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INTRODUCTION

With the recent development of imaging spectrometers, increasing attention has
been paid to the interpretation of the new kind of information which can be obtained.
Several studies have been carried out at dlffermg scales, from the leaf to the canopy
seen from space, in order to extract the vegetation biophysical characteristics from the
- monitored reflectance spectra. Most of the studies are focussed on the red edge,
between 650 and 800 nm. This spectral domain corresponds to a sharp variation of the
vegetation optical properties. A large number of studies report some spectral shifts
termed blue shifts when shifting towards shorter wavelengths or red shifts when shifting
towards longer wavelengths. These shifts are characterized by the wavelength of a
particular point of the red edge. Authors generally refer to the inflection point the
wavelength of which is termed X;. At leaf level, and mainly through experimental
observations, }; is related to the chlorophyll concentrations and leaf structure (Gates,
1965; Horler et al., 1983, Guyot et al., 1990). The same trends are observed at canopy
level, but with large scattering due to the effect of canopy geometry and external
parameters such as the irradiance conditions and the viewing geometry (Collins, 1978;
Chang and Collins, 1983; Collins et al., 1983; Ferns et al., 1984; Miller et al., 1985;
Gauthier and Neville, 1985; Baret et al., 1987; Rock et al., 1988a, 1988b; Demetriades-
Shah and Steven, 1988). If all of these authors usually conclude that spectral shifts are of
interest to characterize vegetation status, none has tried to rigourously demonstrate the
additional information contained in the criteria derived from high spectral resolution.
Furthermore, they generally agree on the complex nature of this spectral deformation,
but few works explicitly quantify the X; sensitivity to canopy characteristics or external
factors (Guyot et al., 1990). The aim 'of this paper is to discuss the interest of X; in
comparison with 1nformat10n content and signification of the classical single broad
bands or vegetation indices. Finally, we will try to give an overview of the problems
linked to a spatial determination of }; in terms of noise level and radiometric resolution
capabilities. The discussion will be mainly carried out from theoretical data obtained
through model simulations, but also with real AVIRIS data for the spatialization.

1. Equivalence between ); and single-band reflectance at leaf level

We have used the radiative transfer model elaborated by Jacquemoud and Baret
(1990) to study the sensitivity of ); to leaf characteristics. This model requires only 2
input variables to compute, with a good accuracy, the leaf reflectance and transmittance
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in the red edge domain : the Chlorophyll a and b concentration (C,p) and an index
related to the mesophyll structure (N). For compact leaves, N is close to one. For very
thick and spongy mesophyll, N increases up to 2. It requires also three spectrally
dependent parameters : the refractive index (n(})), the absorption coefficient of a
compact leaf layer deprived of pigments and water (k,(})), and the specific absorption
coefficient of chlorophyll a and b (Kab(A)). n()) which slowly and regularly decreases
from 400 to 2500 nm has been set to its mean value (n=1.442). The k,(}) absorption
coefficient is approximated by :

ko(A) = 0.0114 - 4.87.10°.x [1]

K,p(}) is described by a generalized logistic fit in the red edge. The sharp
variation of K,},, as seen on figure 1, is the cause of the red edge.
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Figure 1. Specific absorption coefficient of chlorophyll a and b spectrum (from
Jacquemoud and Baret, 1990). The solid line corresponds to a generalized logistic fit
used in the formal derivation.

As an important remark, one can notice the dissymmetry of the specific
absorption coefficient K, which probably induces a dissymmetry of the red edge. k; is
computed by formal derivation of this analytical model. Figures 2a and 2b demonstrate
that A; mainly depends on chlorophyll concentration but also on the mesophyll structure
parameter N which is in good agreement with previous results (Horler et al., 1983). An
increase in the chlorophyll concentration C,}, as well as an increase in the mesophyll
structure parameter N produces a red shift. The transmittance is more sensitive to the
structure parameter than the reflectance. ); varies from 683 nm for albino leaves
deprived of pigments, to a maximum value close to 715 nm for a thick dark green leaf
with a spongy mesophyll.

The question is now to demonstrate if this spectral deformation criterion provides
any new information as compared with classical broad wavebands. We have plotted in a
3D space ); as a function of red (672 nm) and near infrared (780 nm) reﬂectancs
(respectively %672 and p7g) for a large range of variation of C,y (from 1 to 70 g.cm”
with 1 g.cm™ step) and RI (from 1.0 to 2.5 with 0.1 step). Figure 3 shows that the
resulting surface is very smooth.
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Figure 2. Effects of chlorophyll concentrations and mesophyll structure (represented by
the N parameter) on reflectance (a) and transmittance (b) inflection point 2;. Results
from Jacquemoud and Baret (1990) model simulations.

It has been fitted to a 4! order polynomial surface and leads to a very low root
mean square (rms=0.73 nm). It can be concluded that, at leaf level, the spectral- shifts
observed in the red edge are equivalent to the combined red and and near infrared
wavebands :

A = Heg72 £780) [2]

Figure 3. 3D representation of the function f
relating }; to Pg72 and pygg.
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This important property can be easily explained by the fact that }; is a function of
C,p and N, p7g( depends on N and pg7; is also determined by both N'and Cy,

A = 8(CappN) 5 1780 = B(N) s £g72 = I(CapN)

N = 80 Nog720 (07800, bl (0780)) = Hog72: £780) 13]

Figure 2 reveals that }; is sensitive to changes in Cy}, levels even for high values

of C as compared to the sensitivity of P67 which is close to the saturation level for

gose to 30 g.cm 2 (Jacquemoud and Baret, 1990). But there is no difficulty to

choose a particular wavelength in the red edge with a better sensitivity for higher C;

values. Because no inflection point can be experlmentally measured on spectra Wlth a

minimum of 3 data points, the determination of ); is no more of interest at leaf level. In
the following section, we shall discuss the properties of ); at canopy level.

2. The nature of spectral shifts observed on canopies.

2.1. Method of A; computation.

To simulate canopy reflectance spectra and analyse the factors governing A
shall couple the preceding model of leaf optical properties with the SAIL (Verfuoef
1984, 198S) canopy reflectance model. This approach provides an analytical formulation
of the canopy spectral reflectance (R(})) in the simple case of a one layer canopy with
90% directional incident radiation and 10% diffuse isotropic radiation irrespectively to
the wavelength :

R(V) = R((\),ko(N),Kgp(N),CapyNLALE 1, ¥0,06,61,0(V) [4]

where LAl is the leaf area index, 8, and ¥, respectively the view zenith and azimuth
angles, 8 the solar zenith angle, 8| the mean leaf inclination angle characterizing the
leaf angle distribution function (in this case we have used ellipsoidal distributions :
Campbell, 1986; Wang and Jarvis, 1986), p4 the soil background reflectance. In equation
(4), only four terms are spectrally dependent The first 3 are the spectral parameters of
the leaf model described in the previous section. The last one, py()) is assumed to be
linearly wavelength dependent and verifies the soil line concept (Richardson and
Wiegand, 1977) with mean values of soil line parameters (Guyot and Baret, 1990) :

p(780) = 1.2.04(672) + 0.04 [5]

This leads to the following equation relating p¢ to A and ps(672) taken as a soil
brightness variable :

ps(N) = pg(672) + ((:-672)/(780-672)).(0.2.0(672) +0.04) [6]

The 'canopy spectral reflectance can then be set in the form of a function of the
wavelength and a convenient notation vector of input variables which are not
wavelength dependent :

R(\) = FOLX) with X = (Cap,N,LALO($.04,01.04(672)) (7]
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Henceforth, analytical derivation of F is possible. Because of the complexity of
the second derivative expression which is required to compute A;, we have defined the
implicit function FZ(A,X) as :

F2(\,X) = d2F/d)2 [8]

It can be mathematically demonstrated that, assuming the contiliuity of F2, and
the existence and continuity of d(F2)/dA, the solution ); that equates F~ to zero, exists
and is unique. The ); solution is then numerically computed for each values of X input
variables vector. We are now able to analyse the sensitivity of A; to the X values.

2.2. sensitivity analysis.

We will restrict the study to vertical viewing (65=0). Because the LAI is one of the
main factors controlling the biophysical processes at canopy level, we shall analyse, at
each step, the interaction between the LAI and any other input variable. The
simulations show that the main factors governing the shifts are the chlorophyll
concentration and, to a lesser extent, the leaf area index. Any increase of Cap or LAI
produces a red shift (figure 4a). This is in good agreement with experimental results
obtained on chlorotic plants where the decrease in C,p is generally linked to a decrease
of the LAI (Demetriades-Shah and Steven, 1988; Rock et al., 1988b). For LAl greater
than 4, the amplitude of the shift when C,y, increases from 1 to 80 g.cm™ is not very
different from that observed on lezkf reflectance spectra (about 40 nm). For a green crop,
let say Cyy, greater than 40 g.cm™, the ); range of variation with LAI is reduced to 15
nm. But this amplitude of variation is reduced again when the canopies are more
planophile (figure 4c). This effect of canopy geometry agrees with experimental results
of Vanderbilt et al. (1988), even in the absence of simulated specular effects. The leaf
mesophyll structure produces also red shifts (figure 4b) : in comparison with a compact
monocotyledonous leaf (N=1.0), a dicotyledonous thick and spongy mesophyll leaf
(N=2.0) shifts ); towards longer wavelength of about S nm which is not negligible if one
reminds the 15 nm amplitude observed for green vegetation. Soil brightness (figure 4d)
affects only slightly }; for intermediate LAL Further simulations reveal the insignificant
influence of irradiance conditions (sun position and diffuse/direct incoming radiation
ratio) on A;.

. From this sensitivity analysis, we have come to the conclusion that A{ was mainly .
influenced by canopy parameters, particularly by the chlorophyll a and b concentration
and the leaf area index. External or disturbing factors, such as soil brightness or
irradiance conditions, have only little effects on A; This criterion can also be of interest
for high spectral resolution studies. We have to notice the small amplitude of variation
which may restrict its efficiency in case of measurements performed with a relatively low
accuracy. But we have still to discuss about the redundancy level with classical single
wavebands.

2.3. Comparison with classical single wavebands or vegetation indices.

For a given wavelength, equation (7) states that the same set of input parameters
(X vector) governs single reflectance band. As previously seen at leaf level, we will then
test if the information provided by ); is equivalent to that contained in classical bands or
in vegetation indices. We have simulated pg7,, p7g0, and Aj for a large range of X
vectors. The practical problem lies in the great number of arrangements if one wants to
cross all of them. Hence, the input variables have been chosen at random according to
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b) : variation with N*%or X = (40,N,LAI0°,0°40°,58°0.15)

¢) : variation with 6 for X = (40,2,LAI,0°,0°,40°,01,0.15)

d) : variation with ps(672) for X = (40,2,LAI,0°,0°,40°,S8°,pS(672))

Fifure 4, ); variations as a function of LAI for vertical viewing.

several statistical distributions : a uniform distribution for N (1<N<25), ¢

(0°<8,<60%), ¥, (0°<¥,<180°), 6; (20°<6,<70°), 8; (20°<6;<80°) apd p (672

(0.05<p (672)<(?.30); a lognormal distribution for Cyy, (0.1<C,y, <80 g.cm™) and LAI
(0.1 <LKI< 16). Such a choice is justified by the last analysis revealing a great sensitivity
of ; for little values of C,, and LAL The surface corresponding to ); as a function of
Pe72 and p7§3 is not as smooth as in the case of a leaf : it shows oft1 some important
scattering confirming the nonequivalence between X; and P6T2 and p7gq and any red-
near infrared vegetation index at canopy level. 'i‘his is In good agreement with
experimental data from Baret et al. (1987) and Leprieur (1989) who found that the X;
information content was not strictly the same as the one provided by the Normalized
Difference Vegetation Index (NDVI). A given set of red and near infrared reflectance

(rg72: p78(?) may correspond to several values of X: (see figure 5). The same conclusions
are carried out even if we fix N, 0, ¥,,, 6 or gi(6%2) 'which have little effect on }; and
which can be measured or controlled (we ?et only C,y,, LAl and 6| vary).
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Figure 5. Demonstration of the nonequivalence between ); versus red and near infrared
re .ecl:)tlances (rg72: P780)- Spectra 1 to 4 are respectively obtained for the following input
variables:

Because any inflection point requires a minimum of 3 data points to be
measured, we have added a new single reflectance band in order to test if this extra
information significantly contributes to explain the ); variance. We have chosen the
middle wavelength between the two red edge limits (710nm =(780+ 740)/2). The same
set of random input variables is used to compute X;, pg79, #7109 and p7g(. Second order
multivariate polynomial fitting of }; as a function of P672 1 P710 +P7 explains more
than 96% of ); variance. The choice of different or additional spectrafgands, the use of
other types than polynomial fit should explain degree of \; with single reflectance
wavebands.

From these results, it is concluded as for the leaf level that the A information is
very redundant with the information contained in single reflectance wavebands because
they depend on the same input variables. However, due to the important number of
input variables (at least 8 if one excepts the diffuse/direct incoming radiation ratio),
more single wavebands are required to get unambiguous and accurate relationships
between spectral shifts and single band reflectance values. Spectral shifts could be then
considered as a particular "vegetation index" of interest because of its low sensitivity to
disturbing factors such as irradiance conditions or soil brightness and its high sensitivity
to canopy characteristics such as chlorophyllian pigments concentration or LAI. But we
have still to discuss about the way and the noise associated with the determination of };
monitored from space.

3. Spatial measurement of };, Evaluation of the accuracy and comparison with AVIRIS
data.

This section is focussed on problems linked to the use of spectral shifts observed
from space and is illustrated by AVIRIS experimental data. We will first and briefly
discuss about the disturbing factors such as atmospheric effects and instrumental noise.
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3.1, atmospheric effects and instrumental noise.

As it can be demonstrated (Gu, 1988), the signal measured from satellite level
(Sgq¢) is related to ground level reflectance (pg) through the linear relationship :

Ssat®) = a(0).p5(0) + b() (9]

where a()) and b()\) depend on the atmospheric effects if environmental effects are
neglected. Molecular (Rayleigh) and aerosol (Mie) scattering are not very wavelength
dependent in the red edge domain at the opposite of gaseous absorption. The 5S model
(Tanre et al., 1986) is used to show off the atmospheric gaseous transmittance computed
for the AVIRIS spectral bands and for two differing cases (figure 6).
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Figure 6. Gaseous transmission computed with SS model for midlatitude winter and
summer atmospheres for the AVIRIS wavebands. The effect on AVIRIS vegetation
signal is represented by the bottom curve.

Gaseous absorption creates some strong disturbances on the reflectance spectra
collected at satellite level. If channels strongly affected by the gaseous absorption are
not used, the atmospheric effects will not affect the determination of A; because they just
translate the whole spectrum (effect of the b parameter which is no more wavelength
sensitive in this case) and transform it by an homothetic factor along the y axis (satellite
signal, radiance or reflectance axis). This is one major advantage of this high spectral
resolution derived criterion to remove most of the atmospherical effects as discussed
previously by Guyot et al. (1990).

3.2. Methods of ; determination.

A brief review of the literature about the spectral shifts enables us to classify
the methods of A; determination into 3 main categories :

* derivation and spectra smoothing : These techniques are used for red edges
measured with a lot of narrow spectral bands. It generally corresponds to spectra
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performed at leaf or ground level (Horler et al., 1983; Demetriades-Shah and
Steven, 1988 among others). Spectra are often smoothed to remove the residual
high frequency noise before being derived. This smoothing technique tends to
the model inversion technique when the number of parameters to adjust is
reduced.

* model inversion techniques : Collins et al. (1983) used Cheybyshev
decomposition to represent the red edge and compute ). But, as discussed by
Gauthier and Neville (1988), this procedure still requires a too large number of
spectral data points to be used with spaceborne spectroimagers. Chang and
Collins (1983) and Miller et al.(1985) have used a gaussian model to fit the red edge.
It requires three parameters and hence a minimum of three independent spectral
bands in the red edge (including the minimum reflectance value close to 675 nm
and the near infrared shoulder value reached since about 780nm) to be inverted.
This procedure is time consuming and may cause problems to use it operationally
on large scenes. Because it is also somewhat empirical to choose this particular
gaussian model and also because exact inversion of coupled leaf optical
properties and canopy reflectance models is delicate due to the number of
parameters to adjust, some authors have used a more simplified assessment of X;.

* linear model : Because of the quasi linear pattern of the middle of the red edge
(from 700 to 740 nm), Gauthier and Neville (1985) have approximated it to a
straight line and have characterized the spectral shifts with its intercept at the
wavelength axis. Baret et al. (1987) have later shown that the point corresponding
to the mid reflectance amplitude of the red edge was a local symmetry centre very
close to the true inflection point for green vegetation. Leprieur (1989) applies this
definition to AVIRIS data :

A = 231 + Oag231)-(7031)/ (P36-p37) (10]

with p;=(pp9+p40)/2 and the subscripts refer to the AVIRIS channels (29 =
674.4 nm; %? = 284.0 nm; 36 = 743 nm; 40 = 782.2 nm). We will then use this
simple definition of the spectral shift which requires only 4 narrow bands out of
the gaseous absorption domain to discuss about the accuracy of its determination
from space platforms.

3.3. Evaluation of X; accuracy and comparison with AVIRIS data.

The computation of the accuracy is based on the assumption that the errors on
the reflectance (or radiance) measurements (dp) and on the wavelength position (d)\) of
each channel are independent and have the same value (dp, d)\) for each of the four
channels (Leprieur, 1990). It follows that the maximum error d); on }; is given by :

dy = dX + 2.dp.(36-231)-(04-031)/ (036-0371)? [11]

The error is computed for differing values of LAI for crop with
X =(40,1.2,LLAL0°,0°,30°,58°,0.15). It reveals (figure 7) that d); is very important for low
leaf area indices and increases drastically with dp. For larger LAI, the noise level is
reduced and mainly depends on d\. The computed signal/noise ratios confirm that, even
for low errors on X and p, ); estimation should be very noisy compared to its sensitivity
to LAI The same results have been also found for the determination of the chlorophyll
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content. This evaluation of the error is performed under simplifying assumptions, and
should be the maximum one. Because we have no detailed information on the error
structure of the spectro-imaging systems, there is no other possibility to get an idea of
the noise, except by looking at the discrimination capability on contrasted objects. This
has been done on one AVIRIS scene (Moffet field test site in San Fransisco Bay). It
clearly appears on figure 8 that the \; noise is not so important as the one computed.
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Figure 8. Comparison between NDVI (a) and ); (b) observed from AVIRIS on two
ditfering test sites.

Table 1 shows off that for 8 test sites chosen to be representative of the differing
vegetation types, the root mean square decreases when green vegetation materials
increase as previously expected, but remains around 1.5 nm for a 16 nm maximum range
variation of the shifts. It seems to be not too bad as compared to the NDVI which has a
corresponding rms close to 0.04 for a maximum range of variation of 0.043.

Site number A; (nm) 3; (nm) NDVI NDVI
pixels mean rms mean rms

1 203 721.4 1.2 0.74 0.04

2 309 720.1 1.0 0.72 0.03

3 164 719.3 1.0 0.65 0.03

4 118 705.1 1.3 0.55 0.01

S 59 716.4 2.2 0.51 0.05

6 292 715.2 24 0.37 0.05

7 146 711.7 2.8 0.32 0.05

8 24 712.3 1.4 0.31 0.06

Table 1. Mean values and rms of A; and NDVI computed from 8 test sites.

This apparent contradiction between estimated values of the noise associated to
A; and the one derived from real AVIRIS data lies in the fact that we have to improve
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our knowledge about the instrumental noise structure and refine the error calculation
procedure. Nevertheless, this section proves from the experiment that X; can be
determined with an accuracy equivalent to the one associated to classical vegetation
indices as NDV], except when the vegetation is very scarce. In this case, the low slope of
the red edge induces an important error on the determination of the ); value.

4. Conclusion.

This brief analysis shows off that the information content of the spectral shifts of
the red edge is not different from the one contained in single bands reflectance or
vegetation indices. At that stage of the discussion, one could say that spectral shifts are
reduced to a particular vegetation index which minimizes external factors such as the
irradiance conditions and soil brightness effects. It is very sensitive to the chlorophyll
content and the leaf area index, and to a lesser extent, to leaf mesophyll structure and
leaf orientation. All of these results obtained through model simulations are in good
agreement with the literature. They should be still valid for any "edges" corresponding to
a sharp variation of a specific absorption coefficient: One has just to replace the
chloro&)hyll concentration by the corresponding absorbing material content. For
example, in the middle infrared, several edges due to water absorption features exist.

When this spectral shift concept is applied at the satellite scale characterized by
few wavebands and additional disturbing factors such as instrumental noise and
atmospheric effects, the linear model enables getting the shift with only four wavebands.
If these wavebands are chosen to be out of the gaseous absorption domain, this spectral
shift should be very little dependent upon the atmospheric conditions. This important
property is surely one of the main advantages of this spectral shift concept. The
theoretical analysis of the noise is actually limited b{/ﬁl{e bad knowledge about the
instrumental error structure. Nevertheless, from real AVIRIS data, it seems that, except
for scarce vegetation, the accuracy of the spectral shift determination is close to the one
observed for classical vegetation indices.

If High spectral resolution programs are developed until some years, it is certainly
to try to improve our knowledge on the target from spaceborne sensors. It seems
therefore somewhat restrictive to limit the high spectral resolution capabilities to build
empirical indices such as the spectral shifts. The main questions which still remain
unsolved are : How many and what wavebands are required to get the full spectral
information of canopies ? How can we extract the pertinent characteristics of the
vegetation from this spectral information ? And how can we use redundancy between
ditfering channels to remove the atmospheric effects. Researchers have still some time
to spend to struggle with these complex problems.

-
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