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I n  the Netherlands an operational field instrument 
for the measurement of laser induced fluorescence 
of vegetation (LEAF) is developed. In addition, 
plant physiological and remote sensing research is 
done to support this new remote sensing instru- 
ment. This paper presents a general introduction 
on the subject of laser-induced fluorescence, in- 
cluding the relation between chlorophyll fluores- 
cence and photosynthesis, spectral characteristics, 
and previous research. Also the LEAF .system is 
briefly described. Subsequently, the development of 
a leaf fluorescence model (KMF) and a canopy 
fluorescence model (FLSAIL) are reported. With 
these simulation models a sensitivity study is car- 
ried out. Fluorescence of 685 nm appears to be 
most suitable to obtain information on photosynthe- 
sis and stress, but is also influenced by canopy 
structure. Separation of these two effects is studied. 
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1. INTRODUCTION 

The eighties have been a decade of growing 
awareness of the vulnerability of our environment, 
and this has been the line of action for many 
scientists in a wide range of disciplines. For sev- 
eral years we have addressed the question of the 
possibility of detecting plant stress due to soil and 
air pollution by means of remote sensing tech- 
niques. Chlorophyll fluorescence, which is a signal 
related to the performance of the plant photosyn- 
thetic apparatus, seemed a most promising ap- 
proach. In 1987 the LIFT project (Laser Induced 
Fluorescence in Trees) was carried out, a coopera- 
tive Dutch-Italian effort (Rosema et al., 1988). 
Monitoring a Douglas fir with the FLIDAR laser 
fluorescence system (Castagnoli et al., 1986), 
chlorophyll fluorescence was found to exhibit dra- 
matic changes during the day. These changes were 
shown to be correlated to air pollution levels of 
ozone and nitrogen oxides and could be partly 
explained in terms of effects on photosynthesis. 

These results have contributed to a growing 
enthusiasm for this technique and have set the 
green light for further research. In the Nether- 
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lands the LEAF project was approved and fi- 
nanced by the Netherlands Remote Sensing Board 
in 1989. This project consists of two parts: instru- 
ment development and application research. The 
Laser Environmental Active Fluorosensor (LEAF) 
is a field instrument dedicated to the fast and 
user-friendly collection of remotely sensed fluo- 
rescence and reflection data in four spectral bands. 
This instrument will be commercially available 
and will allow a larger part of the remote sensing 
community to enter this challenging area. 

The research part of the LEAF project consists 
of two components: 1) plant physiological research 
and 2) remote sensing research. Plant physiolo- 
gists were surprised by the unexpected large range 
of fluorescence values measured during the LIFT 
project. For this reason they investigate the rela- 
tion between short laser pulse induced fluores- 
cence and the "pulse amplitude modulation" 
(PAM) technique (Schreiber et al., 1986) on plants 
subjected to air pollution and other stress factors. 
The PAM technique is a contact measurement, 
widely used in photosynthesis research, but not 
suitable for remote sensing. 

The remote sensing component of the LEAF 
research project focuses on the methodology of 
measuring and interpretation. Canopy fluores- 
cence is not only dependent on the rate of photo- 
synthesis; due to reabsorption and scattering, it is 
also influenced by the properties of leaf and 
canopy, particularly chlorophyll concentration, leaf 
area index, and leaf angle distribution. It is our 
objective to separate between these effects and to 
extract the information on photosynthesis. For this 

purpose we have developed a fluorescence 
light-canopy interaction model, which is the main 
subject of our present paper. However, before 
treating our modeling effort, including a sensitivity 
study, a general introduction will be presented in 
this new field in remote sensing. 

1.1. Chlorophyll Fluorescence 
and Photosynthesis 

Photosynthesis is taking place inside the chloro- 
plasts of the plant cell (Fig. 1). It is a light driven 
reaction with the final result that carbon dioxide 
and water are converted into glucose and oxygen. 
The reaction consists of a complex reduction- 
oxidation chain, along which electrons are trans- 
ported from water to CO 2. At one end of the 
chain, water is oxidized and oxygen generated, 

2HzO ~ 4H + +O. 2 + 4 e - ,  (1) 

while at the other end carbon dioxide is reduced 
to glucose, 

CO 2 +4H + + 4 e -  --+ 2CH20 (2) 

The electron transport between the two ends of 
the reaction chain is driven by small eleetron 
"pumps," called photosystems. There are two kinds 
of photosystems that work serially together in 
transporting electrons: PS2 and PSI. These are 
chlorophyll-protein complexes, embedded in the 
"thylakoid," a membrane of lipids and proteins 
inside the chloroplast (Fig. 2). The photosystems 
absorb light and in this way become electronically 
exeited. "Excitons" travel randomly through the 

Figure i. Photosynthesis takes place at the grana thylakoid membrane, 
inside the chloroplast (Amesz and Vredenberg, 1982). 
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photosystems and may loose their excess energy 
by several, competing mechanisms. Each photo- 
system has a reaction center where the electron 
may be trapped and passed to an acceptor 
molecule, thus driving the photosynthetic electron 
transport chain. Other possibilities of deexcitation 
are chlorophyll fluorescence and heat conversion. 
If an exciton arrives at the reaction center, while 
the acceptor is still reduced ("closed"), then it will 
continue its path through the photosystem and will 
probably lose its energy by one of the competing 
mechanisms. The distribution of light energy can 
be illustrated by the following generalized exam- 
ple. Under optimal conditions and relatively low 
light levels, the use of absorbed light quanta would 
be approximately as follows: 

Photosynthesis: 84% 
Heat: 14% 
Fluorescence: 2% 

However, if photosynthesis is completely blocked, 
for example, by a herbicide like DCMU, all excita- 
tion energy is converted to heat and fluorescence, 

and this may result in the following distribution: 

Photosynthesis: 0% 
Heat: 88% 
Fluorescence: 12% 

Thus a sixfold increase of the chlorophyll fluores- 
cence is possible in the most extreme case. At 
higher light levels photosynthesis approaches satu- 
ration. The plant cannot use the excess light en- 
ergy and has mechanisms to convert the excess 
energy into heat. In general, however, it can be 
concluded that relatively high fluorescence indi- 
cates impeded photosynthesis and consequently 
plant stress. 

For more extended information on chlorophyll 
fluorescence and its applications the interested 
reader is referred to the Proceedings of the Inter- 
national Chlorophyll Fluorescence Symposium 
(Lichtenthaler, 1988). 

1.2. F l u o r e s c e n c e  Spectra l  Charac ter i s t i c s  

The photosystem excitation is spectrally most sen- 
sitive to blue and red light, corresponding to the 

Figure 2. Sketch of the simplified structure of the thylakoid membrane, consisting of a lipid double layer with embedded 
photosystems and protein complexes, which are involved in photosynthetic electron transport (Amesz and Vredenberg, 1982). 
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Figure 3. T h e  r e l a t i v e  e x c i t a t i o n  e f f i c i e n c y  of  l i g h t  for 

p h o t o s y s t e m  2 a n d  p h o t o s y s t e m  1 ( B a r b e r  e t  al., 1982).  

two absorption maxima, peaking at 435 nm and 
670 nm (Fig. 3). Although absorption is minimal in 
the green at about 540 nm, still about 45% of the 
quanta is absorbed. The energy required to trans- 
fer an electron to the acceptor of PS2 corresponds 
to that of a red photon around 675 nm. The extra 
energy of shorter wavelength photons is dissipated 
into heat. 

Under natural light conditions, the fluores- 
cence spectrum of green vegetation extends in the 
red and near infrared, roughly between 660 nm 
and 780 nm. By means of UV lasers, fluorescence 
may also be excited in the blue (Chapelle et al., 
1985). This blue fluorescence, of which the plant 
physiological meaning is not yet understood, is 
outside the scope of this paper. In the red and 
near infrared part of the spectrum two partly 
overlapping fluorescence bands are observed, with 
maxima at 685 nm and 730 nm (Fig. 4), corre- 
sponding to electronic decay from the first excited 

Figure 4. F l u o r e s c e n c e  s p e c t r u m  i n d u c e d  w i t h  l a s e r  exc i  - 
r a t i on  at  480  nm.  
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singlet state to the lowest and first vibrational 
level of the ground state. Plant physiologists dis- 
agree on the question whether PS1 contributes 
significantly to the fluorescent emission. Holzwarth 
(1988), however, studied fluorescence spectra as- 
sociated with distinct fluorescence decays, and 
showed for pea that PS2 fluorescence dominated 
at 685 nm and PS1 fluorescence at 730 nm. PSI 
fluorescence, however, is considered to be invari- 
able; that is, it would not be effected by changes in 
efficiency of the photosynthesis process. 

When measuring the stationary fluorescence of 
various leafs, considerable differences in the ratio 
of the 730 and 685 emission may be observed. 
These, however, cannot simply be interpreted in 
terms of fluorescence yield changes at the photo- 
system level. The fluorescence emitted by the 
photosystems is, of course, subject to scattering 
and reabsorption. This implies that the fluores- 
cence measured at the leaf or canopy level de- 
pends also on chlorophyll density, leaf thickness, 
canopy architecture, and background reflection. In 
this respect there is a strong difference between 
the 685 nm and the 730 nm band. Although re- 
absorption is very strong and scattering relatively 
weak at 685 nm, the opposite is the case at 730 
nm. The consequence is an enhancement of 730 
mn fluorescence, relative to 685 nm, with the 
effect that in canopy spectra the heights of the two 
peaks are of the same order of magnitude, whereas 
in some cases the 730 nm peak may even be 
higher. 

1.3. Previous Research on Remote Sensing of 
Plant Fluorescence 

The application of chlorophyll fluorescence in re- 
mote sensing has been studied for some time by a 
limited number of scientists. Possibly the earliest 
dedicated instrument for measuring fluorescence 
is the Fraunhofer Line Discriminator, although 
the position of the Fraunhofer line in question 
(656.3 nm) is far from optimal to study chlorophyll 
fluorescence. Watson et al. (1974; 1976) observed 
enhanced fluorescence of Pinus growing on soil 
with high Cu and Zn content. Using the same 
instrument on Citrus trees, MacFarlane et al. 
(1980) found a high response to water stress. 

Another passive approach is to try to extract 
fluorescence from reflection data, on which it is 
superimposed. This was shown possible when ap- 
plied to algae (Neville and Gower, 1976; Kim 
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et al., 1985). Rosema and Werner (1983) investi- 
gated this approach for land vegetation, using a 
simulation model. They found that fluorescence 
could notably modify the (apparent) reflection and 
tentatively proposed the use of a fluorescence 
index based on the reflection difference in two 
narrow bands at 650 nm and 690 nm. 

Laser-induced fluorescence (LIF) is an active 
measuring technique that seems most promising. 
Early work was mainly related to sea applications 
(Hickman et al., 1972; Hoge and Swift, 1980; 
1981; 1983; Gehlhaar et al., 1981; Castagnoli 
et al., 1986). Application to land vegetation fol- 
lowed (MacFarlane et al., 1980; Hoge et al., 1983; 
Cecchi et al., 1984). Chapelle et al. (1984a, b; 
1985) studied LIF in relation to water stress, 
chlorosis, nutrient deficiencies, and plant type. 
Using UV excitation, they also found fluorescence 
bands at 440 nm and 525 nm. Finally, Rosema et 
al. (1988) used the fluorescence lidar of IROE- 
CNR (Castagnoli et al., 1986) on Douglas fir in the 
field and demonstrated effects of air pollution on 
photosynthesis. 

1.4. Previous Research on (Fluorescence) 
Light-Canopy Interaction 

Allen and Richardson (1968) published a model to 
describe the reflection and transmission of leaves 
on the basis of the Kubelka-Munk theory of 
radiation transfer in diffuse scattering media. 
Fukshansky and Kazarinova (1980) extended the 
theory to fluorescent media, and found an approxi- 
mate analytical solution for a plant leaf. Rosema 
and Werner (1983) developed a numerical leaf 
model on the basis of the extended theory and 
investigated the contribution of fluorescence to the 
"apparent" reflection. It was shown that, in the 
red, fluorescence may have a significant contribu- 
tion. 

The most widely used line of canopy models in 
remote sensing is that of Suits (1972), Bunnik 
(1978), and Verhoef (1984). They are originally 
based on Duntley's extension of KM theory, incor- 
porating a direct solar flux, besides a diffuse flux. 
If we want to apply chlorophyll fluorescence tech- 
niques at the canopy level, then it is clear that we 
have to include fluorescence in these models as 
well. This has been done in the present project by 
combining the SAIL model of Verhoef (1984) and 
the KMF leaf model, which was originally devel- 
oped by Rosema and Werner (1983). 

1.5 The LEAF Instrument 

The LEAF (Laser Environmental Active Fluo- 
rosensor) instrument is a new remote sensing flu- 
orosensor, developed in the present project and 
intended for operational use. It uses a laser pulse 
as a probe and detects radiation, either reflected 
or fluorescence, in four wavelength bands. A dia- 
gram of the LEAF instrument is presented in 
Figure 5. A Nd-Yag laser produces 10 mJ pulses of 
10 ns width at a wavelength of 532 nm. The laser 
pulse is diverged to give an adjustable field of 
view of 5-20 mrad. The field of view of the laser 
optics coincides with the field of view of the 
detection optics. Radiation will be detected during 
a time window to suppress the background signal. 
The position of the time window depends on the 
distance to the canopy. It is set automatically by 
focusing the object lens. The width of the time 
window depends on the pulse duration, the "de- 
cay" time of the fluorescence, the depth of the 
measured canopy and the uncertainty in the canopy 
distance. It can be chosen by the user. Radiation is 
collected by a telescope and deviated to four pho- 
tomultipliers by means of beamsplitters. Each 
photomultiplier has its own optical filter for select- 
ing different wavelength bands. In the present 
setup the measured wavelength bands are: 

Band 1:640-660 nm 
Band 2:675-695 nm 
Band 3:720-740 nm 
Band 4:770-800 nm 

The laser-induced fluorescence response is ob- 
tained by subtracting two measurements: one with 
laser action (active) and one without (passive). 
Fluorescence occurs mainly in Bands 2 and 3. 
Bands 1 and 4 were chosen to allow the determi- 
nation of a passive fluorescence index and a vege- 
tation index (see Section 2.3). However, in princi- 
ple all bands allow the measurement of reflection 
(passive) and fluorescence (active). Other wave- 
length bands may be chosen by changing the 
filters. 

The operation of the LEAF instrument is de- 
signed to be user-friendly. The instrument's action 
is controlled by a laptop 80386 field computer. 
The field of view is selected and photographed by 
means of an adapted camera. The width of the 
time window and the frequency of measurements 
can be specified by the user. The repetition rate is 
between 2 Hz and one shot per hour. Accuracy 
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Figure 5. Impression of the Laser Environmental Active Fluorosensor (LEAF). 

will be better than 1%. Measurements can be 
taken both in the lab (3 m distance, 15 mm spot 
size) and in the field (distance 10-100 m, spotsize 
0.5 at 10 m distance). 

2. MODELING FLUORESCENCE 
LIGHT-CANOPY INTERACTION 

The fluorescence of plants at the canopy level is 
not only determined by the efficiency of plant 
photosynthesis, but also by chlorophyll density 
and canopy architecture. Simulation models, de- 
scribing the complex interaction between the crop, 
the excitation light, and the fluorescence, may 
help to understand the relative significance of the 
various parameters and to develop strategies to 
separate the information on photosynthesis from 
other effects. Here it is noted that the other canopy 
properties are not without interest, but they may 
as well be investigated by passive (reflection) 
techniques. In fact, since LIF measurements gen- 
erally imply crop radiance measurements with and 
without laser pulse, we will also consider the 
possible use of the passive measurement for esti- 
mating and separating the canopy effect. 

2.1. The Kubelka-Munk Fluorescence 
Model (KMF) 

This model applies to radiation transport in homo- 
geneous, diffusely scattering media with absorp- 
tion and fluorescent emission. It is based on the 
following modification of the original Kubelka- 
Munk differential equations 

d F + / d z  = - ( k  + s)F + + sF-  +0.5P,  (3) 

- d F - / d z = - ( k  + s ) F -  +sF+ +O.5V. (4) 

Here F + is the upward and F -  the downward 
fluorescent radiation flux density, k and s are the 
Kubelka-Munk absorbtion and backscatter coef- 
ficient, respectively. The spectral fluorescent emis- 
sion (or production) term (P) is calculated in the 
following way: 

P =6nf 'k(E + E-) (A /A6vo)dA.  (5) 
A2 

This equation states that all absorbed photons of 
the upward and downward excitation flux 
(E+,E- ) ,  in the excitation wavelength range 
A l-A 2, contribute to the excitation of the photo- 
systems and that a fraction 6 gives rise to fluo- 
rescence. 05 is the photon fluorescence efficiency. 
The fluorescent emission has a given spectral dis- 
tribution (r/), which is assumed to be constant and 
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known. Of course, in the case of monospectral 
excitation (with a laser), the above integration is 
not necessary. 

Fukshansky and Kazarinova (1980) solved the 
above system of Eqs. (3)-(5) for k and s by 
approximation in an analytical way, given the mea- 
sured leaf reflection and transmission. Rosema and 
Werner (1983) assumed k and s to be given and 
solved for the upward and downward fluxes 
(E+,F + and E - , F - )  in a numerical way, thus 
obtaining the leaf reflection, transmission, and front 
and back side fluorescence for given optical prop- 
erties. 

The numerical solution of the above system 
was originally obtained by means of an implicit 
finite difference scheme. This time we applied the 
so-called "doubling method." Both methods give 
the same result. The latter, however, is faster, 
considered more elegant, and for this reason pre- 
ferred. The doubling method is explained in the 
Appendix. 

2.2. The Canopy Reflectance and Fluorescence 
Model (FLSAIL) 

The SAIL canopy reflectance model, Verhoef 
(1984), is a refinement of the first bidirectional 
reflectance model for vegetation canopies, devel- 
oped by Suits (1972). The refinement concerns the 
incorporation of a leaf inclination distribution 
function (LIDF), which allows us to obtain more 
realistic angular characteristics of bidirectional re- 
flectance. In both models radiative transfer inside 
a canopy layer is described by means of a system 
of four linear differential equations, which contain 
nine coefficients that can be expressed as functions 
of leaf transmittance, leaf reflectance, LIDF, leaf 
area index (LAI), solar zenith angle, viewing zenith 
angle, and relative azimuth angle. It describes 
absorption and scattering of monospectral radiant 
fluxes, which means that it is not applicable to the 
phenomenon of fluorescence, since .this implies 
the conversion of shortwave excitation light into 
longer wavelength fluorescence. Therefore, fluo- 
rescence in vegetation canopies should be mod- 
eled as a bispectral system of eight differential 
equations. This is the approach taken. 

A traditional manner of solving such a system 
of linear differential equations is by eigenvector 
analysis (Verhoef, 1985). However, this analytical 
method becomes rapidly more tedious with in- 
creasing dimension of the system. For this reason 

a numerical solution, by means of the "doubling 
method," was prefered. This method is fast, ele- 
gant, and accurate. As a result, it gives the bulk 
optical properties of a layer of vegetation, that is, 
the reflectances, transmittances, and fuorescence 
rates, associated with the incident and scattered 
flux. Finally these are combined with the re- 
flectances of the underlying soil by means'of the 
"adding" method (Verhoef 1985), in order to com- 
pute the reflectances and the fluorescence of the 
ensemble. 

An extension introduced in the SAIL model in 
1989 (Verhoef, forthcoming) is the incorporation of 
the "hot spot" effect. This effect occurs when the 
viewing direction approaches the direction of the 
sun and consists of an enhanced reflectance due to 
the fact that the fraction of observed shadow area 
tends to disappear in this region. In the center of 
the hot spot, both directions coincide and only 
sunlit leaves and sunlit soil are observed, which 
explains the relatively high reflectance. The hot 
spot effect has been included in the SAIL model 
in a manner suggested by Kuusk (1985), It re- 
quires the specification of one extra input parame- 
ter, namely, the hot spot size parameter, defined 
as the ratio of the horizontal correlation length( l )  
and canopy height (h), where 1 is to be estimated 
from leaf size. Since this effect cannot be de- 
scribed by traditional radiative transfer formula- 
tions, it is included as a separate calculation of two 
single scattering contributions and one "single 
fluorescence" contribution. 

The present incorporation of fluorescence into 
the SAIL model has resulted in a new model, 
called FLSAIL. Extinction and scattering at the 
excitation wavelength and at the fluorescence 
wavelength are treated in exactly the same way as 
in the original SAIL model. Fluorescence from 
single leaves is supposed to take place similarly to 
reflection and transmission in the monospectral 
case. It is assumed that total fluorescence is pro- 
portional to the flux incident on the leaf at the 
excitation wavelength, that it is divided in a back- 
ward and a forward fraction, and that it is perfectly 
diffuse. In this case the fluorescence coefl%ients of 
the bispectral system of differential equations are 
similar to the corresponding scattering coefficients 
of the original SAIL model, if single leaf re- 
flectance and transmittance are replaced by back- 
ward and forward fluorescence, respectively. 

A novel approach in the FLSAIL model is that 
the optical properties of the leaves are not entered 
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Figure 7. Spectral distribution of the KM scattering co- 
efficient (s) as used in the KMF model. 

as input data to the model, but are computed with 
the KMF single leaf fluorescence model. This 
submodel, discussed in the previous section, also 
uses the doubling method in order to compute 
reflectance, transmittance, and front and backside 
fluorescence of the leaf. 

The complete numerical solution of the 
FLSAIL equations by means of the doubling 
method is quite extensive and will not be dis- 
cussed here. The method is explained in principle 
for the case of the single leaf in the Appendix. 

2.3. M o d e l  D a t a  

The two simulation models use data on leaf optical 
properties, depending on wavelength. In general, 
these data, specified for each 20 nm interval in the 
wavelength region 300-780 nm, are derived from 
the literature. The spectral distribution of the ab- 
sorption coefficient (k) and backscatter coefficient 
(s) were derived from reflectance and transmit- 
tance measurements on wheat (Figs. 6 and 7). We 
could not find similar data for fir wood. The fluo- 
rescence spectral distribution (~7) was measured 
on isolated chloroplasts at room temperature by 
Siffel and Sestak (1988) (Fig. 8). 

At run time, certain input data values are 
requested. Some will be discussed. First this is the 
fluorescence quantum efficiency (~b). A choice in 
between 0.02 (optimal photosynthesis) and 0.12 
(blocked photosynthesis) should be made. The 
second input parameter is the relative chlorophyll 
density. The absorbtion coefficient (k; see Fig. 6) 
is proportional to the amount of chlorophyll in the 
leaf. To simulate the effects of changes in the 
chlorophyll content, k is corrected by multiplica- 
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Figure 8. Spectral distribution of fluorescence as used in 
the KMF model (data from Siffel and SestSk, 1988). 
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tion with a relative chlorophyll density, that is, 
relative with respect to the chlorophyll density of 
the reference leaf, to which k applies. In this way 
the effect of leaf green shades and yellowing may 
be studied. 

A third input parameter is the reflectance of 
the background, which is assumed grey. In the 
field the variation of this quantity is not very large. 
In a laboratory situation, however, backgrounds 
may vary between black and white. Particularly in 
the near infrared, that is, beyond 710 nm, this may 
have a considerable effect on the fluorescent flux. 

The last parameter for the KMF leaf model is 
the leaf stack number. In this way we can simulate 
the effect of multiple leafs or, which is equiva- 
lent, the effect of a reduced or increased leaf 
thickness. In the canopy model, there are two 
additional parameters to be specified: the leaf area 
index (LAI) and a (predefined) leaf inclination 
distribution function (LIDF). 
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The basic model output consists of the re- 
flectance and fluorescence, specified for 20 nm 
wide spectral bands, and expressed as an energetic 
fraction of the incident excitation light. 

In addition some other parameters may be 
generated that may be useful for practical applica- 
tion, for example, the fluorescence ratio (FR): 

FR = F69 o / F73 o. (6) 

Here F690 is the fluorescence in the wavelength 
band of 680-700 nm. According to Lichtenthaler 
and Rinderle (1988), this ratio is related to chloro- 
phyll content. Another potentially interesting pa- 
rameter is the passive fluorescence index (FI), 
originally proposed by Rosema and Weruer (1983) 
a s  

FI = (R690 - R~5o)/R65o, (7) 

where R is the reflection (including possible fluo- 
rescence). Finally we may extract a "vegetation 
index" (VI) from the reflection values, which could 
serve as an estimator of canopy cover or leaf area, 
for example, 

vI=(RT o- R 0)/(RT 0 + R650). (8) 

2.4. Model Sensitivity 

The ultimate objective of our work is to extract 
photosynthesis information from the fluorescence 
measurements with the LEAF instrument, which 
measures fluorescence in two 20 nm wide bands, 
centered at 685 nm and 730 nm. A model sensitiv- 
ity study may give a first insight in the relative 
magnitude of the effects of the various canopy 
variables on the fluorescence signal at these two 
wavelengths. It will show which variables have a 
significant influence and which variables may pos- 
sibly be neglected. Since canopy light interaction 
is different at both wavelength bands, a sensitivity 
study may also indicate which band is to be pre- 
ferred, or how the two bands might be used in 
combination. In the following subsections we will 
briefly discuss the influence of various parameters, 
on both the leaf and the canopy fluorescence. 

To study the sensitivity, a reference situation 
is simulated first and then each time an input 
parameter is varied. The reference input for the 
KMF leaf model and the FLSAIL canopy model is 
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Figure 10. Effec t  o f  f luores-  
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780 

! 

770 

chosen as follows: 

KMF FLSAIL 
Fluorescence yield 0.06 0.06 
Excitation wavelength 530 nm 530 nm 
Leaf stack number, 

LAI resp. 1 3 
Relative chlorophyll 

density 1 1 
Background reflection 0 0 
Leaf angle distribution spherical 
Excitation source 

zenith angle 0 0 
Viewing zenith angle 0 0 
Relative azimuth angle 0 0 

The simulated fluorescence spectra are shown in 
Figures 9-19. The fluorescence is expressed as a 
permillage of the excitation beam energy. 
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Fluorescence Yield 
The effect of changes in the quantum yield on the 
leaf and canopy fluorescence is, of course, propor- 
tional. Figures 9 and 10 show the sinmlation re- 
suhs with the KMF leaf model and the FLSA1L 
crop model. The reference canopy with LAI = 3 
has a lower fluorescence than the single leat~ 
which is likely caused by some direct background 
view. 

Excitation Wavelength 
Simulations have been carried out fbr excitation at 
480 nm, 530 ran, and 650 nm. The 480 mn wave- 
length (blue) is used in the FLIDAR system of 
IROE/CNR,  Florence, which has been used in 
the LIFT project. The 530 nm wavelength corre- 
sponds to the ND:Yag laser, which will be used in 
the LEAF laser fluorosensor. The 650 mn one (red 

led) is applied in maux laboratory fluorometers. 
From Figures 11 and 12 it is clear that 65(t nm 
excitation gives the highest fluorescence energy 
yield. For blue and green excitation there is very 
little difference. 

Chlorophyll Amount 
Chlorophyll content has been doubled and halved 
(Figs. 13 and 14). The effects are remarkably 
small. Particularly the canopy fluorescence shows 
very little change. Leaf fluorescence shows a no- 
table change only beyond 710 ran. 

Ground Reflection 
Simulations for two extremes, a black and a white 
background, are shown in Figures 15 and 16. 
Below 710 nm the effect is negligible. At longer 
wavelength it is not. 
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Leaf Stack and LAI 
The simulations with the leaf model show that, 
when leaves are stacked, there is no effect on the 
fluorescence at 690 nm (Fig. 17). At 730 nm, 
where transmission is higher, there is some in- 
crease of fluorescence, up to a number of three 
leaves. However, the effect of LAI on the canopy 
fluorescence (Fig. 18) is very significant at all 
fluorescence wavelengths. 

Leaf Orientation 
This parameter applies only to the canopy fluo- 
rescence. Simulation for three standard leaf dis- 
tributions were carried out: spherical (57°), 
plagiophile (45°), and planophile (10°). The fig- 
ures between brackets are the values of the aver- 
age leaf inclination angle. The fluorescence ap- 
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Figure 19. Effect of leaf orientation on canopy fluores- 
cence. 
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pears to be inversily proportional to the average 
leaf inclination (Fig. 19). The fluorescence of the 
planophile canopy approaches that of the single 
leaf, but somewhat higher at 730 nm and some- 
what lower at 690 nm. 

2.5. Conclusion 

From the simulation results, discussed above, it is 
concluded that the short wavelength fluorescence, 
that is, around 685 nm, is most suitable for our 
goal. At this wavelength the leaf fluorescence can 
be considered to depend only on the fluorescence 
quantum yield, that is, photosynthesis. The canopy 
fluorescence, however, is also strongly influenced 
by canopy structure. Beyond 710 nm there is a 
stronger sensitivity for other parameters, such as 
chlorophyll content and background reflection. 
This would make an analysis in terms of photosyn- 
thesis and stress more problematic. 

The main question to be solved in the near 
future is how to eliminate the canopy structure 
effect from the LEAF 685 nm fluorescence signal. 
This requires additional information, which can 
possibly be derived from the passive measurement 
of the LEAF system. We are presently investigat- 
ing this possibility and our findings will be the 
subject of a future publication. 

APPENDIX: SOLVING BY MEANS OF THE 
"DOUBLING METHOD" 

The "doubling method" is based on the considera- 
tion that the optical properties of the actual leaf 
can be derived from the properties of a very thin 
leaf layer, by doubling this layer in a number of 
steps. Between the single and the double layer, 
recurrence formulae apply that are repeated for 
each doubling step, until the actual leaf thickness 
is reached. 

Consider a thin leaf layer, without back- 
ground. Between the incident, reflected, and 
transmitted radiation, the following relations may 
be defined: 

F+(o) = r . F - ( 0 ) +  g .~- (o ) ,  (9) 

F- ( 1 )  = t - F - ( 0 ) + f ' E - ( 0 ) ,  (10) 

~+(0)= r ' -~-(0) ,  (11) 

~-(1) = c .E-(o) .  (1.2) 

Exitation Fluorescence 

E- E+ F- F+ 

IT 

(o)  

(1) 

- -5  1 (2) 
Figure 20. Sketch of the two-layer system of the doubling 
method. 

The meaning of the various fluxes is depicted in 
Figure 20. In addition, it is noted that distinction 
is made between the fluorescent flux (e.g., F - )  
and the excitation flux (e.g., E -  ). r, r '  and t, t' are 
the layer reflectance and transmittance at fluores- 
cence and excitation wavelength, respectively, g 
and f are the front and back side fluorescent 
response to the incident excitation flux. If k is the 
absorption coefficient and s the backscatter coef- 
ficient, then in the case of an optically very thin 
layer, the various coefficients in the above equa- 
tions are as follows: 

,- = ~.. & ,  (13) 
r' = s" dz, (14) 

t = 1 - ( k  + s ) ' d z ,  (15) 

c =  1 -  (k' + ,¢). d~., (16) 
g = f = 6 r ~ k ' ( A ' / A ) . d z / 2 .  (17) 

If we now add a second identical thin layer, the 
following relations between the down- and upward 
fluxes may be derived. For the fluorescent fluxes, 

F+ (0) = ,-. F--'(0) + t. F+ (1) 

+ ,g. E (0) + f .  E + (1), (18) 

e (1) = t . F - ( O ) +  r . F + ( 1 )  

+ f" E -  (0)+ g ' E  + (1), (19) 

F+(1)=r'F-(1)+g'E-(1), (20) 

F-(2)=t'F-(1)+f'E (1), (21) 
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and for the excitation fluxes, 

E+(O)=r"E-(O)+t"E+(1), (22) 

E-(1)=t"E-(O)+ R'- E+ (1), (23) 

E+(1)=r"E-(1), (24) 

E-(2)=t" E-(1). (25) 

Using Eqs. (18)-(25), we may express the re- 
flected [F+(0) ,E+(0) ]  and the transmitted 
[ F -  (2), E - (2)] fluxes of the double layer in terms 
of the incident fluxes [F-(0)  andE- (0 ) ] .  For the 
fluorescent radiation this leads to the following 
result for the transmission, 

F -  (2) = tt" F -  (0) + if" E -  (0), (26) 

where 

n = x . t ,  (27) 

f f=[ f ( x  +x')+xx'g(r+r')], (28) 

x = t / ( 1 - r ' r ) ,  (29) 

x '=t ' / (1-r"r ' ) .  (30) 

For the double layer reflection we obtain, 

F+(0) = r r ' F - ( 0 ) +  gg" E -  (0), (31) 

w h e r e  

rr = r(1 + xt), (32) 

gg = [g(1 + x't) + f(x' r' + xr) + xrx' g(r + r ' )] .  
(33) 

For the excitation fluxes the results are similar but 
more simple, since the fluorescent emission terms 
do not occur (g - - - f=  0). Equations (26) and (31) 
of the double layer are similar to Eqs. (10) and (9) 
respectively of the monolayer. Thus (27), (28), 
(32), and (33) are the recurrent relations that 
relate the optical properties of the double layer to 
those of the monolayer. The next step is to redou- 
ble the double layer by substituting r = rr, g = gg, 
t = tt, and f = if, and thus calculating the optical 
properties of the quadruple layer, etc. 

If Z is the thickness of the leaf, dZ the 
thickness of the initial thin layer, and n the num- 
ber of doubling steps, then they are related as 
follows: 

z / dz = 2 (34) 

If we assume, tentatively, that dZ should be in the 
order of the size of a photosystem or the wave- 
length, that is, 10 -7  m, and that the thickness of a 
leaf is 10 -3 m, then we find n = 14. 
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