurements (soil moisture. leaf area index, water content of the canopy, ...)
were conducted on 11 wheat fields, Backscaucring cocfflcicnts of the canopies arc
interpreted in the framework of semi-empirical 'water-cloud' models. A simple
paramctrizauonof the angular effect of soil roughness is imroduecd, allowing lite
simultaneous use of multi-incidence angle radar data. With a unique SCI of
parameters for each radar configuration (frequency and polarization) the water
cloud model appears lu describe adequately the backscaucring of all the fields,
over the range of incidence angles. It is shown ihat in this case, attenuation is the
dominant el1"'C1 of the vegetation and .111 inversion algorithm is proposed fur
estimating the water content of vegetation. This algoruluu requires measurements
at IWO different incidence angles and various cornbinntions of radar conligur
ations are then tested.

I. Introduction
With the recent launch of the European Remote Sensing Satellite ERS-1. several

instruments operating in the microwave range arc now available which can provide
repetitive coverage of large areas in all weather conditions and independently of the
time of the day. In particular. the imaging synthetic aperture radar operating at
C·band (5·35GBz). VV polarization and 23" incidence angle. although principatly
devoted to oceanographic applications, may also be a powerful tool for imaging
land surfaces and for monitoring crops and water resources, as its spiltiill resolution
is comparable to those of the optical sensors 011 hoard earth observation satellites
(-20m).

t Present address: IN RA Station de Hioclirnatotogic. 1l1'91. 84143 Montfavct, France.
~ Present address: OI~STOM l lydrologic. IW 5045. 3403:2 Montpcllicr, France.
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Figur<: l. Thc 11Igill 111l<: aLroSS Ille Orq~e\'al ba,m.

major drainage

walcrshcd boundary

N
•
i
1

lown

forcsl

exp. field

flight axis

2.2. 11,,, S<',J//"WlIIl'l<'J' ERA ....·M E
ERASME is a C and.\' band .(5,35 and 'J·(15GII/). F\I·e,," ~,atl<:l"ll1c!cr ,,l'

small ~ize and low power. which l:an he easily inslalled in a sn1:l11 airerafl or an
helicopler. It is designed as a re=rch lOlll for Ihe devclopment of radar renlllte
sensing ill sca and land applicalions. as weil ;IS ,1 calihration t,)ol for ERS-I. Il i, a
muill-ineidence angle and one or two direct polarizalions radar. whose llIain
c1laraclcrislies arc summarized on table 1. A eomplele leehlllcal description uf
ERASM E. in a previous Illollo-freyueney version, ean bc found in Bernard ,'1 ai.

19S6.
During AGRlSCATT88. ERASME \Vas operaled for the tirsl lillle in a forward

looking mode as the yuite large a perl ure of Ihe anlennas (sec tahle 1) provi..!es a
large range of ineidcnce anglcs. This allows lhe measurernenl 01' backseallcring
coemcicnts of a same larget. "iewed quasi instanlaneously wilh dillèrenl incidencc
angles. as it is shown on figure 2. The eross-traek resolulion is givcn by Lhe .IlHenna
bcamwidLh and the along-lr.lek resolulion is obtained by range disl:riminalion.
ERASME is a high range resolulion (lm) radar and the ;1O:cnI111 footprint on the
grOlmd is aboul 20 III by 20 m, for a Oying illlilude of aboui 350 III. The rtldar

2. Expcrimcnl
2.1. Tlrl.' AGRISCAIT'H8 rampuiYII 011 1"" Frl.'/I(·/i sile

The French lesl sile is Ihe OrY"l'al experiment'll walershed, loeated aboui ïO km
Easl l'rom Paris. Four expcril11ents have bcen earried OUI. on the 16 and 30 JUlle
(days 168. 182) and lhe 12 and 28 J uly (days 194, 210). The scallerol11cler wa,
perrorllled along a 1ï km Ilight axis. Ihrough Ihe hasin (sce figure 1). A video ealllera
was allaehed (ln Ihe anlenna SUPPorl. 100king in lhe sallie dirL'çtion as lhe i1ntennlIS.
The lime was added 10 the video image of Ihe observed fields during Ihe Ilighls. so as
lO link logethcr ERASM E data and ground dala al:quired on elleh field.

'e\l:r:hde". Ihe inlerpreL"lion of SAR images in lerms of geophysical and
blorhysreal raramelers is neither "s de\·dop.;d nor as slraighlforw'lrd as Ihal of
oplieal images "n..! "n lI11pnnil1ll eJrOrl of modcling h"s 10 he made 10 understanu
scalterin~ lI1e,hanisl11~ Ihal oceur durillg Ihe inleraclion belween microwaves and
vegelalion .:-"noples or bare soi!s. Methous illready applicd 10 Ihe devdopmellt of
radar ha.:-kseilliering modds from random111edia ilS soils or vegerillion eanopies cali
he di,idl'd ln 1"'<1 gl~nl'l"al das~e~.

The lir~i class inu)l\'es Iheorel!,'al and yuile rigornu~ models. b.ised on the
resollilion of lhe eYllillions 01' elcelromagnelism. using a licld approach (Fun!! and
lJbhy 1'J7li. Tsan!! and Kong )'JX 1) or a radi"tive Irall~fcr IIlclhod (E'lm and FUll!.!
1')1;4. lJlahy ," ,II. l'J')()). These modcls lIre II.-;çful for llnders!anding "olum~
scallerill!; m<,<:I1:IIlISl11s. bUl unforlunalcly. :hey c;'l1n'll he in"erled ~ and .. rl·
CtllllrUll'r~tïnl\." cOIl:'\ullling.

The second cbss dcals \\ith lhe so-called water-doud scmi-empirical modcls
(A\lellla and Claby 1'J7S). based ,m a lirst order solulion or r..di .. ti"e lranslèr
Ihrough a l:anopy. whidl use multiple regression llO.. lysis or Ihe radar cross-sec lion
on soil and plants parallleters. These mOlleb ean bc yuite easil)' in\'erted. bUI
cxpcrimental data arc nceded 10 a..!jusi the paramelers they in"olved.

TheS(' two arrroaehcs arc yuitc dilTeren\. 111e helpfulncss to lhc underslanding
of volullle scaltering processcs pro\'ided by lhcorelil:al models is ob~·ious. bu~
assumrlions on vq:elall<ln ch'lraeteristics (shape. sizc. orientalion of Ihe seallerers in
Ihc canopy.. _.) must bc donc, whidl may be nol realistie. Funhermore. the
numerous paramelcrs included arc more related to wa~e paramelers th'lIl 10

vegctation eharacleristies. On lhe olher hand. semi-empirieal modcls arc simple and
weil adaptcd to introduee expcrimelllai data and then to rClricve agrieullUral erop
p<lrameters. It is thercrore very attraelive to devclop and use lhem as a frame\\'ork
for radar data invcrsion.

ln this conlext. lhe European AGRISCATrSS earnpaign hcld in l'JSS and
supported h)' l'SA was devolcd 10 applications of radar remOle scnsing. over
agrindlllrai arcas. l'Wll airhortlc sC;lllcromcters l1ew over live European lesl siles.
four :imes during Ihe growillg .-;çason. The ailll of this c'llnpaign \\'IIS Iîrslly lU hui Id a
dalahase conlaining backscallering. cross-sel:tions Imd rel.lIed ground dlila. acquired
in 'natuw! conditions'_ (airbolllC rildilrs (l\W agrkullural liclds). and sceondly 10

provide ail cxp.:rimclliai bil\:kgr<lund f'lr lcsting Imd developing aigorilllllls for radar
data il1\·cr~i()I~. .

This papcl is del'lned to the main resullS cOllcerning the eSlinwti<ln of agrieul
tuml cl,llls par.ll1le:er~ l'rolll :hc data <lcyuircd hy lhe Frcnch Sl:llIterorneler
EHASI\I E on the Orgc\'al watcrshed: lhc results dealing with hydrologie appli
c.llions afe presclllcJ in another paper (:-':ormand 1.'1 ai. 19')2).

ln lhe suhseyuclll seclions. a hrief desl:ription of lhe campaign is gi"cn: Ihe main
l:hllracteristies or ERASME Ilnd Lhe gcomelry of me,lsurelllents arc gi"en: eOlllem
poraneous ground mcasurelllenlS of soir and vegelation paramelers arc prcscnlcd
and Lhe al:quisilion prolocol is deseribcd. Canopy baekscallering is lhen moddled
using. a scmi·cmpirieal water-c1oud modd. A simple paramelriz.alion of lhe angu/ar
en'eel of soil rtlUghness is illlroduced. allowing the proccss of multi-ineidenee llIlgle
data. Il is shown in lhal Ihis case. Ihe dominanl ellèel of vegelation is iln allCllUali~n
of Lhc signal h."Ks,'llllcrcd b)' the soil. An inversion algorithm. leading to the
eSlimillion of the vegetalion w.ller eonlcnl. is then proposed and tcsled with dinèrent
rad~lr c.:onJigurail0ns.
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Table l. Char;}.:leri'li.:, of lhe ERi\SM E s<:atlenlmcler.
T'lhk~. Radar .:nnliglll'ali,'ns ''''ailahlc durinl! Ihe A(iR1SCi\Tf'SX .:ampait~n.

ln<:iden.:e

1/1/
Il'

Soil Surfilce moislure "'s cm J em- J

Canory heighl " III
Green LAI L Ill' m

Vq:':lalion TOlal waler conlenl '''.. kg m-,
Drv biomass M, kg m

. ,

Ph~lI11losical slage

('·h"nd 5·35 Gill (51, ':Ill)

.\·h"nd <J'65 Gllz (3,) elll)

Tahle.1. GroUlId rncasuremellls, aud COrrc.'llOlIdilll: symbols and unils.

3. Ilackscaltcring mode!
3.1. n,,_lcrip(ÙIll 0,- (J/(. Il'lI(t'r·dtllILll/wdcl

W;ller·doud n1<IJcls arc Clll11l1111nly lIsed 10 inlerprel radar dala in lerlllS of soil
;mu vegetation variables (Allel11a ;111<1 Utaby 1978. Mo ('( al. 19l\4. Paris 1986.

I:xlernal ahsolulC c;t1ibralilln was carried OUI by lIying ERASM E Ilvcr 3 corncr
renecllns. installed on an airporl runwa}'. dose 10 Ihe lIighl axis. l'hl' precision or
ERASM E Illcasurelllenls is compuled using Ihe r;ldar budgel equalion. Il is round
10 he hcller Ihan 1dB al Ihe vicinily of the maximum of lhe anlcnna lohc. and ln
rang.: het"'ecn 1 and 2 dU al Ihc cdg':s. Thus. Ihc ouly illl:idclll:c angles us.:d in 1111'
sludy arc 20'. 25 am! 35 . 40.

2.3. (irllllllcl 11I(·(J.'.IIrt'IIU·1l1.f

Along the lIighl axis. II wheal fields were sd,:,'led for :!oround mcasurClllcnls.
which arc summarizcd on lable 3, where Ihe correspouding symbols arc dclineu. As
surface soil JlloislUrc ean vary rapidly. soil moislure rneasuremenls \Vere pafi)rmcd
simullaneousl)' wilh radar acquisilion. whereas "lnoPY llleaSUrements \Vere cMricd
OUI wilhin Ihe same weel.:.

The gravimelrie soil Jlloislure in Ihe urpcr layer (O-5em) \Vas measured by using
Ihe graYimelrie melhod. For caeh field. sampk-s were laken every 50 ni allmg ihc
lIighl axis. Bulk densily was determined by using a gamma·neulron probe. ;J11owing
10 calculalc Ihe volumelrie soil moislurc (sec Nonnand ('( ul. 1992 l'or more delails).

Vegelalion heighl on Ihe lest lidds was mcasured every 25 m along Ihe nighl axis.
Three s:llllples of 50cm long by 3 rows (about 50cm by 50cln) were tal.:en in eaen
lidd and inlOledialely rUI in airlighl bags. They werc weighled. giving Ihe lolal frcsh
biomass. Ihen dried in an oyen. giving Ihe tolal dry biomass and w,ller conlent.
Grecn Icaf area index was Illeasured wilh an oplieal planimcler. In addilion.
phenologieal slages were noled and Ihe expcrimcnl coycred Ihe pcriod bClwecll
1I0wcriug and malurily. The lemporal variations of Ihe vegelalion paramelers uurinc
Ihe campaign arc ploued on figure 3. along with the evûlulion or SlIrr:Il·C soil
moislul'e. One can see Ihal Ihe expcrimenl providcs a quile large range of values for
In.:se ground variables.
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C and.\" ;Iperlme: 1. IX·5 hy .±. le.

("·hamf Il'1'01;,, ~"in: ~~l·~ dll. al'eflllle: ·1 X·5 - hy ± I·X
X·hand l'·polar ,:ain: 15·1 dll. aperlure: 11·5 by ±1,(,

(apc"ures al 3 dll)

s.:alar hom. na.tir·)oolin;:

Nominal: 350 III

Bulk aeou.'lie deviee al C·homd ü'rre'I','ndinl! 10 a
3001/l1\\'0·"'ay Ira,-c1 line

arrrO~illl;llcly ~O III by ~O III

FFT analyser. 51 ~ rlllnt~..~ ms synchroni/al1lm
wavef"'lll bandwidlh: JOU klll
frequeney rcsolulion: (1,5 klll
),=1 os.:illalor: 120 or 150 kllz

LSI Ili~3. CCT lape recorder
S analog lllles for ain:rafl senso,.,. (pil.:h. roll.... )

F1gurl'~. Geolllelry .,f ERASME fù;-wa;-d·IO\lking mnde_ A ""lie larcel is tirsl 'seen' al hidl
lIleiden.:e angle (0, ).Ihcn al low incidence angle (01 ,. Il is Ihe Ilying. allilude. 6r 15 lhe
range resolulion. l' IS lhe <peed of Ihe carrier.

v

configuralions available during AGRISCAIT'88 arc summarizcd on table 2: during
eaeh experimenl. Iwo flighls were pcrformcd along lhe samc a:\is, one wilh a looking
angle of 23° (the same incidence angle as for ERS-I) and Ihe olher one al 38',
allowing measurcments wilh incidence angles respcclivcly ranging from 15" 10 30
and from 30" 1045".

1
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Sirfla) rn.lCC~s.lIlg
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lnlel nal .:alibr;nion

Type
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Tran!'r-Iililtcd power
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where the difTerent backscaltering coefficienls (J" arc exrresscd in power units. r! is
Ihe two-way atlenualion Ihrnugh the vegel:ltion. and "'" is the ",ater conlen[ of the

0- '0 m.,

Figure 3. Temporal C"olution of the m:lin groun<l variables mcasurL'll during Ihe AGRIS·
CATT88 eJlpcrirnent: surface soil moisture: /Il,. vegetation waler content: m,.. green
kaf area index: L. E.1eh p<>inl is Ihe avcr:lge o\'er Ihe Il wheat fields. The r:mgc of "'r
values is 31so givcn.

Bernard <'1 al. 19S7. Bouman 1991): Ihey involve hulk variablcs such as surface soil
mois[ure and vcgetation biomass (w:ller content or leaf area index) and Ihe number
of parameters to fit is lo\\'. Thus Ihe)' COIn e;lsily he invcned if seveml radar
conftguralions arc available (Allema 1984, Prévot el al. 19S5. Bournan 1991). As
ERASME ofTers the grcat advantage 10 provide radar cross-sections measured al
several frequencics. incidence angles and polarizalions. wc used waler-c1oud models

to inlerpret ih dala.
Let us first hrietiy rcclllthe basic assul11plions set in \l'ater·c1oud modcls (A tlellla

and Ulaby 1975):

(<1) The vcgcta[ion is represented as ;1 homogencou~ horizonlal cloud of identical
water spheres. uniformly dÎstributed [hrnughoutthe space defined b)' the soil

surface and the vegelaLÎon hcigl1\.
(b) Onl)' single scallering is considercd.
(c) The onl)' significant variables arc Ihe height of the canopy layer and Ihe

cloud Jen~it)', the laller assumed to he proportional [0 the volumetrie \Va[er

content uf Ihe canop}.

ender thes<: assul1lptions. the rad'lr cross-section of the canopy (J" is expresscd as the
incoherent sum of the contrihution of the vegetation layer rr~,. and Ihe contribution
of the soil ~il' the lallcr heing allenualed through the vegetalion. l:or an incidence
angle O. we ean write:

4.:,>\ G.....
4.0 - ~i ~:: ~O"""""""lr --

~" : ~:~o
~ ~.: 0, " "" O..,/\~..... e

~ 1.0 .....
È 0 ..'0.. __ .

:::_..~_+ .....__ • --'--4-':-::-::'_~~:: <l

160 170 1110 190 200 210

.-e ..... (..-) duy ur th. yeur
o···· 0 "'" (rQ"9")

l

(ü)

Hl

(5)

(1",,;) = C + Dm,

with
<;;'",=(' (1'.0)+/))//,

where F <!enotes the radar Cl1l1ligura[ion (frequency and polarizationl.

('(F. 0) = C ,(F) -OC,(F)

3.2. ..r .~illll,l<, puramclri=alùUl (If III/' /lI/!J/llar (11<"'1 of .mil m/lU/lIu',n
Soil surface roughm:ss gn:.llly anects microwave backscallering and thcrcforc

acts as a dislurbing factor for soil moisture or biomass estimalions. For soil moisture
eslimatlon, this efTeet can he minimized by using incidence angles rangÎng l'rom 7' ln
17' (Ulaby el al. )97S. Jackson and O'Neill 19l15), but this conliguration is not
available for ERS-!. as weil as for the future spaccborne plalforms, because it does
not pnwide a suffieiently high spatial resolu[ion. It is tl1erefore ncccssary to accoun;
for ~oil roughness elTects. which cOIn be interpreled as angular efTects. the haekscal
tering coenieients having angular variations aIl the more importanl as Ihe soil
roughness is small.

Moreover, when the density of vegetation increases volume scallering cannnt he
ncglc<:led and its angular enects arc quile similar 10 those induccd by an increasÎng
soil rou~hness. which could be confusing. Finally_ as mulLi-angular configuralions
;arc :lecd<:d to e~;[illlale the biomass of vegetation eanopy by nh:.lns of r:ldar remole
s<:nsing (Allema )9S4. Prè\'ot <'1 01. 19S5, Bouman l'J')I), a p;lrametrization of thc
roughness efTeeLs must he included in cano[1)' backscaltering modcls.

ln the case of Ihe w3ler-cloud mode!. [he paramctrizalion üf rougl1ness efTccts
must keep Ihe model as simple as possible, hecause one of the :Iovanlages of thls
model is thal it can he easily handled. Let us inlroduce Ihis angular ellect in Ihe
cloud modcl as follows. kccping in mind the previous remarks. Several theorelic,J1
(Autrel ('1 al. l'Jl>'» or experimental (Ulaby ('1 al. 197~) sludics have shown [hal lor
rrcquencie~ greater Ihan 4GHl:. the sensitivity paral1lcter D in (4) could oc ;1~~ul11ed

to he constant in a tirsl approximation. The morc important dcpendcnce of (4) \Vilh
the rad:lr contigu ration and thc soil roughness leaves in Ihe paral11Cler C. The
variations of C with Ihe incidence angle ma)' be linearized for angles ranging l'rom
2()" [0 40". This Iineari7.:J[ion reprcsents an avcraged hehaviour of the radar cross
section in terl11s of ronghness elli:cts. and wc propose 10 rewrilc (4) in the following
fOfln:

whcre (J~,iI is cxpresscd in dB.
lIere, the vegetation is charaetcril.ed by its waler contelll III, (k~ 111 1) and the

soil Ily Ihe volumetrie water contenl III, (cm 3 cm' .1) of its surfaœ. Onl)' four
par<lIneters arc necded. A and B for the \'egelaliol1 :1110 C and D fur the ,,)il. The
parameter il corresponds to Ihe alhcdo of the \,q:ctation and fJ is ail :Jltenu:,Ii,'n
factor. The parameter 0 is the sensilivÎly of the sign.l! 10 S<.li1 1Il0is,ure and C can he
cOllsidered as a Cllibration constanl. These four paramclers have to he lilled for
each radar conliguration.

canopy (kg m' z). which is ~qual to the product of the volumetrie waler conlent
limes the height of the e<lnopy.

For a given radar configuration. the soil contribution i~ usually exprcsscd as a
lincar funclion of its surface Illoisture eonlent m, (Ulahy 1'1 al. 1971'i. Bcrnard cl al.
1986. Brucklcr ,'1 III. 1988):

(1)

(2)

(3)

0.J5

O.JO

0.25 E
u

Ê
020 ~

Ê

0.15

0.10
220

(J( = a;~..q + t~t1~iI

(1,;,.• = A cos O( 1. t~)

" ~exp( - 28m.,/cosO)

Whole canopy:

Vegetation:
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Fi::urc ,1. Cahhmlion ,JI' lhe modd. usinl,: dala acquired al 20 :lI1d 40 : mcasured radar
\:russ-~c&.:'ions vcn~u~ lilh:J r;ldar l,;ru~"\·S4.'Cliuns. Each rh1int l"\lrrcsponJ lu a t:l."ld
I<J): C-halld. 1/ /1 polarif.alion. (bl: X -band. V V-I'kllariz:!lll>r1.

-4
0 obs. dota 0

- 1:1 line
0

-6

.........
(Il
'0 -8......

0
a
b

'0
-10

G)

?:
G)

-12en
.D
0 0

-14 0

-16
-16 -14 -12 -10 -8 -6 -4

fitted era (dB)

(ri)

This rXlrameln/.alion ,"lIIsiders Ihe cfT<.'C1 of soil lIlois\ure (dieleclrie propcflics)
and the en'ect of roughncss (gwlllctry of Ihc surface) as indcpendcnt. as shown oy
Befluzzi cf 11/.11<)')2). Il a<lds only lillic compJcxily to thc inilial waler-douu moud.
assuming thal il' D i~ a constan:. Ihere arc still only four paramclcrs 10 he filleu. The
parameler C, can bc consiuereu as a calioration conslant (uB). as Clis Ihe angular
scnsllivity of the soil signal (uB' 1. whidl is relalcd 10 roughness. Thc sensitivity III

soilllloisture lJ has tn he ue:ermincd using a rauar conliguralion for which the signal
is Ihe Jess scnsitive as possiblc to Ihe vcgC\;llion. The dClcrlllination of thc
parameters CI and C, requires <lala acquircu al severa1 inciuence :mgles. for e:lch
rauar conlîgura:ion (fre,!uency anu polari/.:Jtion).

3.3. FiI/ÎlI!! of III.. IIltII/cI
Previous experimclllai Sluuics (Ulaby <'/ 11/. 197X. 1979. Le Toan and P:IUS:lucr

19li 1. Jackson and (),l"eill 191)5) have shown Ihal Ihe oc':'l rauar configuraI ions for
sail moisturc eSlimalion arc dctineu oy a low frcquency (~5GIII.). low inciuence
angle (-14") and li 1/ polariz;)tion. Therefore. Ihe bcsl availabJc ERA5M E wn
liguralion for delermining Dis C-band. 20". anu 1/1/ polarization. The paramclers
A. 8. C. and D of Ihe inilial moucl (soil conlribulion represenlcd by (4)) arc
simullaneously delermineu in Ihis conliguralion. using a noolinear leasl squares
regression algorilhm. The parameter IJ is found 10 he equal 10

0·304 (dB(cm' j em +JI). which compares weil la results oblained in olher studies
(\3ruckler 1'/ 11/. 1988).

The parameler D is then assumed 10 he constant. anu Ihe parameler~ A. JJ. C,
and C2 of Ihe modifieu modd (soil conlribulion represenled by (5) anu (6» arc fi lied
on Ihe radar cross-seclions measurcd al 20' and 40". for C-band. HH polari7.:Jlion
and for X -band. V Il polarilation. using Ihe same algorilhm. figure 4 shows Ihe
results of Ihe complele Illoud calibralion. and Ihe values of Ihc four paramelers arc
given in table 4.

For bolh configuralions. Ihe model can represent Ille uala for a large range of
bacl.:scallerins coenkients. No bias is ollSef\'eu and Ihe dispersion of Ihe data is
ralher low if one considers Ihat Ihey cOllle from 1J difTcrenl fields. In fac\' Ihe
residual sums of squares arc equallo \·1 dB l'or bolh eonfiguralions. which is of Ihe
same magnilude as Ihe precision scalleromelcr.

The shape of Ihe modd is plo lied as a funclion of Ihe ground v;lriab\cs m, and Ill,.

on figure 5 (C-banu. JI JI polaril.ation) and on figure (, (X-oand. W polariLalion).
We CIIl sec Ihal in C-oanu. Ihe cOlllribulion of Ihe vegelalion ID Ihe oacks.;;l\Iered
signal. denoled G,·••• i~ nol signilicanlly dinèrent from zero. as Il =0. The allcnua
lion. reprcsenlcd by Ihe parameler 8. is wcal.:. cven if nol al ail ncgligiblc. As
expcclcd. Ihe allenualion in X ·band is importanl. and for high values of Ihe biomass
(III,. ~ 3·5 kg m - 2) the eontribulilln of the vegelalion (J,:,. is domina ni in (1 J. The
values of Ihe allenualion parameler B oblaineu here arc in goou agreemenl wilh
Ihose oblaineu in similar sludie~ reviewed by Jackson and Schmugge (19911.

For cach radar eonliguration. a unique value or Ihe 'roughncss' parameter C2

scems good enotlgh 10 represent Ihe difTerent flelus ohserved. This corresponds to
Ihe illlplicil hYPolhesis Ihal the roughness was all110sl conS\;lnl during Ihe expcri
ment and Ihroughoul Ihe fields and Ihis is likcly 10 he verifieu as ail Ihe lidds were
cultival<.-d wilh similar lillage leehnilJues_ and al a lime of Ihe ycar when Ihe wealher
had homogeni7.cd Ihe roug.hnC'ss of the soil surface.
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The validilY or the mode! is vcrified by using the data acquired al 25' :lnd 35
and the results arc plolled on ligure 7, The slopes of the lliles eorre,ponding 10 the
linear rcgn:ssion of Ihe mcasured radar e:ross-scetions agalllst the: prL-,h.:!e:d radar
.:ross s.:etions ar.: nnt signiti.:antly dillàent l'rom 1. The standard d.:,i:l\i<lIls of the
residllals arc respcctively 1·13 dB fLH C-band and HIS dB fnr X-hand. whi.:!1 still
e:omparcs wcll with the precision of ERI\Srlil E.
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4. 1n"Crsion of the mode! and H.'getôltion watcr content estimation
The modcl prcse:nled in the previolls pamgraph is valid for a largc range: of

ineide:ncc angles and grollnd variahles. Furthermure, a unique set of pararneters can
adequatc:ly represent the bchaviour of Il dil1'crent fields. covcred with the same type
of vege:tatÎon, Il is thereforc lcmpling to use il as an inversion algorithrn of radar
dma. I\~ can be seen in ligures:; and 6. the efTect of tbe vegctation is mainly :111

allenuation of the sig.nal rClUfIlcd by the underlying soil. By negleeting the
contrihution of the vegetation, thc mode! ean be simplified in the following for;11:

where CI".;r is givcn by (S) and (6).
When exprcsscd in dB llnits. this expression Icads 10 a linear funclion or the

surface variahles III. and /Il,.:
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where C=C: +C~(} and 1.1'= 108//1110 depends on the radar eonliguralion (Cre·
queney and polarization).

Figure 5. Sh"flC of thL' modcl in C·h:,nd. The mo<.icl " plolt~d :h a fU"':lioJl of th.: soil
Jnoistur.: /II,. for dilTerenl values or the vegN:ni,," ,,""1er eol1l~1I1 /II,. (ti and d. alld as a
f""':lIon of /II" for dilTerenl values of /II, (h and JI. for 1\\0 radar configurati,"":
C·/I/1-20 (li and hl and X-IIIIAO' (c and d).

(] = 11'1II,,!cos () + C +Dm. (X)
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Table 5. Eslimalioll of Ihc canopy waler eonlcl1l hy in\cr,ion: rc"uua1 slandarll dcviulions
(in kg nt 1) for JifTcn.:111 p,lirs ùf r;Jdar ...·unfigur;,l1h1O~,

(j'; = LJ~III,./COS Il,, + C, +Dili.

Eslilll<l/il/Y l'cy,,rtllitlll prol'l'rlie.~ lI'irli <II/ airho/'ll<' nl</<l1" lx 1S

whid1 gives an estim:lle of thc vegetation water content III. indepcndently lrllm lÎle
sllrfaœ soil 1\I0islure Ill,.

Keeping in mimI that this I\IclhoJ of invcrsion rcli~ on lhc diflèrclh'c of
allenualion hy lhe vegel'Ilion hel\\leell Iwo r;ldar eonfiguratiolls. il has hccn le'h:d
nn lhe dilTerell1 pairs of I:Onligurations available during AGRISCATl"Sl\ hee tahle
5). I-ïgurc S presents lhe resulls of lilc inl'ersion for lhe two pairs ~iving Illl' hetlcr
rcsulb: C-II /1-20 /40 and X-V V-20 ';'40". The inversion algorilhlll is 1I11hias"d sin,:.:
in holh cases tlle rcgrcssion lilles do nol diner signilicanlly l'rom lhe 1: 1 linc,

Ho,,",ever. tile data exhibit some ::caller around the regression line. This is nol
surprising as a single simple lIlodcl js used Lo rcprescnl Il liclds ç,)ven:d witl1
dilrerenl varicties and having dinèrenl surfaec roughness. Taking lh;ll inlo ae.:ounl,
Ihe aceuraey of thc invcrsion aigoritlllll. expresscù Întable 6 by the rcsiJual slan<\anl
devi:llions of Ille eSlimaled callopy waler conlenl. is s:llisfaetory.

M'He scallcr of Ihe dala is ob::crved in C-Ixllld lhan in X -hand (scc ligure X and
lable 6). As Ihe qualil)' of Ihe filling of Ihe direcl modcls in boll1 frequeneies WolS

silllilar (sec figures 4 and 7. lahle 4), il ean oc .:oneludcd Ih;ll lhe ditTerel\ee ':O\llCS

l'rom their abilily 10 he inverled. Thc simil:1T allcnuation hy tile vegel:llioll in C-band
Ieaùs LO !css JifTcrcnee in allenualion bclwecn 20' and 40 and Iherefore less
aceura...·y in Ihe inverison algorilhl\1. For whcat eanories. C-b:lnd appears not 10 he
sensitive enough lo vegetation elTecls 10 provide an accuracy compaliblc \~l:h

<lj;Tonomic applicalions.
Tahle S shows Ihal only lIluhi-angular confij;Uraliolls eall oc used wilh Ihi.;

melhod and Ihal l\1ulli-frequency eonl\j;ur:llions do no: s<..'Cm h) illl'rCaSe Ihe
accura.:y of Ihe inversion. This is probahly du.: lO the f:u:1 lhal Ihe sC;Il:.:r:ng
mcchanisms arc nol weil mooelled wilh such a simple modcl when going l'rom
(,-hand 10 X ·b:tnd. 1\'everthcless. il is imporlanl lU nOlice Ihal. if the X -band \l'i:b
IWO ineidcnl'C angles appcars 10 oc good enough hl estimale vcgelalion biomas"
onl)' C-band. or a lower frequen,;y. is ablc 10 give significanl informalion 011 soil
moislurc (Ulaby ('/ al. 1979. Jackson and Schmllgge l'J'J 1). Fin'llly. kl us remcmher
lhal lhe inversion melhm! presented here "Ill hc llscd only when lhe vcgclalillll is n,ll
sa dense (l'or example, WhCll Icaf arca indcx is Iess than 3).

The advanlage of lhis simplitied formulalion is lhal il ean he ana\ytically
inverscd. Indeed. if (lne can dispose of measuremenls aequircd \\ilh IWO dilTerclll
radar configurdlions. Jenoled a and h. lhe following syslem c:ln oc snlvcd in III,,:
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Figurc 8. ESlimallon of the vcgcl:llion W:llcr content III,. by inverSIon of lhe modc!. for Ihc
I~·o. ~Sl radar COnllè!Ur;Il;ons: (a): C-1I11-20' :l"\! C-////-4U'. (h): .\'-1'1'-20' and
.\ -1 1· -40 . The eodf,elcnl> of Ihc regre"i"" hile, arc gi\'cn in tahlc 5.

}X17L"iIllUliIlIJ "<'!J<,lIllioll prop.,rli.." "'i11l t1J1 air1Jortl<' radar

eonliguralion slope sld inler~cpl sld R' d,II

C-JJJI-~0:;40 0975 0·193 O'I3:? 0·635 0'515 :?-l
X·I·T-~O /4U O'S21 u· 1Of) 0·339 0·465 0·739 24

.-\cknowlcdgmcnls
ThIS sludy \las supPllrled by ESA in lhc rramework llr lhc Earlh Observalion

l'IcraralOry l'l'agram and by (hlt French ~alional Program rar Remole Sensing. The
autlh)rs ",ish III express lhcir ~r:lliIUde 10 lheir coll.:agues l'rom CEIl'1AGREF.
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5. Conclusion
Ik\'oled (0 the sludy of r.. ,!;,r si~ll:liUre of ;lgril'lII11lr:J! areas and earried ou: il;

'n~ltulat L'uJh.lillon:,,', Î,\' .• alrhul'lu: :--c:all":h)lllCh..·f data alld ~lt~ràl'ullllr~t1 lidd:'\. th ...
AG R ISCAIT'XX exrcrimenl dcmonstralcs tlle capahllity or ;lcl'''c microw:l\e lel'il'
nique- for crop moniloring, pmviding scvcr:11 simuilancous ",dar conligl'lallOlls ,Ile
a"ailahlc. As ;lIe operalional use of radar rcmole sCllsing rC'luircs lhc dc"elojll1lcnt
of approprialc invcrsion schelllcs. Iwo algorilhms havc occn inlroduccd and lcsled in
thls paper.

l\ simpk paramelri7alian of lhe angular cITecI of soil rOll!!hncss \Vas li,,;
inlrmluced. Ils degrce of cOl1lple,\ily \Vas comparable 10 lhose 01" lhe w'llcr-cloud
mode\. adding only one parameler, This paramclri7.:I1ion rcrmilted lhe simulation or
radar uoss-scclilln ovcr a "Irge range of Incidence angles (20 Il' 40"). thus 1c:"jll1~ {(I

lhe inlcrprelalion of multi-incidencc dala sels. A simple mclhod for Lhe eSlilllalÎ"1l
of Lhe vegelalion \Valer conlenl was Ihen dCl'elopcd and lesled, gÎving salisfaclory
results. This l11elhod can bc used when Ihe c:Inopy conlains sparsc scallerers. i.l'.. ior
lol\' ICl'e1S of hiomass. and requires radar d,lIa acquired al Iwo sufiieielllly dIITcre:1!
ineidenl'c angles. lypieally 20" and 40'.

The abilily of waler-I:!l)ud modcls 10 simulalc radar eross-seclions of .:rop
e:\llopies is ail lhe more corroboraled here. as a uni'lue sel of parame:ers was
sllllicil'ni 10 dcscribc globally Ihe backscallering behaviour of several wheat licids.
;-';e\'enhelc,;s. b",h alglirithl11s dcvcloped here nccd funhcr lcsling. The paral11etriz:l
lioll of roughness clTecl should oc lesled againsl more dCLailed data sels or againsl
lhcoreli.:al modcls of surface scallering. The invcrsion melhod should hc Iried ou;
on (llhcr lypes of canopies.

The inversion algorilhlll lias bl.'Cn leSlcd \Vilh dilkrcnl pairs of raJar Cl.nligur
alions. Icading 10 thc conclusion thal X-band with Iwo incidence angles pwvided a
gond enollgh cstimalion of vegclalion walcr conlent. As previollsly poinled out.
only a ("wcr Ircqucney. as L or C bands. can gi"e sig,nilicanl inrOrlll,llioll on soi!
sUl·racc I1lllislule. punhermorc. il is likcly lha 1 lhe reslllts presenlcd hcre were madc
panly possihle by a ralher conslanl soil roughness ovcr thlt din'crenl fields anserved.
A dllal-frc'luenc)'. dual-incidence angle radar syslem \l'ould probahly he lhc only
\Vay la aehieve inversion when lhe roughncss is varying.

Tahll: 6. Eslim:Jlil)n of the canopy w~,tcr ";OlltcU( by inversion: cvcllicÎ":llts of th\.' r\.~gr~sSll)n

lines in figure 8.
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Abslrllcl. We applied the Sanla BurbuTa cunopy buekscallcr modcl. ln mnJci
radar b;lckscaller l'rom mangrove forest sland~ in lhe Gungcs delta 01 s()ulhc~n

Bangladcsh. 'lI1d as.'<Cssed thc fcasibilily of dcline'lIing IlOt>di'lg houndancs wII!!:n
Ihe sIIIllJS. M("klled L·hand (0,23511I wavclcnglh) /III haekscallcr sh,"'ed lh;;,
eanop)' volullle sc'1l1cl'ing dominalcd lor slands under nonllouded .J;rm:nd
surrace. Double hounce trunk-ground leml wcre enhanc'Cd by lhc prcsence (lI
waler under trces. For Oooded mangrove foresl, lhc Irunk-ground Icrm "'I,S
dominanl al small radar mcidcnce anlllcs: lhe Irunk-J;round terlll dom",aney
reduced as thc incidence angle inereased. SlllIlIle Imaginl; Rudar (SI R·ll) dal~

and model rcsults sh"\I'ed Ihai for lhe mangrove foresl. radar dala Wllh small
ineiden,;e angles should he uscd 10 dclil1eale lhe llooding houndanes.

1. Introduction
Rauar h.lChcaller llIouds for conlinuous Irce canopies h,"'e oecn ucvclopcd 10

prcdiCI lllier..m·;I\'C ",allerin)! h)' Il'ecs anu loreSls (Ril:harus ,'1 III. 1'JS7 a. Karalll ami

rune. 19t<X. Sun anu Simonell 1<JXS. Durden <'/ al. 19X9. Ulaoy ('1 ul. ~ ')')0. Wang ,'1

,,1. 1990. Sun 199U). Thcse Illodds eonlrihule 10 lhc undcrslamling 01 rauar Images

of forcslcu rec.ions Iv lhe cxlenl Ihal Ihcy caplure the hasic Îlllerac:ions bctweell

microwave radialion amI trcc eanupics. IInuerstories. and ground Iaycrs a." fUJll:liUl;s

of lhe rad'JI incidence .mglc. waveknglh. and polarizalion. The obJcl:l!"cs of li:;,

rcseareh "cre lo app!y lhe Sanla Barbar:1 microwavc I::mopy h:ldsl:allc~ 1ll0cl.:!

(SBMCBM) for I:OnlinuolIs Irec canopics (Richards ," (lI. 1987a. Sun ;md Snnollcll

19XX. W;lng <'1 al. )9')(), Sun I,)'JO) lo 1II1H.lellhc backscatlcr frolll lIIangrove foresb

in lhe Ganges della of soulhern Bangladl:sh, lo sludy lhe dtfTercnces ln ralbr rClurns

bclween the same sland IYpcs under nooded and nonnooded eondltllllls. and 10

asscss lhc feasihihly of dclinealing nooding boundaries wilhin Ihe mangf(')\'c forcsls.

2. Mangro\'c forest stands .
Thc SunJarhans m;tngro\'c foresls cover a large area (590000 hcctare) of ll~e

G;lIlges ddl;1 in soulhcrn Hangl:Hlesh (Blasco 1977), T~cy :HC, c10scu broaulc:l\'cd

cvergreen foresl". The l~llminanl lIIangr~"cs~cics arc (le~\';1 (,~~H:(J':':U~·lII.<lOIl:,::~~ Ita)
anu Sunuri Uf.:rili<'raj(JII/t',I) (l'AO 19X:!). Dlslrlbutlon 01 thc".; Spcl:lCS IS 1.(,,,,~ly ..




