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Spectral shifts characterized by the wavelength 
~i of the inflexion point in the red-edge region (670- 
780 nm) are analyzed using model simulations. 
Leaf optical properties are computed with the 
PROSPECT model, canopy reflectance with the 
SAIL model, and atmospheric effects with the 5S 
model. The information provided by the high spec- 
tral resolution index (~i) appears to be equivalent 
to that obtained from the red and near-infrared 
broad band reflectances at leaf level. This is not 
true at canopy level: )~i is very sensitive to leaf area 
index and chlorophyll concentration and, when 
observed from space sensors, it minimizes the 
effects of atmosphere and soil background optical 
properties. Moreover, )~i could be a pertinent indi- 
cator of canopy photosynthetic capacity. But its 
small dynamic range requires further studies in 
which sensor noise has to be considered, depending 
on the method of )~i computation. 

INTRODUCTION 

Present developments of spectro-imaging sensors 
such as AIS (Airborne Imaging Spectrometer), 
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AVIRIS (Airborne Visible Infrared Imaging Spec- 
trometer), or MODIS (Moderate resolution Im- 
aging Spectrometer) (Slater, 1986) require a si- 
multaneous research effort in the interpretation 
of this new remotely sensed information. For bio- 
sphere applications, various studies have been 
carried out to explain the spectral features ob- 
served either at the leaf scale or on canopies 
sensed from space. Most of the work focuses 
on the red edge (650-800 nm) where the optical 
properties change sharply with wavelength (Horler 
et al., 1983). First or second derivatives of the 
spectra with respect to the wavelength (Demetri- 
ades-Shah and Steven, 1988; Hall et al., 1990) 
and spectral shifts of the inflexion point of the 
red edge (Baret et al., 1987; Belanger, 1990; 
Chang and Collins, 1983; Collins et al., 1983; 
Ferns et al., 1984; Gauthier and Neville, 1985; 
Horler et al., 1983; Leprieur, 1989; Miller et al., 
1985) are generally used to describe the spectral 
features. As for broad band vegetation indices, 
these spectral features have been related to leaf 
or canopy characteristics. 

At leaf level, the spectral features observed in 
the red edge are related to chlorophyll or other 
absorbing pigments concentrations as well as to 
the mesophyll internal structure (Belanger, 1990; 
Curran et al., 1991; Gates et al., 1965; Guyot et 
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al., 1991; Horler et al., 1983). An increase in 
chlorophyll concentration shifts the inflexion 
point towards longer wavelengths and increases 
the absolute value of the first and second deriva- 
tives. At canopy level, these spectral features have 
been correlated with stress or chlorosis induced 
by high concentrations of heavy metals (Chang 
and Collins, 1983; Collins et al., 1983; Deme- 
triades-Shah and Steven, 1988; Gauthier and 
Neville, 1985; Miller et al., 1985; Milton and 
Mouat, 1989; Rock et al., 1990) or, in more gen- 
eral terms, with vegetation vigor status (Baret et 
al., 1987; Boochs et al., 1990). But, at canopy 
level, many external factors induce noise in the 
relationships observed at leaf level and complicate 
the interpretation of the spectral features (Curran 
et al., 1991; Guyot et al., 1991; Vanderbilt et al.,. 
1988). More recently, some authors justify, in an 
opposite way, the use of the spectral features 
because it minimizes the noise induced by some 
factors such as soil optical properties (Deme- 
triades-Shah et al., 1990; Hall et al., 1990). How- 
ever, few studies (Price, 1990) consider the real 
gain in information content of the data provided 
by spectro-imaging systems as compared with the 
classical broad bands: 

This article is an attempt to analyze the sensi- 
tivity of the spectral feature both at leaf and 
canopy scales using modeled output. We will 
more particularly focus on the spectral shifts char- 
acterized by the wavelength of the inflexion point 
~, in the red edge domain. We will evaluate the 
advantages of using this kind of high spectral 
resolution index compared to the use of classical 
wide bands. These analyses will be based on leaf 
and canopy reflectance models. We will finally 
address issues linked to satellite observations and 
the atmospheric effects. 

EQUIVALENCE BETWEEN ~. AND W I D E  
BAND REFLECTANCES AT LEAF LEVEL 

We have used the PROSPECT model (Jacque- 
moud and Baret, 1990) to simulate leaf optical 
properties as a function of their biophysical prop- 
erties. In this simple modeling approach, scatter- 
ing is produced by refractive index variations at 
each interface between air and leaf material. The 
leaf mesophyll internal structure is thus described 
by the number of interfaces characterized by the 

parameter N. Since the refractive index of leaf 
material, n(k), varies only slightly with wave- 
length, the spectral edges are due to absorption 
features. The absorption is characterized by an 
absorption coefficient [K(k)], which is the product 
of a specific absorption coefficient [k(k)], strongly 
dependent on the wavelength, and the concentra- 
tion (C) of the absorbing material: 

K(X) = Zk,(X)C~. (1) 
i 

We will consider explicitly only chlorophyll a 
and b pigments (characterized by kay(k) and Cab) 
and water (kw(k) and Cw). This simple case allows 
the computation of realistic leaf reflectance and 
transmittance spectra in the optical domain using 
only three input variables, which are not wave- 
length dependent: Ca~, Cw, and N. As the absorp- 
tion domains of water and chlorophyll are distinct, 
we have described each part of kab(•) o r  k,~(k) 
curves by sigmoidal curves: 

k ( ) k )  -~ Odl(Od2 4- (1 - a3e-"'(x-"5))"s). (2) 

The different ot values are reported in Table 
1 for certain spectral domains where an "edge" 
can be observed. These analytical expressions of 
k(k) are used to formally derive the PROSPECT 
model in order to determine the position of the 
inflexion point from leaf reflectance or transmit- 
tance in various spectral domains. In the red edge, 
we obviously observe the strong dependence of 

on chlorophyll concentration, but it also depends 
on the mesophyll internal structure through the 
N parameter (Fig. 1). The ~ values range from 
683 nm for low chlorophyll concentrations, to a 
maximum of 715 nm for thick green leaves with 
a spongy mesophyll (N>2.0). The relationships 
between k~ and total chlorophyll agree with the 
experimental results obtained by Belanger (1990) 
on deciduous tree species and Horler et al. (1983) 

Table 1. ct V a l u e s  f o r  E q .  (2 )  i n  F o u r  S p e c t r a l  D o m a i n s "  

kab k,c 

452-458 672-752 1340-1446 1800-1922 

a l  - 0 . 0 2 3 9  - 0 . 0 3 1 7  1 8 . 0 7 9 5  5 5 . 2 8 9 5  

a2  - 1 . 3 0 2 0  - 1 . 0 0 0 0  0 . 1 1 8 2  0 . 1 0 2 1  

a3  - 2 1 . 4 6 7 2  0 . 9 3 9 6  - 0 . 5 5 0 5  - 1 6 . 8 3 4 9  

a4 0 . 1 5 8 8  0 . 0 9 8 2  0 . 0 6 0 9  0 . 0 9 9 0  

a5  4 9 1 . 2  6 7 2 . 0  1 3 7 1 . 8  1 8 6 4 . 1  

a 6  - 0 . 4 8 0 6  2 . 9 9 4 2  - 7 . 7 3 8 8  - 0 . 7 6 8 1  

~, 5 0 5 . 9  6 8 2 . 5  1 3 9 5 . 6  1 8 8 9 . 9  

" ;k~ is t h e  p o s i t i o n  o f  t h e  i n f l e x i o n  p o i n t  o f  t h e  s p e c i f i c  a b s o r p -  
t i o n  c o e f f i c i e n t  k()x). T h e  w a v e l e n g t h s  a r e  in n m  a n d  k(k) in  # g  l c m  2. 
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Figure 1. Sensitivity of )~ to chlorophyll concentration 
(Cab) and mesophyll internal structure parameter (iV). 

on dicotyledonous tree species and monocotyle- 
donous cereals. Similar behavior is observed in 
the blue-green domain (452-548 nm) as a func- 
tion of the chlorophyll concentration (Cab) and in 
the middle infrared (1340-1446 nm and 1800- 
1922 nm) as a function of the equivalent water 
thickness (Cw). 

As the spectral absorption domains of water 
and chlorophyll pigments do not overlap, leaf 
optical properties are fully explained by only two 
input variables (C and N) in a particular spectral 
domain (visible-near infrared or near-middle in- 
frared). Inside one of these spectral domains, two 
narrow wavebands (X] and X2) should be theoreti- 
cally sufficient to invert the PROSPECT model 
from reflectance or transmittance values and re- 
trieve the C and N variables. Thus, they should 
allow computation of the corresponding X~. In 

consequence, a one-to-one function F should re- 
late the spectral shift hi to the reflectance (or 
transmittance) data set (p(X0,p(X2): 

~kl = F ( p ( X I ) , p ( X 2 ) ) .  ( 3 )  

In the red edge, ;k~ is very accurately fitted 
(RMSE=0.73 nm) by a polynomial surface of 
the fourth order in p(672) (maximum absorption 
wavelength) and p(780) (near-infrared plateau) 
that represents the F function. From a statistical 
point of view, this confirms the equivalence be- 
tween the reflectances in two wavebands and the 
spectral shift. Due to the smooth variation in a 
restricted spectral domain around 672 nm and 
780 nm, there are little differences between the 
broad band reflectances in the red and near infra- 
red (LANDSAT or SPOT bands, for example), and 
the high spectral reflectances p(672) and p(780). 
Thus, we conclude that, at the leaf level, red 
and near infrared reflectances have an equivalent 
information content as the spectral shifts. 

ANALYSIS AT CANOPY LEVEL 

Canopy Biophysical Characteristics and Xi 

Canopy reflectance spectra are simulated using 
the PROSPECT model from which leaf reflec- 
tance and transmittance spectra are fed into the 
SAIL canopy refectance model (Verhoef, 1984; 
1985). Near the red edge, the spectral reflectance 
of the canopy p(X) is a function R1 of 

p()~) = Rl(n(X),kab(X),Cab,N,l,Oo,rho,O,,Ol,ps(X)), (4) 

where l is the leaf area index, 0o and 4)0 are the 
view zenith and azimuth angles, 0, is the sun 
zenith angle (90% of the incoming energy is 
assumed to be in the sun direction, the remaining 
10% corresponding to a diffuse flux), 01 is the 
average leaf angle inclination (we have considered 
ellipsoidal distributions) (Campbell, 1986; Wang 
and Jarvis, 1988), and p~(X) is the soil spectral 
reflectance. We split the input variables of the 
canopy reflectance function R1 into spectrally de- 
pendent (mainly k~ and p,) and non-spectrally 
dependent. Following the results of Bowers and 
Hanks (1965) or Stoner and Baumgardner (1985), 
we will assume a linear variation of the soil re- 
flectance near the red edge. Using the soil line 
concept between the red (672 nm) and the near 
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infrared (780 nm) (Baret and Guyot, 1991; Rich- 
ardson and Wiegand, 1977), we propose a sin- 
gle empirical relationship between the soil re- 
flectance as and both the wavelength (X) and 
a brightness index which could be the soil red 
reflectance [ps(672)]: 

p,(X) = p,(672) + X~-  67_~2x(0.2p,(672 ) + 0.04). 
/~U -- O ( ~  

(5) 

We will thus define the R~ function as 

0(X) = (6) 

where X = (Cab,N,l,Oo,Cko,Os,Ot,p,(672)) is the vector 
of the spectrally independent input variables. Ex- 

pression (6) allows the second derivative [d~o(X)/ 
dX ~] to be formally calculated and thus k~ to be 
determined by setting dzo(X) / dX ~ = 0. For simplic- 
ity, we will only present simulations performed at 
the nadir (0o=0). As the leaf index is one of 
the most important variables governing canopy 
processes, we will always analyse the sensitivity 
of each other input variable in interaction with 1. 
The spectral shifts are primarily governed both 
by the chlorophyll concentration and the leaf area 
index (Fig. 2). Any increase of the chlorophyll 
concentration or of the leaf area index shifts k~ 
towards longer wavelengths. This is in good 
agreement with experimental results observed by 
Demetriades-Shah and Steven (1988) or Rock et 
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al. (1988). The range of k~ variation for canopies 
is close to that reported for individual leaves, 
considering the full range of variation of chloro- 
phyll concentration. However, for a given chloro- 
phyll concentration, the dynamics of k~ is reduced 
to a maximum of 20 nm. Canopy architecture 
effects (0z) are significant: This has been confirmed 
by Vanderbilt et al. (1988), who showed that 
changes in the geometric structure of the plant 
canopy, due to the wind, may induce red edge 
shifts, especially for erect canopies. The effect of 
the mesophyll internal structure is also significant: 
When the N parameter increases from 1.0 to 2.0, 
hi shifts about 4 nm towards longer wavelengths. 
The spectral shifts in the red edge are nearly 
independent of the soil background optical prop- 
erties. Complementary simulations show a very 
small influence of irradiance conditions on hi (sun 
position, diffuse fraction). ° 

Spectral shifts in the red edge seem to be 
particularly sensitive to input variables that gov- 
ern the photosynthetic activity of the canopy such 
as chlorophyll concentration, leaf area index, or 
canopy architecture (Charles-Edwards, 1982). It 
will be interesting to relate this high spectral 
resolution index to more global biophysical vari- 
ables such as the whole canopy chlorophyll con- 
tent or the efficiency of the canopy in trapping 
photosynthetically active radiation, as suggested 
by Hall et al. (1990). Furthermore, k~ minimizes 
the influence of uncontrolled variables such as 
soil optical properties. Among the input variables, 
we can then distinguish those we want to assess 
from remote sensing data and those in which 
we have no interest and producing noise in the 
retrieved variables (we can denote them 0). We 
propose to look for the conditions on the last 
category of input variables 0 so that ~ does not 
depend on O. For this purpose, we define the 
function g as the second derivative of the can- 
opy reflectance with respect to the wavelength: 
g=d2p(k)/dk 2. This function depends on the 
wavelength and on other input variables including 
O: g = g(k,O). We can define the implicit function 
hi(O) such as g(k,O)= O. The basic properties of 
implicit functions lead to 

d~i dg ] dg 
d O -  d O ] d k "  (7) 

This equation states that the independence of 

hi with respect to the input variable 0 is equiva- 
lent to the independence of the second derivative 
g with respect to O(d~ / dO = 0 ~* dg / dO = 0). Let 
us assume that the input variable O depends on 
the wavelength: 0 = O(k). This corresponds, for 
example, to the case of the soil reflectance. Can- 
opy spectral reflectance can be expressed in the 
form p = p(12(X),O(k)), where 12 corresponds to the 
input variables distinct from O. The 12 input vari- 
ables include those we want to retrieve from high 
spectral resolution indices, such as the chloro- 
phyll content, the leaf area index, or other vari- 
ables which may depend on the wavelength such 
as the irradiance conditions. With those definitions, 
we can express the second derivative g of canopy 
reflectance with respect to the wavelength: 

d2p/do  2 dp 
dO +d--6dX - -7  <S) 

If we differentiate g with respect to O, we 
have 

dg (do/  dx 
dO dO 3 \ d k /  + 3-d-~i dk ~ + dO dO dk ~ 

d~"~ [d3p (d~'~12 d2p d2~ dp d)k 

(9) 
As by definition i2 is independent of fl (dfl/ 

dO = 0, Eq. (9) simplifies and gives the condition 
under which g, and thus hi, do not depend on the 
parameter O: 

d3p (dO~ 2 d2p d20 dp dk d30 
dO 3 \ d k /  + 3-d-~ dk ~ + dO dO dk 3 = 0. (10) 

In particular, this condition is obtained when 

and 

d2p - - - = 0  
dO 2 

d20 
- 0 .  (11) dk 2 

Conditions (11) are thus obtained when the can- 
opy reflectance is a linear fraction of the input 
variable O, and when 0 varies linearly with wave- 
length on the spectral domain considered. For 
example, the canopy reflectance can be approxi- 
mated by a linear function of soil reflectance 
(Baret, 1988), and soil reflectance spectra are 
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quasilinear with wavelength in the red edge as 
discussed earlier. These two properties corre- 
spond to conditions (11) and explain why hi is not 
influenced by soil optical properties (Fig. 2d). 

In this section, we have established the bio- 
physical meaning of the spectral shifts which gives 
some credence to the use of these high spectral 
resolution indices. However, we still have to com- 
pare this information derived from high spectral 
resolution sensors with that obtained with classi- 
cal wide bands. 

Relationships between hi and Red and 
Near-Infrared Reflectances 

As seen earlier, at ground level, canopy re- 
flectance spectra, in a given spectral domain, de- 
pend only on a limited set of input variables. 
Consequently, a strong redundancy is expected 
among the different reflectances observed along 
the spectrum. Similarly to our study at leaf level, 
we will evaluate which is the new information 
carried by h, as compared to that obtained from 
classical broad wavebands. 

We have built a very large set of simulated hi, 
p(672), and 0(780) values using the PROSPECT 
and SAIL models. The input variable vectors X 
are randomly drawn, considering the following 
independent distributions of each individual input 
variable: uniform distribution for N (1 < N~< 2.5), 0o 
(0°~<0o~<60°), 0 (0°~<0~<180°), 0~ (20°~<0,~ < 
70°), Ot (20 ° ~< 0~ ~< 80°), and p~(672) (0.1 ~< ps 

(672) ~< 0.30); lognormal distributions for C~b 
(0.1~<C~<80 #g cm 2) and 1 (0.1</~<16). The 
latter choice is explained by the previous analysis, 
which highlights the large sensitivity of hl to low 
values of C~ or I. 

The surface corresponding to the polynomial 
approximation of hi as a function of p(672) and 
p(780) is not as smooth (RMSE = 5.2 nm) as that 
observed for leaves. In some particular configura- 
tions, the same red and near infrared reflectances 
may correspond to different hi values (Fig. 3). 
These results demonstrate that the spectral shifts 
in the red edge are not strictly equivalent to the 
red and near-infrared reflectances. However, the 
accuracy of hi, as explained by single waveband 
reflectances using the same polynomial fitting 
techniques, increases drastically with the number 
ofwavebands. When a narrow waveband centered 
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Figure 3. Spectra simulated with the same red and near 
infrared reflectances, but with differing hi values. 1) 
X = (8.8, 2.43, 1.58, 54.5, 163.3, 66.6, 72, 0.22); 2) 
x= (46.5, 2.5, 1.2, 31, 27.8, 67, 45, 0.25); 3) x = (35.5, 
2.27, 1.02, 48, 1.8, 69.3, 74.6, 0.18); 4) x = (17.9, 1.78, 
1.9, 37.6, 106.8, 60.1, 44.9, 0.20). 

at 710 nm between red and near-infrared bands 
is added, the RMSE of kl decreases to 1.6 nm; 
but when we add new complementary wave- 
bands, they must be narrow, and we have to pay 
attention to gaseous absorption features which 
may restrict the use of a large number of wave- 
bands. This naturally leads us to address the issue 
of atmospheric effects, and more generally to 
study problems related to space observations. 

PROBLEMS RELATED TO SPACE 
OBSERVATIONS 

Atmospheric Effects 

Apparent reflectances at satellite level p, can be 
simply related to the target reflectance p when 
the surrounding optical properties are similar 
(Conel et al., 1988): 

p ,  = u p  + v.  (12) 

The second derivative of p with respect to the 
wavelength is then 

dZp, = 2du dp + d2p + d2u d2v (13) 
dh 2 dh ~ U-d-~ t ~  + dh--- i. 

Simulations performed with the 5S model (Tanr6 
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et al., 1990) show that, outside gaseous absorption 
bands, the u and v parameters are quasilinear 
functions of the wavelength (dZu ! dX 2 ~ 0 and d~v / 
dk2~-0) (Fig. 4). Furthermore, the increase of u 
with respect to the wavelength is very small (du/ 
d)Q = 0). Equation (13) is thus approximated by 

d 2 p ,  d2p 
dX ~ - u~-~. (14) 

This clearly shows that, for a given sensor, 
ground level spectral shifts (hi) are equivalent to 
the ones observed from space (k*~), taking into 
account the atmospheric effects. Numerical simu- 
lations confirm the interesting properties of this 
high spectral resolution index as compared to 
the second derivative, affected by atmospheric 
characteristics through the parameter u, or to the 
use of classical broad bands, vegetation indices 
such as the NDVI (Fig. 5). 

However, though it may be easy to compute 
h~ from model simulations or to calculate it from 
high spectral resolution measurements acquired 
at ground level, the problem is much more com- 
plex when evaluating k~ from spectro-imaging sys- 
tems on airborne or space platforms. 

Procedures Used to Evaluate ~ from 
Space Observations 

Three main constraints apply to the method of 
computation of K. from data recorded by high 
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Figure 5. Relationship between ground level and satellite 
level spectral indices hi and NDVI. The data are simulated 
as described in the text, using the random drawing proce- 
dure for X input variables values, but restricted to nadir 
viewing, with a sun zenith angle of 40* and a diffuse frac- 
tion of 0.4 corresponding to the atmospheric conditions 
described in Figure 4. The satellite signal is simulated us- 
ing the 5S model with the atmospheric characteristics de- 
scribed above. 

spectral resolution space-based sensors: i) gaseous 
absorption which requires particular corrections 
or the use of limited portions of the red edge 
domain (705-715 nm; 732-737 nm; 743-756 nm; 
772-780 nm); ii) the number of spectral bands 
available and the corresponding computation time 
needed by the algorithm; iii) the noise associated 
with the sensor (spectral and radiometric), the 
minimization of which requires an increase in the 
number of wavebands. Using these criteria, we 
can divide K' computation procedures into three 
main groups: 

Smoothing and numerical derivation are mainly 
used for leaf or ground level canopy measurements 
when many narrow wavebands are available (Cur- 
ran et al., 1990; Demetriades-Shah and Steven, 
1988; Ferns et al. 1984; Milton and Mouat, 1989). 
Despite good results, this type of method is lim- 
ited by the two first constraints. 

Fitting the red edge to an empirical model 
allows the noise to be smoothed and allows kj to 
be derived analytically. Collins et al. (1983) uses 
a Cheybyshev orthogonal decomposition, but 
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Gauthier and Neville (1985) remark that it re- 
quires too many wavebands to be really applied 
to space data. Chang and Collins (1983), Miller 
et al. (1985), and Belanger (1990) use a gaussian 
model to fit the red edge. It needs three parame- 
ters and thus at least three wavebands to be fitted. 
However, this last technique is still time-con- 
suming (Bonham-Carter, 1988) and not very real- 
istic when compared to the true X~ (Fig. 6). 

Linear models: Because the red edge is qua- 
silinear around the inflexion point, Gauthier and 
Neville (1985) characterize the spectral shifts by 
the intercept with the abscissa of the red edge 
approximated by a straight line. Baret et al. (1987) 
and Leprieur (1989) characterize )x~ by the wave- 
length of the point corresponding to the average 
reflectance between the red and the near-infrared 
wavebands, but, here again, this extreme simpli- 
fication leads to serious errors (Fig. 7) which 
could distort the specific properties of this high 
spectral resolution index. 

Against these different possibilities, we propose 
an alternative method that allows X~ to be accu- 
rately evaluated from a limited set of wavebands: 
The polynomial fitting of ~,~ as a function of the 
three p(672), p(710), and 0(780) narrow wave- 
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Figure 6. Relationship between hi estimated by fitting the 
gaussian model to the red edge, and the true hi calculated 
analytically. Results from canopy reflectance model simula- 
tions at ground level, with the same random drawing of 
input variables as described in previous sections. 
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Figure 7. Same as Figure 6, but with )x~ estimated by the 
linear model. 
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bands (Fig. 8), as reported earlier, is easy to 
handle, not very time-consuming, and accurate. 
Furthermore, we can adapt the method, ac- 
cording to the number of available wavelengths 
and computing capabilities. Despite its having 
been fitted to simulated data, this method can 
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Figure 8. Same as Figure 6, but with hi estimated with 
the alternative polynomial fitting techniques using just 
three wavebands, p(672), p(710), and 0(780). 
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also be applied to high spectral resolution ground  
level or airborne measurements .  

C O N C L U S I O N  

This analysis is an a t tempt  to improve our under-  
standing of the relationships be tween  canopy bio- 
physical characteristics and the spectral shifts ob- 
served with high spectral resolution sensors. It 
is based on the  coupling of leaf, canopy, and 
atmospheric  radiative transfer models.  Because 
of this, the results might  be restr icted to the 
assumptions and simplifications used in our mod- 
eling approach. Nevertheless,  our  findings are in 
good agreement  with the experimental  results 
repor ted  in the literature. It appears that  spectral 
shifts in the red edge are mainly p roduced  by 
variations in chlorophyll  concentrat ion and leaf 
area index. The high spectral resolution index )~ 
is quas i - independent  of soil optical properties,  
irradiance conditions, or atmospheric effects when 
observed from space platforms. This is not the 
ease for other  high spectral resolution indices 
such as the first and second derivatives or even 
classical broad band vegetation indices. In con- 
trast to the leaf scale, we have demons t ra ted  that  
information provided by spectral shifts, observed 
on canopies, is not  equivalent  to broad band red 
and near-infrared reflectances. These interesting 
propert ies  give some credit  to the use of this 
spectral feature characteristic. However,  the dy- 
namic range of variation is not very large, and we 
have to be careful about  the result ing signal to 
noise ratio, taking into account  both the sensor 
noise and the algorithm used for evaluation of ~. 
However,  compared  to the noise expected  on 
the second derivative at a given wavelength, as 
p roposed  by Hall et al. (1990), the spectral shift 
index should be better.  Fur thermore ,  when  ana- 
lyzing the huge  amount  of data provided by spec- 
troimaging systems, the comput ing  t ime is an 
important  l imiting factor. We propose  a calcula- 
tion me thod  for 9~, based on an a priori polynomial  
fitting of ~ to a set of wavebands. It is not very 
t ime-consuming and quite accurate if three or 
more  spectral bands in the red edge are used. 

These simulations results need  to be com- 
pared and validated with more  exper iments  con- 
duc ted  ei ther at g round  level or from airborne 
platforms. The  use of the high spectral resolution 

capabilities of the new generat ion of spectroimag- 
ing systems cannot  be restr icted to the red edge. 
We have demons t ra ted  that  spectral shifts are 
expected  in other  domains since other  edges of 
chlorophyll  or water  specific absorption coeffi- 
cients exist. As the architectural organization of 
the canopies affects the radiometric response over 
the whole spectrum, a more  mechanist ic  ap- 
proach where  all the spectral domains are simulta- 
neously and synergistically used is required.  
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