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ABSTRACT : A seneral radiative transfer model, representing tbe leaf optical
DroDerties from 40î to 2500 rrm, is presented. It is based on the generalzed
frolaie model" oroposed bv ALLEN : if provides a leaf structure parameter N. A
s'oà'i** oî t6f"riiùâ inâei for leaf mâterial is given in the 400-2500 range.
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iônsiits . in. introducing-^ pigment and Yetgr utlg_?tiol
in order to ïetermine extinction coefficients of leaf components. 'l'his 

-model nas

U..n titteO on 
"*prii-.ntâi 

Outu corresponding to a wide range of leaf types and

ttuièr. Il gives a^good representation ôf the whole reflectance spectra with only

three parameters.
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1) TNTRODUCqqN

MODELIZATION OF
HIGH SPECTRAL

LEAF OPTICAL PROPERTIES
RESOLUTTON REFLECTANCE

FOR INTERPRETING
MEASUREMENTS

The understandins of plant canopies reflectance is necessary fgr an efficient
use of remote rè"iine" in- âÀiicutture. The physiological _and physical processes

which control spectral- reflecîance. of vegetation are studied slnce many years'

nËcênttv. invesfisations using high spéctral resolution measurements were

à;;;ffi'"td "^;ï'"-h;; iiïuËeo---T*pio'u.*"ntt in interpreting . the. spectral

informàiion obtained on plant canopies. However thç interpretatlon ls acruarry

limited by the need of detàiled information on leaf optlcal propertles.

Iæaves represent the area where light interacts with matter and sives back

a signal which depends on the cnâiâcteriltics of théie àr"u. The modeiization of

Ëif'6pii.aï-ptopdtties represenr ù;-if;i-iÇ of the simulation stu.dy.engaged

about the unilersËaËg';i'iriè- à.irtt"irism of spectral deformations which can be

i,ir*,0àO 
"iirg 

-iiist 
îpectral t"rof"iiôn instrurhents, Simulated reflectance and

transmittance rp".i?i ;il'lË l"irôOitôàO, into^ vegetation reflectance model to

compute refleclance spectra at titË--iJutè ôt tfie canopy' This. qapel t:., 1
iifiiiriùr*'iï'irt;-imfiiovement ô^f-oui- r."o*t.dg" about'lêaf opticai properties

and it's modelization.

The incident radiation upon the leaf surface can be reflected, transmitted

or absorbed. rnË"aùîà;iïË; l5-ôrrËniiurlv p*rion of. changes in the spin and

angular momentum-ôf 
"i"ctronr, 

tiàr,riiiôtis uen"."n ôiuiiut iiates of elecirons in

particutar aroms tîrî]rr 
^i-.nËboiriiiï-à- 

â"0 
-b, 

carotenoids, brown pigments 
-and

ff lff.fr :ïîly-;f; îËiiritîî1"llffi 1"",:1"-',',",$'ï'*ry$:'(ËiH$fÂl'i3.Ë):
There are also r.uiilriiripr,èno*rtiu*'(^niiËtgÈind Raman Ècattering). The diftuse

character of reflectance-is due ro l?ui-iriterfiat srructure which is t-he onlv factor

derermining rhe ieaf opticar prop.îiirr'^ il-ïh. 
-;;'l"rtâiéà (cnnNri :9at}



GAUSMAN et al. (1970) found a sood relationship between the reflectance level
and the number oi aii' rpu..r in" the leaf. Diffirsion is due to air - cell wall
intérfaôès : ttre tieht-pass'ei ôtter, from a high refractive index -(n ' 1.4 for
hydrated celt wadi'='fuï-t*-*àt.i æ t pÀf to a lower-value (ri:1.0 for the
âir). ivtôoôiôtviJàônàus iéâuer which have a'compact mesophyll .reflect little NIR
iàcfiaiiôn- q= 'iOfiy. Dicotyt.Oonous leaves reflec't more.tfiari the.,previous ones

because tËev present a sponsy mésôphyll with air cavities. For this reason the
;;Ë; .ii i.n"..i6ni ô" 

-âii-jËef 
wâti interfaces and the changes .in the direction

ôf fieht beams increase and the resulting effect is an increase of the

iËnË.?iôr 
"(J--|iof">. Il leavês ur" infiittated for ëxample- Y$! -oil (n .= L48), the

reflectance value ,fè.iàui"i' 15 7; 11ryôOleY, lgTL ; ôeUSvtAN et al', 1974)'

In order to set a more accurate and exhaustive description of leaf pPtical
ptoptttits, tftJ deveïopment of physical models appeared rapidly as a necessity'

ALLEN et al. (1969) explain the diffuse reflectance and transmittance of a

typical *rnpu.t ptunt't.ât'by'the means^ of .the plate model qPecified !l-i*:
<iôtical consfants i an effectivé index of refraction n and an eftêctive coetttctent or

iËià_'tiiË'î'rtir-_oOèr-âppfes ônlv to a compact leaf. ALLEN.et a.l. (1970)

*d ëÂïSliaN'Ët â. ttgTdiià1êt-""1.nd the mooel.lot l lgy"n. They introduce

ttî."r.é;i;f v;id A;;u iita.* ryAr) given uv YÆ=\lt: Ï:l-:1": :h?,'-,:
monocotyièdonous leaf has a VAI _eaua1. to zero and can be constclereo as a unlc

comDact" plate. At- the ôpporit., foi dicotyledones, it increases from zero to a

;;ffi;";iu",-.ituiâ.t.iitfi.-of'the speciei, during the leaf development'

The generalized "plare model" is a discrete ,approach 9f l!1jg"lP*rÆ
equivalent c"ontinuous thèory has been !ge-q-!o-gplall the.propagatlon ot oliluse
iËti'ilï Ëi:^'i;1-eoii,-nlleN "".i 

nicÈnnpSoN publi^she?t â model of leaf

reflectance and iiunlr"iitàn.. Uut"O-on tté $eo.ry of fUnlLKA and MUNK

iiôlifthi.tt-0".1'rlËéo iir.-tiu"rt"t-ruâiation in diftuse scatteriLg-gedia with two

ùarameters : the :ffËtil; ;rd 
-ih; ';Ù;;ttt^""- 

côefficients. BAÈET et al' (1988)

ffi;ïffijiri.â^inis .ôdel" and hav! iucce'ssfrlfty^fpplied it to single wheat leaves.

iùài" 
-;;îentlt 

Y-Âî\,IÂbÀ- *t FÙliMtRÀ ltd.aaf 
^haue_, 

PI9p9::9 a mathematical

Àooér 
-*ùi.ii' 

ap-pli; f"i ditf.r.ni leaves :' trrey consider four inhomogeneo-us

i;y; tn"ô-ôutiôËi,-à i,".ittiâà"pài.n.tyrna, a spongv mesoohvll) described bv the

KUBELKA - MUi.îk" tf,"àry.- rti tùJ-iâ.Ë *iv',rutreR ^and - GARRAT (1977)

have represenred-the-intérâctionr'Li.t*Ëèn anri'within the leaf compartments by

usins a Markov chain approach. gui-iô t-oiu" tttit ptôbl"*, it.is neceisarv to have

i"iËr, Ëîà"â"',Ëiil,i;T"';i"ri;l;.f i"Ë*ur rtîuJt-uiJ-'u"o--*âny otÉer input

variables.

The advantase of radiative transfer models is 'that they need onlv a limited

number of inpur ;Ë;;;àî:'ô;he;;iiâoiiri hâue u."n àeuêiôppea to describe the

optical properries";i'Ë;;.' ÀLi-ËN ;;i . <igzr-pioposed i iay tracing method'
gii thit'wây requires a long computation time''

All of these works are adapted to specific. conditions and restricted to a

limited number ;i ùô 
"f 

-pËi|' 
n.iàtiuëry iitttr work has been done which

tries to seneralize the results obtained on particular plant ,sp99!es' 
If the leaf

ïb;à;,t"fr".îËiii.î";'ir ;itr;- ei"";-il- it. littètuture, wé rarelv see the associated

t";irl;'î;tt,i.tiïi, coefficients whiôir'âtè--ôutàinèo rt,i* pigmeirts concentration or

water content.



The aim of this paper is to present a.general model describing^l:uf-"llitl

lJ"ff:,1l"'à:'",r lgg.li"iit H #:'iË''oËit'#Jf tl"'."ï:":l.l#:i-?''iii,''*""11i
where the leaf is assumed to be u"Ëir. Ëiî"i,"*ôg.nroît elemer-rtari olates. we
will try to providJ"î-t.auàiivè indèx n, a structuie-'ir.Àèi;i-N uio'extinction
coefficients spectra.

2) MATERTAI.S AND METHODS

Theoretically, a plant leaf presents two kinds of tissues:

an epidermis which contains a few chloroplasts

a mesophyll which is a chlorophyllian parenchyma

According to the plant species, th.. .internal structure is different :

monocowledones present a ,o*p'u.i-- mesophyll with few intercellular spaces;

dicowledones have a palisade puréiËi,v*u 
-r,ûtri onr'ât *otr tuv"ll of elori,g.ated

ff iïJJi,"tT.'*f, #lliffii.lff'ili#t;î-Ëf I'i--ri"J"'P"-â'.îili'.i'l::"J'il'?il
ilTiià iiriJài, ]arenchy-a on uoii;i& 6f iù Éruoé are ca[ed isblateral leaves'

In order to have a large range of variation (structure, pigmentation' water

conrent), we h.* ";Ë;rù - 
âlti.rent' plant species \uittr reavei -corresponding to

different srates : maize (Zea *intf,'-ih"":t--_gritir"à aestivum,. PRINQUAL)'

tomato @ycopeisiài--- rràil"rt"ii"'b'pg1Li-tutÈçlt), . sovbean (Glvcine Fnctx''

VERDON), sunflow er (Helianth^"orrTf,'î,I'IRAsôi) trâuê Ueen èuftivated in a

greenhouse. Oak, maple and succuËiiîluîti 
-Ëiuet 

*ére also collected outdor'

We have also used etiolated seedlings..(grown in the dark) which contained

carotenoids but no chrorophylrs, uiuînà--t-.&[à'gs pioàucéd. by. tfeatins seeds with

fluridone tu ,troÏË ;ïËïldô"ïnîËr,".oniâi""0 ""o^ .ËiJriiù iieàô"tr "1MAAS and

DUNLAP, 1989).

Atl of the plants are brought immediatel{- to the laborato-rv after being

collected and sevêral *easure*ôît, ate pertormJd 
'on 

each léaf : weight'

thickness, water content, specific. iËâi".ttiî O'tÀq:liï ôonôèntration' We determine

chlorophvll a, chlorophyll 
'b and total caroteioids 

- 
according to Jl: methodolory

defineâ 
-bv 

LI6I{1E'N1TIALER iiôazl: fài Ïiô*n--pi['n'ît' qryl**,^g"tig
ffiï;"."ri it"ï-o., not exist uny )"éttr6d for determining their concentratron' ror

this reason we have proposed ï*[]9 a !1own 
- piÉtntntt index based on

soectrophotometric measurements'" fÏÂCOVryVtôÙO.l-1988)' Directionnal-

hLmisoherical reflectance arrd trarrsLittà*n.t-if-th; ;Jt-iâl faces are measured with

a Varian Cary t7 DI spectropttoto*Ëi.t';qtii,.d *ith ân ittt"gtuting sohere coated

with BaSoo paint. The accurury 6i-ttte m'ea'surer;;tr-ï 
-âi;1rt-tit tire spectral

bandwidth varies from 1 nm in À; ;Ëi6Ë-lo- z nm in the infrared. spectra are

sampled over the 400 - g00 nm -â*rËiiËîtt itiâ*ui îith 4 nm steps and from 800

to zsoo nm with 17 nm steps. D;r" 
-;;Ë 

correcred 6i--ltre reflectânce of a BaSOo

iét it*" à"d the geometry of the sphere'



The plate model developped by ALLEN et al.. (1969)^ gives a..good
representatio'n of the optical pro'perties of a compact plant leqfr It provides a

relractive index n and air absoôtion coefficient k. A compact leaf is considered as

u ita"ipàt"ttt ptute wittr rôugh' plane parallel _surfaces. In the most ,genelal 9T:1
we shail assurie that the raà'ianf flux ^Io of the spectrophotometer is not exactly
normal to the leaf surface but is inscribed in a iolid àngle Q:. This assumptigll
takes into account the roughness of the leaf surface .by adjusting the 

. 
soud

ansle Q to an optimal valuel The light emerging from the spectrophotometer $
;;?;"i t" tn.].àT'uuo.. r'lîu.tittélessl at micrôscËpic scale, drie to the ondulating
shaoe of the surface (GRANT, 1987), the incoming beam penetrates the leal wrtn

I"îioi"t-oiîË.iiîtii-;tii.h-;;U inôiuded into a-solid an-rglg Q. -Inside the leal
tht flù ii assuméd tô be Oittos" and isotropic. The generaf formula of reflectance

fâ"âïâitr"ïtiâ"ié ; r"r uË-Çiittê" in-ttrè'form 1rÀcQUEMoUD, 1989) :

3) THEORY

f= [1-t"u(a,n)] +
tav ( 9 0 , fl ) t.u ( s , n ) 0 ' I n'-t.u ( 9 0 , n ) ]

tLl

T=
tav ( gO rD )t.u ( arn ) 9'n'

Transmissivity

n+-o"ln'-t.u(90rn)]2

l2)
n+-g"lnt-t.u(90,n)12

where n = refractiveindex
0 = transmission coefficient of the plate

t.u(c,n) = âvêiàgâ-iiànsmiisivity of a. planè dielectric surface
for incident light (c = incidence angle)

The form of t"u(o,n) is rather . complex but it can be exactlv calculated

(ALLEN, tg73). Èis.(î)";ffi*i- tttê.'"îtiutiôr. àr. tl"(on) for different ïalues of n
),rd -"-i; i, ùi; incidence angle unà-ïËô-ittJ-ttuir'uâtûe of the solid angle). wq
ôun notice that the average transmissivity is pratically equal to the normal

incidence value roi^'u Ë;?;grt;"ffiæ (= oo 1 but this effect decreases when

the refractive index increases.

o lo ao a0 4()

Incidence

Fig.L Average transmissivirY

index n and the incidence

50 60 7A sO

angle c (degrees)

as a function of the refractive

angle a



The "plate model" can be described by three parameters : .a refractive index
n, an incideicé c and a transmission coefficient 0.- Unfortunately, dicotyledonous
and senescent leaves cannot be described as a unic compact layer and this model
doesn't works in this case.

The generalization of the "plate model" which consists 
- 
il-^stackilg

elementary fâyeis Ï-;-phytical proUte^m studiecl for .many years (qTOKES, L862).

A leaf is'assumed to de "compo'sed of a pile of- N homôgéneous layers separated
bv N - L ailou.èr. The disciete approach can be extendèd to a continuous one

iirt*" Nïe.ôr';i t6- ù-â; inffir. If Rl : P and Jr:r .are th9 respective

reflectance anO trânsmiitutr." ôf u.t e"lementary- compact layer, the total reflectance

and transmittance for N layers are given by the following equations :

r 2 R^,- , F r"- r' rTru- r
RN=f+ 

--'^- 
=RN-r*--ï t3l andT*=-'a-- [4]-'N 

t-fn*-l 
- 1-FRN-' l-fn"-t

The solution of rhe Eqs. [3] and [4] was given by STOKES (1862) :

m
IrrRN L+P2-r'+.,/o)/2P

t- P 2+r2+16) /2t
-c.'- f '-L)2+4P2

tsl where a=
!=
$=

bN-b-N a-a-1 abN-a-lb-N

The starting values f and r can be the reflectance and the transmittance of

a single compact i*f î ; ËG"- *âu"r"ngtt (J =407o and r=60vo). Fig.(2) shows

ituJ R-* rapicily in.i"à."t àn3.un be-equgj.t9 Tl for a value of N which can be

calculated. For infinite values of N,-Èq.-i5t leacli to Roo =â-i and Too:0' The

àUi-"rpti"r A; =i:R* -i* tendi tofuuiAt the constant value 1'-a-r'

g Ê l0

Number of

Fig.2 Variations of total reflectance R51' transmittance Tx

"Ui"tp,"t"" 
Ax when the number of elementary layers

increases



We shall first studv the mesophyll structure effect which is particularly important
when there is no àbsorbing niatêrials in the leaf. This will allow us to determtne
à r"ftu.tion index, a charaiteristic of the surface roughness c -and.a structure
pfi;;t;i N foi éaôh, leaf. In a second step, rile. shall^ study. the als91ption
'p;;il; and lry tn ,l"t"6ine extinction côefficients for water and pigments.

4) EElulrq

4-1) Determination of a refraction index

nalf-L+tâv(o,n)i

tav ( 90, û ) t"u ( a, n ) [n'-t"u ( 90 , n ) ] + [n'-tuu ( d, n ) )'lf -]'+tav (o 
' 
n ) l

Equations [1] a-nd [2]
and r e àre known. If we
relation :

For the lowest experimental values of reflectance in the st-rong absorptions

domains, rhe r#;;;,;iîi'- e+. 
't6l--i; 

nègative.. That means that the averase

reflectivity r"u(c,n) = 1 - t"u(q-,n). 
- 
is ''ft'ightt inîn the 'leaf reflectance It follows

that equation tOl'îas no"'ùÏu-iionr."ftï'n.*;.;dÉ!t"à o for the lowest value of

reflectance and found o:59" io"ùr- t"ur-iiôio"n." angle is 
"not 

0"(normal

incidence) nor 90' (isotropic. lightil"i-à.pènOs on the.georielry of"the reflecting

surface. In orcler to adiust the c uuful,-d. hàve considëred thé reflectance of a

real teaf and noi" oi*iii Ëà"iJ.rà"î-ào.pact laver' -Iltit hypothesis has been

iustified u oor,.ri'oii i..âir."ih;ï;;rrioî^-6r-iir" 'sfoxes môôel has little effect
'on u.ry low values of reflectance.

In order to determine the parameters characteristic of leaf 
^mesophyll,t*.t,riô, it is nèô"rJâ.V to know the reflectance and transmittance of an tdeal

ôôrnoà.t plant f.af *ittt6ui1tt"-éf.ct of water and pigmenq. ryg-have chosen an

;idii;"#ii.'r"'ur in the 400 - "àôo nntiigiô" âné a dry (16 hours at 80")
maize leaf in the g00 to 2500 n- 

-rrgion. ih" albino leâf ihows extrema of
ièn.itun.è and tiu"i*ittunce ànd will 6e considered as the reference lgTpact
laver. The drv ^ i;; lêaf is not iô*pu.t but we have . 

adjuste.d at 796 nm

?iir:-làr"^"Ëin ËT trtr-àlÉinô-^àir" rear-mirïimum absorption) the 
-equivalent number

ii iTËrË?.Ë;;ry'1;)*^ *rriiit ttaue ttr"--ôtôr"rt reflectânce 
'and 

transmittance values

to the albinos "#l iïr9'1";;'î;;.'lntàiièo the sroKES model to calculate the

eouivalent reflectance P and trunt.ittâ".t t of a single layer over the 800 - 2500

;ii'r;;;i'rrËii, "ii"ii;uir. pù 1r,è iirïiiiôn, *é have ised ihe procedure proposed

by ALLEN èt al (1970).

On the homogeneous elementary layer (reflectance P^u, transmittance z"), .we
can "p;ii1î""?Ë,?"'i,Tâ.r;.'1îi;'-'É"dél 

piovides a refiactive index n and a

transmrssron coerficient 0 if trt" in"i.iôÀôé ahgle. c of the inciclent lislrt is knowtt
(solid anste A). ALLEN et al. (1969) considered. uti'itôiiopiC incidenÏ lisht : that

means c-:90"'for Eqs. tll u"a iii ïËï;;.b1"* l;-ihâi;4"; refract'ïve index

values of the iitt"iâiîr.'-'(GÀts'rviÂN---.t' at, t9l+1, 
" 
we. cannot define the

transmission coefficient 0. How"u"t]"rit. ttu*111itiion of the plate can be obtained

from Eq. [1] in the form [6] :

gz

are used to evaluate the refraclive index

àhmâià 0 from Eqs. t1l and l2l, we

on lI o, /e
obtain the

It"2-; f"-f+tav( 59,n) ]' J^.-!t'-tav(90,n.)-l ^- tav(e0,n);;(;'g-j;i( P"-l-+tav(5e'n)l = o [7]



Equation [7] is solved by numerical methods. The adjusted refractive index
of mesophyll interface material is close to 1.4 and regularly decreases from 400 to
2500 nm (Fig.3) as the refractive index of water (PALMER and WILLIAMS,
1974). These èxperimental values are in very good agreement with the litterature
(GAUSMAN et al., 1974).

35o 75a

Fig.3 Refractive
(PALMER and

95O l35O l75O ?l5O 2550
ltgo l55a l95o Z35O

Wavelength (nm)

indexes of an ideal leaf and of water

WILLIAMS, L974)

The transmission coefficient 0 has been assimilated, with a good accuracy,
to a straight line :

S = 1,011.10-5 À * O,g77 where ÀetaOOnm-2t77nmf

These values will be supposed constant for all leaves.

4-Z) Characterization of leaf structure

We can now adiust the structure parameter N for each leaf at the
minimum absomtance riaveleneth. The adiristement of the N variable can be
Àrd. bt minimiring (R-R")"itf-T,u)'?wh.ere R and T are experimental data'
R* and-T* are theôretical data. This means that :

d[(R-RN)2+(r-t*)2]
= Q t8l

dN

As it was anticipated, we
generally, N e [i,1.51 for leaves
Eicoryteâônes and finally N>2 for
gives a good representation of the

find N: 1.0 for the albino maize leaf. More
with a compact mesophyll, Ne[1.5'2] f?f
brown and senescent leaves. The parameter N

different leaves studied (Fig.a).



Calculated

Fig.4 Comparison
simulated (Eq.5)

Measured

betrveen reflectance and transmittance data
and measured (64 data)

This parameter is well correlated with the Specific Leaf Area (qL4 : leaf
blade area per unit blade dry weight). Assuminf that the cell walls have a
constant weight per unit arcâ, we cân see that an- incre3sing. of the SLA
corresponds tî a ïecreasing of the number of cell - wall interfacef inside the leaf
and tËen a decreasing of intercellular spaces. In consequeng_er the reflectance will
be lower, the transm-ittance higher anci N will decrease. We have observed an
hyperbolic relationship between"the SLA and N (Fig.s). -th_e-knowledge_of specific
léâf area is of imp'ortance : plant physiologists (RAWSON et al', 1987) have
shown that it migtit be correlàted with tht CO2 exchange rate per unit area
(CER). Furthermdre, it is the key parameter wnicn trànsforms leaf biomass
production into leaf area in most of the growth models.

I

bO

N

(d
q)

o
(.)

9 o,E

rn()
J

,-"uj-ur-r-rl'*1a!g " l "'' l' "'_'J
g456

Nurnber of laYers N

Relationship betrveen number of layers and leaf specific
Fig.5
area

As we have determined
STOKES model using measured
the equivalent reflectance and

the structure parameter N, w-e can invert the

,ËiË.iu*â-àno iiansmittance values, and calc-ulate

t;;;;;il;;;" -ot itt" corresponding compact laver'



This will allow us to estimate the intrinsic absorption characteristics of leaf

components.

4 -3) Absorption characteristics

On this elementary layer, the "plate model" can

calculatè the transmission 
- 
coefficierit 0 which is

coefficient k through the following equation (ALLEN

apply. With Fq. [6] we can
related to the absorPtton

et al., 1969) :

fo
0- ( 1-k)e-x-k'?I

J*
x-le-" dx=0 [5]

soo 97O ll4o:!lo l49O r6so la2(]

Wavelength (nm)

Fig.6.a Extinction coefficient spectrum

middle infrared

This approach represents the necessary first step before introducing pigment

and water absorPtion.

We have to separate water (middle infrared) and pigments effects (visible)'

If we consider thl 
-afisorption 

specirum of the compact elementary laYer' we can

notice that absorption is not equai'^to^'r.--pârticutârlv uncler a50 nni where the

absorption values'ii""^.oir"iô"d.r,; tr.r.-àiÙinb- Àoit" ieaf. That means that other

biological compounds are potential lieht receptors. Optical activities of some of

rhese photoreceptors may protect 
^thï^ieai-Fô* light'gamage when qpproaching

iiié"i,rtiàîiôË. fu. have also suustiàôtea these valùes from îhe absoption spectra

of all of the leaves.

If we assume that absorption of leaves in the:p9.ltul,juXg., !-2'5 pm is

caused-pri".ipàiry'iiy Tî*ïô;ià-ùàt.t, we can write that k = K*'u" *ko

where lç : absorPtion coefficient
ko : absoiption coefficient of the elementfrY Plate
K- : *atei extinction coefficient (cm='-g,.')
C; = water weight per unit area (g'cm-')

The slope of the linear regression betweeq k- and C* with a fixed intercept

,h.'il*-t$p3;Ï*:i5* ; iî1ï;ir i:l*' I'x;ioË ff 
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In the visible part, absorption is due to. pigments as chlorophyll a, .b,
carotenoids and browri pigments 

- that appear during . 
sgnescence. Because of the

strong correlation between-the concentratibns of the different P1gments, we cannot
separite them. We have defined C"u" as the- con_centration bf- chlorophyll 3,. p,

and carotenoids, Co. as a brown pigùents index. The resolution of the-,multiple
linear equation'k="K"0..C.b.+Kb,..'C;, tko provid.es. a_.sPectrum with well known
absorption peaks for ôàroténoïds and chlorophylls (Fig'6b).
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For brown pigments, the values regularly decrease from 400 to 1000 nm.

We can norice ttrui-ifr.r. 
-i,ig-."* 

âbrorË a pârt of the light in the NIR region
(Fig.6c).
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Fig.6.b EKinction coefficient spectrum of photosynthetically
pigments (Chlorophyll a, chlorophyll b, carotenoÏds) in visible
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Fig.6.c EKinction coefficient
visitte and near infrared

spectrum of brown Pigments tn



The difficulty in separating the photosynthetically pigments in the multiple
regressions seems io be àre to- carotênoids.- When we 

-mèasure the carotenoids
coirtent, we may forget other accessory pigments (lutein, neoxanthjn...) 1!ose
quàntitâtive anâlysis " is at present- noi accurate enough. The direct
s^ ectrophotometrid measuremônt bf this kind of pigment givgs ihe value of total
càtotenbids with a large experimental error (SESTAK 2., 1985).

CONCLUSION

We have presented a general radiative transfer model of reflectance and

transmittance of ^ a plant leaf as a function of two parameters : a structure
p-aà;;Ë li u"à â Jon.ènttotion 

-1pig*ent 
concentration or water conlenl)t, t1 

wit]
[,è tât.r interesting to simulate spëcira of leaves and evaluate their sensitivity to

itt.J- pura-eiàri."The advantagè. of this model is the restricted number ot
putâ..i.tt. But some points tilnit its application : for .ex?Pplg we assume a

fiif"il-itiitrîUutiôn ôf ï"àiéi and pigmenis and structure inside the leaf. Further
*ôié, itrâ tugtr 

-corielatiôn 
benuéei the different pigments prevent us from

iËpâiâti"g ttre"éxtinction coefficienis. Finally, *"" s.tppôie that the, angle a which
reiresenti the surface roughness is constant but, in fact, it is not the case.

When imaeing spectroscopy is used for crop chataclerization, it increases

tne inràirîâii""'.i"1?rf b"t-ihé'ïuuv to use it is nôt precisely known. Reflectance

and rransmittan.. 
-uàfu.s-piovided-by-this 

model of 'leaf oirtical properties will
eive input values fo; ;;;.fut ,"fl..tuir." models. They will cbntribute to improve

ilr" ;5;;rtàiiiil Ëf rriËË"ii.;*i rdl"tion oaia for'an efficient use.
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