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- %papers vhich have been published in the open literature, in this final technical

1.  INTRODUCTION
The key tasks to be performed under contract No. NAS9-16873 wereﬁ

(1) Given the reflectance data for a crop canopy and a canopy reflec-
tance {CR) model which satisfactorily represents the crop (e.g. the Suits
and the SAIL model for a uniform and homogenous crop canopy), determine
how correctly and uniquely can one determine the canopy parameters of import-
ance, and how sensitive is this determination to the variation in the reflec-
tance data?

(2) Implement on a computer the inversion of a CR model and use it to
determine the agronomic parameters using measured data on the reflectance of
representative canopies. A comparison of the calculated parameters with the
field measured parameters will then provide an assessment of the possibility
of estimating agronomic parameters from the CR data via inversion of a CR
model.

Work was done towards both the tasks. The reports on progress have been
periodically presented to the NASA-managements and at various professional

meetings. Since the detailed results have also been documented in the form of

report we will only highlight the activities carried out and the progress made
and summarize results obtained to date. We refer the readers to various docu-
ments listed in Appendix A for further details. (In Appendix B, we have added
copies of the first pages of the reports/papers which have been published).

2. HIGHLIGHTS OF THE ACTIVITIES

The principal investigator and his associates focused their efforts in

developing a technique for inverting CR models, i.e. a technique for estimating
all the canopy parameters, occuring in a CR model, from the measured canopy
reflectance data. In the published report Ri, we Taid down the strategy for
our efforts. According to it, we first chose a simple CR model - namely, the

Suits' model for a one-layer, one-dimensional homogenons canopy. This model
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uses six canopy parameters:

Agronomic Parameters: Hd, Vd
Spectral Parameters: PyTsPg
ITTumination Source Parameter: SKYL

ifere H and V, respectively, are the projections on the horizontal
and vertical planes of the average leaf area per unit volume, d is the
height of the canopy, and SKYL is the diffused fraction of the incident
solar radiation. p is the leaf reflectance, T is the leaf transmittance
and pg 1s the soil reflectance. The dependence of reflectance on wave-
length A is implicit in the dependence on A of PsTsPg s and to some extent
of SKYL. .

In addition to the above canopy parameters, the CR also depends upon
the i1lumination and view diractions parameters (Bs, 8, ¥). Here 0, is
the solar zenith angie, 6, is the view zenith angle, and ¢ is the relative
azimuth angle (0o £ P& 1800) between sun and view directions,

Initially for the purpose of investigating the invertibility of this
simple Suits model, we used "perfect” or "error free" CR data. That is,
we used the Suits' Model to calculate the CRs for a set of values of the
canopy parameters. Then these reflectances were treated as measured values
and used in inverting the CR model tov obtain canopy parameters. The values
of these parameters were compared with those used in the original forward-
direction calculation.

. The basic procedure for inverting a CR model is as follows. Let Ri be
the CR computed for a set of canopy parameters for the solar/view direction
..(es (i), 8, (i), and ¥ (i). Let R; be the measured CR for the same set of

solar/view angles, We defipe a merit function F by

) | :
F= 3 v (R, - R%)Z - (1)
i
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Here, the summation is ovey the number of solar/view angles, and
the canopy parameters appear as unknowns in Ry The wi's are weight
factors which could all be set equal to 1, or be given unequal values
to reflect the relative importance and accuracy of the various obser-
ved CRs. In the absence of any other information, we set ali these
weight factors equal to 1. The unknown canopy parameters which best
match a given set of values, Ril’ of observed CRs, are those for which
the function F is minimal. (Hopefully this minimum will exist and be
unique.)

The basic procedure for finding the (global) minimum of F is to start
with an initial guess for the unknown canopy parameters, to calculate F
using the CR model, and to use some method to choose successive values for
the parameters until the computed F takes on its minimum value.

Initially we used a general purpose nonlinear optimization procedure
to find the minimum value of F. This procedure was designed to ensure that
one will always reach the global minimum of F while iterating on the canopy
parameters. Using this procedure, we showed that the agronomic parameters

of the Suits' model Hd, Vd (which are related to the leaf area index by

LAl = d(H2 + Vz)%),cou1d be estimated from the CR data in one wavelength band

(preferably near—infrared'band) for a few solar/view directions, provided that

the nther canopy parameters (p,r,ps and SKYL) are known (i.e. kept fixed at

theiv v Tues in the optimization procedure).

Mo nssess if canopy parameters other than LAI could also be estimated from

the CR data through inversion of the CR model, we also chose ¢ and T as unknown

parameters. With these four parameters as unknown, we initially found that,

depending upon the initial guess for the canopy parameters, one may or may not

succeed in determining their values by the inversion process. That is, for

certain initial guesses one obtains values which are correct, while for others

one is unable to obtain correct values. Instead a so-called siow convergence

s

%)

|

i
I
b

M . tma—mn

_— o i B W e gy TR



e

problem is encountered in which unrestricted computer time is required
to succeed in obtaining the correct’ values.

We analyzed the slow convergence phenomenon and developed a so called
'angle transform' approach which alleviated the problem somewhat. In this
approach, one constructs combinations or transforms of CRs at various solar/
view angles which are either sensitive or insensitive to a given agrophysical
variable. Ideally, one would like to have transforms which are minimally
sensitive to those variables/parameters which are prone to error in measure-
ment and maximally sensitive to those which one wishes to estimate by the
inversion technique. Then one could switch from one transform to another to
estimate one set and then another set of canopy parameters. For example,

we were able to define an angle transform which was very sensitive to p*r

and relatively insensitive to individual values of p or T and other transforms

which are sensitive to H/V and p/r. Using these angle transforms we showed
that the slow convergence problem could be avoided and we could determine all
the four canopy parameters Hd, Vd, p, and t, from the CR data. The results
of vur efforts are described in detail in published report R3.

In this report we also presented an analytical procedure for assessing
the Tevels of errors in the estimation of canopy parameters as a function of
errors in thg measurement of CRs or, equivalently, as a function of accuracy
with which a CR model represents the canopy reflectance., This procedure
showed that if p and t are kept fixed in the inversion procedure, the impor-
tant agronomic variable LAI could be estimated quite accurately. However,

. when these two parameters are treated as unknown, the estimation of LAI could
be quite erroneous. Further the level of error depends upon the sd1ar/view
angles used in the inversion process. In fact, the error analysis could be
used to define optimal set of solar/view angles.

The angle transform approach, though addressed the siow convergence pro-

blem, did not satisfactorily alleviate the problem; the convergence to the
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optimum values for the canopy parameters still took several thousands of
iterations.

Instead of using a general purpose optimizer, we then developed an
optimizer especially for this problem which is much more efficient, re-
quiring tens rather than thousands of iterations. This optimizer fs des-
cribed in detail in the published report R4. Ve showed that, with this
procedure, one can, in principle, estimate all six canopy parameters appear-
ing in the Suits model for homogenous single Tayer canopies, using only CR
data. In nther words, we showed that such a Suits model is mathematically
totally invertible. We also carried out an analysis of the accuracy of the
estimation of canopy parameters as a function of random errors in the CR
data using the techniques developed in report R3, We investigated how this
accuracy depends upon the nominal values of the canopy parameters, the num-
ber of unknown parameters, and the number of solar/view angies for which the
CRs are used in the inversion process.

We then appiied the techniques for CR model inversion and for analyzing
the accuracy of estimation of canopy parameters to two more complex models -

the SAIL (scattering by arbitarily inclined leaves) model due to W. Verhoef

and N. Bunnick of the National Aerospace Laboratory of the Netherlands and the

CUPID model due to J. Norman of the University of Nebraska. Suits model
assumes that the leaves are either horizontally or vertically inclined while
both of these models allow arbitrary leaf angle distributions (LAD). Both

of these models use fraction of leaves at discrete leaf inclination angles

as parameters. To minimize the number of unknown canopy parameters, we looked
for a simple continuous distribution (with minimal number of parameters) which
could represent the leaf angle distribution well. In published report R8, we
showed that a simple beta distribution, characterized by two parameters, y and
v, represants well not only the well-known Teaf angle distributions (planophile,

plagophile, erectophile, extremophile, uniform and spherical) but also measured

" A
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distributions for soybean, wheat and blue grama grass canopies. With
this simplification, the number of canopy parameters, for both the
SAIL and the CUPID models, increased only to 7 from 6 for the Suits'
model. We showed that both SAIL and CUPID models are also mathemati-
cally totally invertible. The details of the inversion and the error
analysis are given in published reports R2 and RS,

The error analysis-fortall” these*miodes~shovied’ that’when one estimates
the canopy parameters using only the bidirectional'CR data,* for certain
nominal: values of the canopy ﬁaramaters;'the estimated value of a parameter
can change by several thousand percent when CRs are randomly changed by
1%. This analysis led us to conclude that, in general, for the expected
levels of errrors in the measurement of CRs and the accuracy with which
these models are 1ikely to represent CR;'éhe can not practicéi]y determine

the agronomic parameters using CR data alone. Such a determination, in

general, will require ancillary data e.g. on the reflectance and transmi-
ttance of vegetation elements and on the soil reflectance.

The activities and the results summarized above were all directed
towards completing task {1) mentioned in the Introduction. Towards complet-
ing the task (2), we implemented a computer program for carrying out the in-
version of a CR model. This program is general enough to be usable with any
CR model, Using the SAIL model, we tested if the inversion technique can be
used to estimate LAI and LAD using measured CR data. In published report
R6 we showed that fof a fully covered soybean canopy, one can indeed deter-
mine fairly accurately the LAI and the average leaf inclination angle (ALA)
using measured CR data (collected, using ground based sensors, for about
50 view angles over a period of about 15 minutes) and easy to measura canopy
parameters (Teaf reflectance and transmittance, soil ref]ectancé, and frac-

tion of diffused skylight). The estimated LAD appears to be somewhat erro-

neous; it is a narrower distribution {peaked at an angle close to the correct

S
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value of ALA) than the observed one.
To determine if the inversion technique can be used to estimate

LAI for an jinhomogenous canopy such as that for a forest using remotely

sensed bidirectional CR data and some (ground) measured ancillary data on
spectral and architectural parameters of thz canopy, we applied the tech-
nique for a black spruce canopy for which the CR data was collected using

a C-130 aircraft, equipped with a Thematic Mapper (TM) sensor. In publi-
shed report R7 we showed that in principle LAI can be estimated. However,
because of the complexity and inhomogenity of the black spruce canopy, it
can not be accurately determined with just 7 bidirectional CRs which were
available. Ideally, one would require measurements of CRs for more solar/
view angles. In addition, some improvements on the CR model (e.g. inclusion
of shadow effects) so that it represents more accurately the CR of a forest
canopy are needed.

We also briefly carried out an analysis of optimal solar/view angles
for measuring CR for which the estimation of LAI is 1ikely to be most ac-
curate, The results of this analysis were presented in an oral report
(P10) when specific recommendations were made for CR data collection stra-
tegy. This strategy was implemented for the field work carried out during

the summer of 1984, Whether the concept of optimal solar/view angles is

valid or not must await the analysis of this data.

3. FUTURE RECOMMENDED ACTIVITIES

We successfully accomplished the two tasks specified in the contract.
The research on the inversion of the canopy reflectance model, which we
carried out is obviously not yet complete. We recommend that the following
activities, divided into three major categories, all velated to the inversion
of the CR models be pursued. .

(1) Inversion of the One-Dimensional CR Models

The activities in this category could be simply described as the natural
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continuation of the work already done and summarized in the preceding
section. They are essentially of two types:

(a) Additional apsects of inversion and sensitivity analysis of the

existing CR models investigated so far (Suits, SAIL, and CUPID models).

(b) Modification of these models to make them more realistic and

then the inversion and sensitivity analysis of modified models,

In the first type, we recommend that the following activities be
carried out:

(a.1) Use of CR Data in Many Wavelenaths or Spectral Bands

As the number of wavelengths or spectral bands increases, the data
base for estimating LAI and LAD increases. Thus it can be argued that one
could substitute wavelengths for solar/view angles and obtain these agronomic
parameters with fewer bidirectional CR measurements. The advantages and dis-
advantages of using many wavelengths over many solar/view angles should be
quantified. Here, it should be noted that as the number of wavelengths in-
creases, the number of ancillary parameters (the spectral parameters 1ike leaf
reflectance and transmittance, soil reflectance and fraction of diffused sky-
1ight) also increases.

The approach for this quantification is straightforward. It will involve
increasing the number of canopy variables and the number of R'i in Eq. (i),
where now the index i will refer to solar/view angles as well as wavelength/
band. By trading off CR for various angles with CR for various wavelengths,
2 hope to arrive at an optimal combination for which LAI and LAD estimation
is most accurate. This should then be tested by using available CR data sets

on varjous vegetative canopies.

(a.2) Use of Linear and Non-Linear Transforms of CRs for Various Solar/
View Angles and Various Spectral Bands

In the present inversion technique, the measured CRs are fitted to thosa

calculated from a model in a least square fashion. It is not obvious that the
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choice of such a fit is the best., In other words, {f in Eq. (1) one
replaces R1 by a Tinear or non-linear function of several Ris, for
different solay/view angles and for different spectral bands, could
the sensitivity of F to LAI and LAD change so as to make their esti-
mations more accurate? The basis for raising such a possibility is
the well known linear {greenness/brightness) transform of CRs for
four MSS bands or seven TM bands. Greenness is very sensitive to LAI
and not to soil reflectance while brightness is very sensitive to soil
reflectance and not to LAI. Another similiar reason is the concept of
angle transform mentioned in the preceding section.

It is recommended that the inversion and sensitivity analysis using
various lipear and non-linear transforms of CRs for various solar/view
angles and for various wavelength bands e carried out. In fact, sensi-
tivity analysis could be used to search for such transforms. The goal
should be to choose that form of F which has minimum sensitivity to an-
cillary variables/parameters (which may have some errors in their measure-
ments) and maximum sensitivity to those (LAI and LAD) which one wishes to
estimate by the inversion technique,

(a.3) Inversion of Radiance Data Inside the Canopy

The LAI estimation based upon CR measurements above the canopy involves

the use of a model which accurately represents the interaction of downwelling .

radiation as well the interaction of upwelling radiation, reflected from back-
ground, with the canopy elements. On the other hand, if one could measure the
radiation flux inside the canopy at various locations and relate it (through
essentially "half" of the CR model) to LAI and LAD, it appears that the esti-
mation of LAI and LAD could be simpler and more accurate. The technique for
baelow canopy measurement of sunfleck area for e§timating LAI, developed by
John Norman, essentially makes use of this simplicity.

It is recommended that the fluxes inside the canopy at different heights,

- using the simple CR models discussed above, be calculated and then the inver-
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sion and sensitivity analysis with these fluxes as “he measured variables
rather than CRs be carried out. This analysis should then be uged to
quantify the accuracy of estimation of LAI and LAD for typical canopics
and for specifying the most desirable set of measurements (incident solar
direction, Tocation of sensors in the canopy, etc.). This work should
Tead to a rapid method for ground measurement of LAI and LAD which are
heretofore labor intensive to measure,

(a.4) Optimal Solar/View Angles for LAI and LAD Estimation

On the basis of sensitivity analysis, we have conjectured that there
are certain solar/view angles for which LAI and LAD estimation is 1ikely to
be most accurate. The set of these angles varies somewhat with the nature
of the canopy but sti11 one could provide some guidelines for selecting these
angles for all type of canopies.

We recommend that one should look into details of the interception of
radiation by the canopy elements, as jmbedded in the above mentioned CR models,
as a function of solar/view angles, We expect that one will find that for the
optimal angles the gradient of interception as a function of LAI and LAD is
maximum, This enquiry, as a function of values of ancillary canopy parameters,
should provide a fundamental basis for optimal selection of solar/view angles
and wavelengths for the purpose of estimating agronomic variables from the
'R data.

Parenthetically we note that if one could identify a small set of optimal
f!&oTar/view angles for which all the canopy parameters can be determined rea-

' sonably accurately from the CR data, then these parameters can be used to
ga1cu1ate bidirectional reflectances for all solar/view angles. These reflec-
tances can then be integerated to find the hemi-spherical refiectance and the
vegetation albedo.

(a.5) Angle Transiorms for Filtering out Terrain Slope Effects
L}

In the analysis of remotely sensed CR data it is usually assumed that the

topography of the scene is flat, i.e., all surfaces or materials are assumed

g
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to be viewed at same sensor and 11lumination angles. In mountainous
terrain, however, the local surface normal varies and, consequently,
a wide range of effective view and 11lumination angles are obtained,
even for a single image. In these cases the interpretation of CR data
could Tead to erroncous agrophysical conclusions.

Several authors have tried various correction procedures to jmprove
the results obtained. These approaches are efther essentially empirical,
making no assumptions concerning the physical behavior of scene elements,
or utilize some assumed natural characteristics of the scene element.

It is recomnended that the angle transform approach be used to develop
a procedure which is minimally sensitive to local surface normal. One
specific approach is to characterize the normal to the ground surface with
two angles (zenith and azimuth) and calculate the CR reflectances for various
J1Tumination/view angles by using one of the above mentioned CR models. Such
a calculation s stiaightforward and is essentially equivalent to using a
different set of illumination and view angles. One can then seek transforms
of CRs for.these angles which.are insensitive to the angles defining the normal
to the surface. If such transforms can be found {preliminary calculations
support such a possibility), then one would have a simple technique to filter
out the effects of terrain slope.

We now discuss the recommended activities of the other type involving

modifications of the one-dimensional models constantly referred to in the

preceding description of recommended future actjvities. All these activities
are designed to make the CR mndels more realistic and thus to ensure that the
estimated values of‘agrophysi¢a1 parameters, based on inversion of these models,
is more accurate. The following three activities are recommended for future
investigation.

(b.1) Inclusion of Specular Reflectance

Current CR models do not adequately account for specular reflectance,
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(direct mirror«iike reflection Ffrom first-surface leaves), though it has

shown to be quite significant for a number of vegetations and it has been
known for some time that ieaf reflectunce is quite directional. Since the
model inversion technique relies on angular variation of the CR data, more
accurate representation of the angle dependence is crucial for its success
with actual field data,

It is recommended that a model for specular reflectance, based on
geometrical optics be developed, This approach is known from the physics
Titerature to work for reflectance from "rough" surfaces., In this approach
one Wwill censider Teaves as reflecting "facets" of a surface, distributed
according to the leaf angle distribution of the canopy. The angular depen-
dence of the specularly reflected radiation will thus be a "trignometrical
convolution” of the direction of the incident radiation and LAD. The total
reflectance could then be decomposed into the sum of a direct specular part
(determined by geometrical optics approach) and a uniformed diffused part
(determined by using one of the CR model referred above). Since electro-
magnetic waves combine according to the superposition principle, this is a
very natural and well-justified decomposition. '

The modified model should then be subjected to the inversion technique
with measured CP data as the input, to determfne if the new model does indeed
give more accurate values of the agronomic parameters. It should be pointed
out that the relative proportions of specular and diffuse components will be
taken as an unknown parameter in the inversion process. Its values can then
bé calculated with the independent measuréments of such proportions carried
ot by Vanderbilt and Grant at LARS using polarized light.

(b.2) Inclusion of Angular Dependence of Leaf Reflectance and Trans-
mittance

In the estimation of LAl and LAD, from the measured bidirectional CR data
via inversion of a CR model, the values of leaf reflectance p, and transmit-

tance, T, usad are usually measured with incident radiation located in the
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nadir direction, Such measurements should tend to give a lower value for
p and a higher value for 1 than will be felt by the incident radiation in
a typical canopy. MWoreover, this differential will be dependent upon the
divection of solar radiation, leading to a modification of the dependence
of the canopy reflectance on the i11mmination direction.

It s recommended that the angular dependence of p and T in the CR
model be included and the modified model be investigated to determine if
the estimated values of the agronomic parameters through the inversion tech-
nique improve. The specific dependences to be tried could be guided by the
direct experiments on the angular dependence of p and T on the incident and
view angles and by various models of leaf reflectance and transmittances.

(b.3) Inclusion of Shadowing Effects

The CR, in the near infrared bands, for Tow density trees stands has
been found to be higher than for high density tree stands rather than the
other way around, as implied by the simple canopy reflectance models used
so fa~ in the inversion technique. When these models are used for Tow den-
sity tree stands, as to be expected, the estimated values of agronomic
parameters are duite erroneously high (see published report R8). It is

believed that the higher CR for Tow density tree stands is due to shadow

'ﬁ”‘l.effects (shadow of a tree on itself, on other trees and on ground).

It is recommended that these simple models be modified to include the
shadowing effects. An approach could be geometrical, with trees assumed to be
spatially distributed according to a pre-assigned distribution, The amount
and nature of shadowing will be dependent on the illumination direction and
the effects of shadowing on the measured CR will be dependent on the view
direction.

We now describe the recommended future activities.

(2) Inclusion of Atmospheric Scattering

In all the inversions of canopy reflectance models we have neglected the

effecte of atmospheric scattering of reflected radiation. This simplification
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was not detrimental because we used CR only in the near infrared band.
Also, the CR used in the inversion process were either measured on the
ground and/or in very clear sky conditions. For remotely measured CRs,
especially in the visible band, the atmospheric effects are obviously
very important and for certain atmospheric conditions may in fact domi-
nate. As mentioned above under the discussion of optimal solar/view
angles, when atmospheric scattering is neglected high view zenith (and
solar zenith) angles are more desirable than low zenith angles, to maxi-
mize the accuracy of estimation of agronomic parameters like LAl and LAD.
For such angles, however, due to increased radiation path Tength between
canopy and the sensor, the atmospheric scattering effects should tend to
be maximum. Therefore, before one could develop an optimal strategy for
bidirectional CR measurements one must include atmospheric scattering
effects in the model to be inverted or develop methods to "filter out"”
these effects.

There are two basic approaches to include the effects of atmospheric
scattering. One is to treat atmosphere and the vegetation canopy as & single

system and solve the radiative transfer equation for compiex boundary con-

ditioné. Such an approach is being pursued by Gerstl and Diner and Martonchik.

The other approach is to use an atmospheric scattering model which generates
parametars which can be used in the CR models to couple their outputs to the
atmospnere. ({Parameters needed are atmospheric transmittance from nadir,
path radiance, and the direct and diffuse components of solar flux incident
on the earth's surface as a function of wavelengths and solar zenith angle.)
Such a model then needs to be incorporated into the vegetation CR model,

The -first type of approaches are obviously more rigorous, representative
and elegant. However, they are still under development anu not be gene-
rally available for a few years. Also, it appears that computer time for
solving the radiative transfer equation may be excessive enough to preclude

it from being an attractive candidate for a CR model to be used in the inver-
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sion process (Recall that fnversion techniques uses an iterative procedure
and in each iteration the CR model is used to calculate CRs for various
solar/view angles, for a given set of canopy parameters),

We therefore recommend that the second approach be pursued using
atmospheric scattering model, such as due to Dave and/or the LOWTRANS 6
model developed at Hanscom Afr Force Base in Massachusetts. These models
should then be used to calculate atmospheric scattering for a few model
atmosphares that range from "clear" to "murky".. Aerosol distributions could
be 1imited to continental spring, continental summer and maritime summer.
For each of these distributions, one could choose say, three optical thick-
ness, from low to high.

The incorporation of the atmospheric model with the vegetation canopy
reflectance models can be done in the following two ways:

(1) Coupling an atmospheric scattering model with a CR model: One way

this can be achieved is by extending a muiti-layer canopy model by adding

two or three layers atmospheric model at the top. One approach would des-

cribe atmospheric parameters in terms of CR model parameters (e.g., scattering

cross section expressed in terms of effective LAI and LAD). Another approach

simply couples existing atmospheric scattering and CR models so that the Tower

boundary conditions for the atmospheric model match with the upper boundary

conditions for the canopy model. It should be noted that since either approach

leads to a combined model whose upper boundary condition is specified by the
solar energy curve, a simplification in parameter specification is achieved
. namely, it will not be necessary to specify fraction of incident diy‘used
radiation.

(2) Treating atmnspheric scattering and canopy reflectance models as

uncoupled: Here the secondary interactions between various components

of the total remote sensing system (canopy, atmosphere, sunlight) are essen-
tially ignored and the approach is therefore considerably simpler. The

atmosphere and the canopy are treated as separate entities which are coupled
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only in that flux from the canopy passes through the atmosphere. The

scattering of flux back from the atmosphere to the canopy is treated only

in a simplistic way without considefing detajled interactions. Likewise,

the atmosphere contributes to the canopy only in that it scatters incident
sunlight to provide diffuse radiance on the canopy.

Both of these approaches should be explored. The CR model coupled
with atmospheric scattering effects incTuded should then be subjected to
the inversion and sensitivity analysis in the same fashion as we have done
so far. One could also investigate the possibility of using an angle trans-
form to "filter out" the effects of atmospheric scattering.

Finally, we now describe the recommended research activities in the
third major category.

(3) Inversion of Complex Canopy Reflectance Models

Simple CR models represent fairly well only uniform vegetation canopies
but are generally inaccurate for canopies with complex geometries such as
for crops planted in rows, and for trees. For such canopies, one must resort
to complex models.

- It is recommended that the inversion and sensitivity analysis of a few
such complex models be carried out. The choice of the models will be depen-
dent upon the maturity of a model and the availability of the software imple-
menting the mode?. .

Suits row model is one such candidate. MNot only this model is mature
and a software package is available, it is simple enough that it can be
modified and made more realistic in the same way as described above for the
nther homogenous models,

Norman and Wells three dimensional model is another potential candidate.
Kimes and Kirchner model is still another possibi]ity: (It is somewhat less
developed %han the Norman and Wells model).

There are other models which are actively being developed. it is quite'

conceivable that one of these models could be chosen over those mentioned

ety
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above, depending upon the advancement of the model and the willingness of
the author(s) to make the software available to other investigators.

The inversion technique, with these complex models, should then be

tested using measured CRs of heterogencus canopies such as those for forests.

Such data is being collected by investigators at many institutions (e.g.
NASA-Goddard Space Flight -enter, NASA-Johnson Space Center, Purdue Univer-
sity - LARS, Oak Ridge National Labs.).
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APPENDIX_A

REPORTING OF THE PROGRESS AND PUBLICATIONS

In this appendix we will 1ist the reporting of the progress made

The reporting was done both

in the form of briefing as well as in the form of technical reports

and papers by the principal investigator as well as by other personnel

associated with the contract.

The copies of the slides used in the

briefing and reports/papers have already been provided to the Technical

Monitor.

It should be noted that some of the technical resu1ts viere

only partially supported by this contract,
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"Estimation of LAI with Nadir View Spectral

- Reflectance Data - Some Comments", October

20, 1983, NASA-JSC, Houston.

"CUPID Model and LARS Soybean Data", Oct. 20,
1983. MWorkshop on 'Modeling of Crop Reflec-
tance', NASA-JSC, Houston.
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Remote Sensing of Agronomic Variables", Hov.
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version of Models", April 24, 1984, COVER Experiment
Review on 'Characterization of Vegetation with Remote
Sensing' NASA-JSC, Houston.

"Optimal IT1lumination/Viewing Divections to Maximize
the Accuracy of Estimation of LAI and LAD", April
25, 1984, COVER Experiment Review on 'Characteri-
ﬁation of Vegetation with Remote Sensing', NASA-JSC,

ouston.

"Estimation of LAI from Bidirectional Canopy Reflec=
tance", June 14, 1984. 10th Intl. Symp. on Machine

Processing of Remotely Sensed Data, Purdue University.

(b) PUBLISHED REPORTS/PAPERS

N.S. GOEL
and
D.E. STREREL

N.S. GOEL
and
R.L. THOMPSON

"Inversion of Vegetation Canopy Reflectance Models
for Estimating Agronomic Variables 1: Problem
Definition and Initial Results Using Suits' Model".
Remote Sensing of Environment, Vol. 13, Pages 487-
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"Inversion of Vegetation Canopy Reflectance Models
for Estimating Agronomic Variables II: Use of
Angle Transforms and Error Analysis as ITlustrated
by the Suits’ Model", Remote Sensing of Environ-
ment. Vol. 14, Pages 77-111, 1984,

“Inversion of Vegetation Canopy Reflectance Models
for Estimating Agronomic Variables I1I: Estimation
Using only Canopy Reflectance Data as Illustrated
by the Suits' Model". Remote Sensing of Environ-
ment, Vol. 15, Pages 223-236, 1984,

"Inversion of Vegetation Canopy Reflectance Models
for Estimating Agronomic Variables IV: Total
Inversion of the SAIL Model". Remote Sensing of
Environment. Vol. 15, Pages 237-253, 1984,

"Inversion of Vegetation Canopy Reflectance Modeis
for Estimating Agronomic Variables V: Estimation
of LAI and Average Leaf Angle Using Measured Canopy

Reflectances". Remote Sensing of Environment. Vol. 16,

Pages 69-85, 1984,

"Estimation of Leaf Area Index from Bidirectional
Spectral Reflectance Data by Inverting a Canopy
Reflectance Model", Proceedings 1984 International
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"Simple Beta Distribution Representation of lLeaf

Orientation in Vegetation Canopies". Agronomy Journal.
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ABPENDIX B
FIRST PAGES OF THE REPORTS/PAPERS WHICH HAVE BEEN PUBLISHED

In this appendix, we have attached the first pages of the various reports/papers

which have been published and which wera listed in the preceding appendix.
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Published Paper Rl
REMQTE SENSING OF ENVIRONMENT 13457507 {1053)

Inversion of Vegetation Canopy Reflectance
Models for Estimating Agronomic Variables, L
Problem Delinition and Injtial Results Using the Suits Model

NARENDRA 5, GOEL and DONALD E, STREBEL®

Depurtment of Systems Seience, State Univensiiy of Nowe Yorky Binghamton, New Yerk 13901

An fmpartant i relatively uninvestigated problem i romole sensing is the sverston of vegetative canopy refleciance
mnclels Lo abtal agraphysical paramelers, givess measnsed seflectances, The problem Is here formally detined and its
solution ovthaed. Numericad sonlinear optinlzitlon ledinigies are nsed to huplement this tnversion to obiain the leal
area index wsing Sulls’ canopy seflectance madel, The results for 8 varfely of cases indicate that this can he done
suceessially wstng ifnred refeetances at Qilferent views or azhanth angles or a combinatlon thereol. The other
paraiickers of the moded immst e knowa, silonghh reasonalde measirement errors ean Le toleraled withoul serfously
depeaivg Whe accuracy of the hiversion. The application of the leehnleue to gronnd based remole-sensing experiments
fy polentially nselul, b fs lnited to the degree to which the canopy reflectance model can avensately predicd olserved

refleclances.
1, Introduction

When electromagnetic radiation s incl-
dent on a vegetation canopy, it s seattered
and reflected, and its direction and spee-
tral composition are altered in a complex
manner by the vegetation. For the pur-
pose of agricultural monttoring by remote
sensing, pint of this altered and reflected
radintion is intercepted by a saleilite.horne
sensor, The success of this monitoving
method depends upon being able to re-
late refleclance measurements to vege-
tation propertics, One expects that this
ean be done onee the nature of the allera-
tion in the radiation by the agrophysicnl
and environmental factors is speeified.

Over the last two decades there huwe
been fairly intensive investigations, both
experimental and theoretical, allempling
to understand the relationslip hetween

*On leave from the Departinent ol Mathematies,
Waolford College, Spartanbiirg. $C 20301,

2 Ebsevier Scivnee Pallishing Ca, e, 1983
52 Vamnlerhilt Ave, New York, NY 1017

vegelation and environment variables and
the spectral reflectance. These investiga-
tions have identified the key variables.
On the theoretical side, one type of study
has been the modeling of crop vanopy
reflectance (sce Goel, 1982; Smith, 1982
for reviews of various models), Iere one
defines or derives a function or an algo-
rithm which yiclds the reflectance given
the variables specifying the canopy, ‘These
ariables generally include: optical prop-
erlies of the vegetation components, e.g.,
wavelength (A} dependent reflectance
and transmittance of leaves, stalks, heads,
ele,; physieal parameters defining the
snopy geomelry, e.g., density, angular
inclination, and distribution of vegelation
components; variables defining the soil,
e.i2., Adependent reflectance of soil; vari-
ables defining source of radiation (sun)
and the properties of the delector, e.g,
sun  zenith angle, delector (observer)
zenith and azimuth (with respect to the
sun) angles. On the experimental side, an
extensive amount of data has been col-
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Published Paper R2

ORIGINAL D ©
OF POOR QUi Y

ESTIMATTON_OF AGRONOMIC VARIABLES

" VSING SPEGTRAL SIGRATURES

N.5. GOEL, R.L., THOMPSON
Department: of Systcems Science
State University of New York .

Binghamton, New York, 13901 (U.S.A.)

v sar w———

A techmique for inverting a canopy refleetance model to estimate agronomic
variables, using spectral signatures in the infrared region, is described. Its
use is illustrated, for a soybean canopy, using a few representacive models, due
to Suits, Verhoef and Bunnik, and Norman. An analysis of the sensitivity of Lhe
estimated agronomic variables, like leaf area index and leaf angle distribution,
to random errors in the canopy reflectance data is presented.

’

(Paper to be presented at the Int. Collog. on Spectral Signature of Objects in
Remote Sensing, Bordeaux, France. Sept. 12-16,1983.)
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OF POOR GUil iy v

REMOTE SENSING OF ENVIRONMENT 14:77=111 (1084) 7

Inversion of Yegelation Canopy Relleetance
Models for Xstimaling Agronomic Variables. 11, Usc of
Angle Transforms and Error Analysis as Ilustrated by Suits’ Model

NARENDRA §. GOEL, DONALD E, STREBEL,* and RICHARD L. THOMPSON

Department of Systems Selence, State Univensity of News York, Ringhanton, New Yok 13901

‘The techinique for Jivening a vegelatlon canopy seflcctanee inodel vescribed earlier (Goel and Strebel, 1083) 15
Investigated further. The nove] concept of an “nngle transfonn®” 5 introdured. This concept allows the forination of
functlons of reflectances at 47wt view zenlth and azimuth sngles, which are efilier sensltive or insensitive to a
certln ngronmnfe parameter, » - aper combination of these fanctlons fan allow determination of all the important
agrenomic and spectral parmne? . srom meanied canopy reflectance data. The technique Is demonstrated using Suits'
(1972) model for hemogenous canoples. Tt 1y shown that Teal arca tnidex, eal refleciance and iransimiitance, and average
Yeal angle all ean be detennined from e canopy refleclance ol n sel of selected view zepith and azfmuth angles. A
sensitivity analysts of the calculated vales to the errors n the data s also casrled out. Guldelines are fonnulzted for the
munber and types of observatfons equiretd 1o obtain the valies of a partloular canopy vardable to wilhin & given degree

of accurncy for o given level of error In the measwrement of canopy rellectance,

1, Introduction

The estimation of agronomie parame-
ters from reflectance data is an important
practical problem, In the first paper in
this series (Goel and Strebel, 1983;
hereafter referred to as 1), we defined this
problem formally and in some detail, The
procedure for estimation involves inver-
sion of a vegelalive canopy reflectance
model. This inversion was illustrated for
two parameters, although it was noted
that the use of more refllectance measure-
ments would allow the delermination of
more paramelers. Here we extend the
method by showing how six reflectance
data points, for different view directions,
can be used to oblain four parameters,
and how additional data can be used to

SR e

*On Jeave Bom e Departient of Mathemativs, Wols
lord College, Spartanturg, SC 29301,

*Elevier Sclenve Pullshing Co., Ine, 1954
A2 Vanderhilt Ave., New York, NY 10017

improve the accuracy with which those
parametess are determined when mea-
surement crrors are present,

We shall emphasize that an accurate
estimaticn of agronomic parameters from
the menstired canopy reflectance data has
two key ingrecients:

(1) A canopy reflectance model which

represents a canopy accurately,

(2) A procedure for inverling such a

model,

In our fnitinl studies, to focus our atten-
tion on develaging techniques for invert-
ing canopy reflectance models, we
simulate the obseived canopy reflec-
lances That is, we choose a certain sel of
values for the paramelers occurring in a
model and use them to caleulate the
canopy reflectances, The paramelers are
then “forgotten,” and the calewlated re-
flectances are taken as the observed ones,
These “error-free” reflectances are then

00344257 /64,/83.00
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HEMOTE SENSING OF ENVINONMENT 152232230 (1084) omy

* Inversion of Vegelation Canopy Reflectance Models

for Estimaling Agronomic Variables, III, Estimation Using Only
Canopy Reflectance Data as Illustrated by the Suits Model

NARENDRA S, GOEL and RICHARD L. THOMPSON

Departnunt of Systoms Scienee, Watson School of Engincering, State University of New York, Binghemton, NY 13901

The teclnbgue for esthiating agronomie and spectral pazameters for o segelation canopy from thie canopy reflectante
{CR) dula, deseribed ealier (Goel el al,, 1954), bas been Inproved. These Smprovements are twolold: firsl, one can
pow, I principle, estimate varions parameters wsing only CR dati, In the (mfrared hand, for a set of solar/view angles;
second, the method §s now computationally inuch wore efffelent, These hmproverents are nsirated via Suits” meded,
An analysis of the sensitivity of the ealeulated agronomie nnd spectral parameters Lo clianges In the CR 3y also carrivd
out. This analysts suggests that, n general, for eapecied levels of errors in the measirenent of CRs wnd the acenracy
will which the Suits mode) fs likely to represent CR, ane fs unlikely to be able to esthmate pgrenomle pazamelers like
Jeal arva Index (LAT) and average Teal angle (ALAY using only measured CR data, Such a detenniation will likely

reguire ancfllary data on the reflectance and transmittance of vegetation clements and on the sof) refleclance,

1, Introduction

One of the most desirable goals of the
research on the remote sensing of vegela-
tlon canopies is lo be able lo estimate key
agronomic paramelers like leafl area index
(LAT) and leal angle distribution (LLAD),
using only canopy reflectance (CR) mea-
surements, LAT s perhaps the most im-
portant variable for determining growth
and yield, Though LAD is not of the
same importance as LAL iU is ¢ possible
indicalor of plant stress level. With the
goal of estimating agronomic parameters,
many systematic theoretical and experi-
mental investigations have been caried
out in the last guarter of a century. These
investigations have led to the clarification
and quantification of the relationship
between these and other patamelers de-
sceribing the speetral properties of vegeta-
tion elements and soil, incident solar flux,
and viewing direetions and the canopy

*Elsevier Scivnee Polilishing Co., Ine,, 1954
52 Vinderhill Ave., New York, NY 10017

refllectance in various wavelength bands
(Ross, 1061; Goel, 1982),

Our investigations have focused on de-
veloping an approach for obtaining ngro-
nomic parameters by inverling a CR
model which represents the relationship
between eanopy parameters and CR. For
this purpose we have initially chosen the
Suits model (Suits, 1972) for a homoge-
nous canopy. In the first paper in this
series (Goel and Strebel, 1983; hereafter
referred as 1), we defined this prablem
formally, We showed that one could, in
principle, estimate LAI and average leaf
angle (ALA) using CR data, in the in-
frared hand, for several view angles, pro-
vided one knows the other auxiliary
parmmeters like canopy component {e.g.,
leaf) reflectance p, and transmittance T,
s0il refleetance p,, and fraction of dif-
fused incident solar radiation, SKYL. In
the second paper in this series (Goel et
al.,, 1984; hereafler referred as IT), we

(00314257 /54,/§3 0
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HEMOTE SLNSING OF ENVIRONMENT 15:237-253 {1054) 7

Inversion of Vegelation Canopy Reflectance Models for
LEstimating Agronomic Yarinbles, IV, Total Inversion of the

SAIL Model

NARENDRA S, GOEL and RICHARD L. THOMPSON
Depmirtii vt of Systuans Seience, Wanon School of Engineering, Stale Univensity of New York, Binghamion, NY 1380

The estimability of all We canopy parameters for a vegelalion canopy wsing only canopy teflectnce (CR) datn and the
SAIL model §s investigated, wsing techniques describwd earlier (Goel and Thempson, 1884a). It {s shown that in
principle such an estimation s passible, ., the SAIL snodel Is matliematically tolally invertible, An <nalysls of the
sensitivily of the calowlaled values to changes In the CR data i presented. This analysis suggests *hat, given the
espected acentacy of CR measwrements and the nceuraey of the SAIL moded In representing CR in the infrared reglon,
the agronomie parameters, Jeaf nrea ndes, and Jead angly distdlution, van be estimated fatrdy aceurately uskng ancillary

dala on spectral parameters,

1. Introduction

Remaote sensing of vegelation relies on
the speetral signatures of the vegetation,
in particular, the signatures in the visible
and inlrared regions, During the last 25
years or so, many models (Goel, 1982;
Ross, 1981) at different levels of complex-
ity have been developed. They attempt to
provide a realistic relationship between
the important agronmpic and spectral
parameters of the vegetation canopy and
its canopy reflectance (CR) signatures.
‘The agronomic paramelers are leal area
index (LAI) and leaf angle distribution
(LAD). The spectral paramelers include
leaf refleetance p and transmittance 7. A
desirable application of these models is
the estimation of these parameters from
the measured reflectances.

In this series of papers (Goel and
Strebel, 1983; Gocel et al,, 1984; Goel and
Thompson, 1984a) we have been investi-
gating the possilility of such ap estima-
tion, using CR data in the infrared region
for a sct of solar/view directions. In the

* Elsevier Stivoce Pablishing Go., Tie, 1954
52 Vanderldlt Ave, New York, NY 1017

preceding paper of this series (Goel and
Thompson, 1984a; henceforth referred to
as 1I), we have shown that such un
estimation is possible, in principle, for the
Suits model (Suits, 1972) for a homoge-
nous canopy. The parameters oceurring
in this mode! are the leaf reflectance and
transmitiance, leaf arca index and aver-
age leaf incHnation angle 4y, soil reflee-
tance p,, and the fraction of diffused inci-
dent solar radiation (SKYL). Specifically,
we showed that all of these parameters
can Le estimated using only CR data and
the Suits model, provided that the Suits
model is an accurale representation of
canopy reflectance and that the reflec-
tance measurements are aceurate. In other
words, the Suits model is mathematically
totally invertible. We also analyzed the
sensitivity of the paramelers estimated by
model inversion to changes in the CR
data,

In this paper we apply the lechnigues
developed in 111 to a more camplex model
—the socalled SAIL (scatiering by arbi-
travily inclined leaves) model due to

00344257 /64/53.00
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RENOTE SENSING OF ENVIRONMENT 16:09- 5% (11%4) i)

Inversion of Vegelation Canopy Reflectance Models for Estimating
Agronomic Yariables, V. Estimation of Leaf Arca Index and
Average Leaf Angle Using Measured Canopy Reflectances

NARENDRA §. COEL AND RICHARD L. THOMPSON
Depurtinent of Systems Scienee, Watson Sehool of Engineering, Stale Uniuenalty of New York, Binghumton, NY 13901

The tedigue deseribed earlier (Goel and Thompson, 19540} for estimating agronomle paramelers from idirectingal
crop reflectanee dota is applied to o flly covered soyben canapy, using data measured in (he Tield, This technigne
cnploys the iwversion of a canopy reflectance mosdel. 1 s shown that nstug the SATL model one can estimate leal arca
index (LATY ns well as average leal angle (ALAY quite well, provided that the ollier canopy parametes (lead reflectance
and tansittance, soil reflectance, and Traction of diffused skylight} are known, Some suggestions are made lor
Improving the SATL model. This should fimprove the acenraey of estimition of nol anly LA and ALA but shountd abso
allow the esthuation of the complete Jeal nngle distrbmtion.

1. Introduction

It is now very well established that the
reflectances, in the visible and infrared
regions, from a vegelation canopy are
strongly correlated Lo the agronomice and
spectral paramelers of the zanopy. The
agronomic parameters inclugde leal area
index (LAT} and leafl angle distribution
(LAD). The spectral parameters include
leal reflectance p and transmittance 7.
This correlation has been guantified by
many canopy reflectunce (CR) models
{see Goel, 1981; Smith, 1983; Ross, 1981
for reviews of some of these models). It
will be very desirable to exploit this
correlation to estimate the agronomic
parameters from the measured canopy re-
flectance dalta.

In this serfes of papers (Goel and
Strebel, 1983; Gocel el al., 1984; Gocel and
Thompson, 1984a,b) we have been in-
vestigaling tlie possibility of such an
estimation, using CR data in the infrared
region for a set of solar and view dirce-
tions, We have shown that sueh an esti-

* Elsevier Scienee Pulslishing Co., Tne,, 1994
52 Vanderhilt Aves New York, NY 10047

mation is, in principle, possible at Jeast
for a homogencous vegetation canopy.
The procedure involves the inversion of a
eanopy reflectance model In the preceed-
ing paper of this series (Goel and Thomp-
son, 1984b) and in another paper (Gocl
and Thompson, 1983) we showed that
one can determine all the eanopy param-
eters ovewring in the SAIL model
(Verhoel and Bunnik, 1981) and in the
CUPID mudel (Norman, 1979) using only
CR dala in the infrared region. The
paramelers oceurring in these models are
the leafl reflectance and transmittance, leaf
area index, and leaf inclination angle dis-
tribution (LAD), soil reflectance p,, and
the fraction of diffused incident solar
racliation, SKYL, Thus all of these param-
elers can be estimated using only CR
data and these models, provided that these
madels accurately represent measured
canopy reflectances. .

To focus our initial atlention on devel-
oping lechnigues for estimating canopy
parameters, we have so far simulated the
observed canopy reflectances in our stud-

(1344257 /64 /53,00
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ESTIMATION OF LEAF AREA INDEX FROM BIDIRECTIONAL

SPECTRAL REFLECTANCE DATA BY IRVERTING A CANOPY

REFLECTANCE MODEL

M5, GDEL
[~

state University of Naw York
singhamton, New York
L}

K.E+ HEHDERSON, D.E. PITTS

dational Aeronautics and Space
Administration/Johnson Space Center
Hous ton, Texas

ABSTRACT

A technique for estimuting the leaf
aren index from bidirectional cunopy re-
flectance {(CR) data, in the infrared re-
gion, e.g., in band 4 of a Themntic
Mapper (TM), is deseribed, It involves
inversion of a CR model which accurately
represents the reflectance from the canopy,
A method for remotely colleccing this CR
dnta using an alreraft brsed TM {5 de-
seribed. The bidirectional CR's, for a
bluck spruce {picea mariana) capopy, for 7
solar/view directions, as measured using
this technique, are given, A very pre-
limfinary analysis of the data from a polnt
of view of estimating LAT by inversion of
= CR model is given. This analysis
sugpests that for an acceptably accurate
cstimution of LAI, one will require bi-
directional CR's for many more than 7
solar/view direcctions, .

I. INTRODUCTION

It is now very well established that
the refleetance, in the visible and in-
frared regions, from a vegetation (crop,
grassland, and forest) capopy {s strongly
correlated to the agronomic, architecturnl,
and spectral parameters of the canopy.
Remote sensing of vegetation relies on
thils correlation. The agronomic parametes
include the densities and orientations of
vegetation components like leaves, stems,
branches, and bark. The archlitectural
parameters include spatial distributions,
both in horizontal and vertical divec-
tions, of vepgetation components. The

~srectral parameters include reflectances
and transmittannces of these components.
In nddition, the canopy refluctance (CR)
depends upon the ground (soil, moss,
disintepgrated vegetation ete,) reflecrance
and the relative fraction, SKYL, of the
diffused incident solar radiation.

During the last quarter of p century,
many models (see Ross, 1981; Goel, 19823
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apnd Smith, 1983 for reviews of these
models) at different levels of complexity,
have been proposed to provide a realistic
relationship between important eanopy
parumeters and canopy relflectance, With
these CR models one can, in principle, cal-
culate the canopy reflectance as a function
of the {1lumination and view directions
{bidirectional CR), using the measured
values of the canopy parameters, ground
reflectance, and incident diffused radip-
tion. A desirable application of these
models is the estimation of {mportant
agronomic parametars like leaf area index
{LAI) from the measured bidirectional CR's
by earrying out such caleculations in
“reverse", i.e., hy inverting a CR model.

One of the authors and his collabora-
tors (Goel apnd Sctrebel, 1983; Goel,
Strebel and Thompson, 1884; Goel and
Thompson, 1984a,b,e¢) have investigated the
possibility of such an estimation, using
CR data in the infrared region, for & set
of solar/view directlons, We have shown
that such an estimation is, in principie,
possible, at least for a homogenous
canopy. Specifically, we have shown that
at least for three CR models -~ the Suits
model (Suits, 1972), the SAIL model
(VYerhoef and Bunpik, 1981), and the CUPID
model (Norman, 1979), there is a one to
one relationship between the canopy pari-
meters and the bidirectional CR., That is,
all the canopy parameters can be estimated
uniquely using only CR data, provided of
course these models accurately represent
the mensured CR's, VYe also applied ti.s
canopy raflectance model inversion tech-
nique to field measured CR's for a set of
view directions. Ve have shown (Goel and
Thompson, 1984c) that one can estimate
quite accurately the leafl area index (LAI)
as well as the average leaf jinclination
angle (ALA) for .a homogenous fully covered
soybean canopy, using CR data for about 50
view directions, provided that the other
canopy parameters like leaf reflectance
and transmittance, soil reflectance and
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Simple Befa Distribution Representation of Leal Orientation in Vegefation Canapies’
Narendra S, éocl and Dunald E. Strebel? 3
ABSTRACT

It is shown that a two-parsmeter beds distribution represents very
well the leaf angle disiribution for o varfety of vegetation canvples, g
Comparison to theorclical distribanions ns well us field data supgests
that this distribation be consideted o5 8 candidnte fur a "univeresl”
leaf angle distribution, The paremeters of the disteibution can then
be wsed 10 Jdentily and clzssify Infermediate canopy types nnd pos-
sibly to quanify canupy changes eaused by ensliunineninl stress,
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'l“HE arrangement of leaves in a plant canopy influ-
ences the interaction of electromagnetic radiation
with the plants. In particular, photosynthesis and yield
are determined by the light distribution within the can- }
opy ind hence by the aziimuth, inclination, and spatial !
distributions of leaves, These distributions also deter- :
mine (he radiation reflecied from the cinopy, thus in-
fluencing the speciral signature used for the purpose . '
of remote sensing (Smith, 1983). It is therefore im-
punant 1o have a good wity (o deseribe the leal dis-
tribution, )
The distribution of leaf inclination and azimuth an-
ples vary fiom crop to crop and may also be dependent
on the growth stage of the crop (Ross, 1981) or even !
the time of the day (Kimes and Kirehner, 1983), One
may capect clisnges also 10 be correlated with stress
nnd hence ehanges in these distributions could be used i
1o quantify the siress. For species with no preferred i
azimuth direciion, de Wit (1965) and others {Ross,
1981; Smith, 1982) have developed several special dis- :
tributions 1o churscterize the leaf angle distribution
(LATD) which distinguish major Linds of plant cuno-
pies, These types are: (1) planophile—=horizomal Ieav¢s
most frequent (2) crectophile—veriical leaves most fre- . :
quent, (3) plariophile -oblique leaves ost frequent,
(4} extremoplile-oblique leaves least frequent, (5)
uniform- e proportion of Jeaves a1 any anele, und
(0} spherical =lenf anzle frequency same s fur surfuce
clements of a splere, This case by cese approach,
thourh is sumeslat limited in anzalyzing imtenimediate
cunopy 1ypesor the jange of varintion within a canopy
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