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Abstract

Imaging spectrometers have the potential to be very useful in re-
mote sensing of canopy chemistry constituents such as nitrogen
and lignin. In this study under the HIRIS project the ques-
tion of how leaf chemical composition which is reflected in leaf

spectral features in the reflectance and transmittance is affected
by canopy architecture was investigated. Several plants were
modeled with high fidelity and a radiosity model was used to
computethecanopyspectralsignatureoverthevisibleand near
infrared.We foundthatchemicalconstituentspecificsignatures
suchasabsorptionsarepreservedand inthecaseoflowabsorp-

tionareactuallyenhanced.For moderatelydensecanopiesthe
amount ofa constituentdependsalsoon thetotalleafarea.

1 Introduction

The HIRIS team spentthe lasttwo yearson a studycalled:
- "Accelerated Canopy Chemistry Program". The overall goal

was to see if a hyperspectral instrument could be used to de-
termine the leaf chemical content (i.e. nitrogen, cellulose, ...).
Our task was to investigate how the canopy architecture might
change the leaf chemical signature and by how much? Further-
more we were asked to investigate effects due to illumination,
background and terrain on the spectral signatures.

Why is a change in the canopy chemistry signature expected?
Since a canopy is a three-dimensional structure of leaves/needles,
stems, branches, etc., the radiation emitted from any single phy-
toelement will interact with many others before it le,Lves the
canopy. Such multiple reflections and transmissions modify the
originally emitted leaf spectrum. This conclusion becomes in-
tuitively clear when it is realized that all phytoelements (say
leaves) in a canopy structure fall into 3 categories: fully illumi-
nated, fully shaded, or partially shaded/illuminated by the in-
coming solar radiation; and it is obvious that a shadow spectrum
is different from a sun-lit leaf spectrum. Thus, the magnitude
of such spectral changes will depend on the canopy architecture
and the external illumination direction.

First we reviewed existing canopy models and rated them
on what their advantages and disadvantages in this application
might be. Second, we gathered data on tree geometry for walnut
trees, douglas fir seedlings and maple seedlings. Third, we in-
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vestigated how an absorption feature in a plate is changed if the
plate is part of a layered canopy. Fourth, we developed a fast
hybrid raytracing/radiosity method to compute canopy spectral
signatures for variable LAI, view angles and sun angles.

2 Modeling Requirements

We believethatthefollowingfeaturesarenecessaryfora canopy

modelinordertosimulatethespectralsignaturesatthecanopy
level:

i.Discretephytoelements(leaves,needles,stems,fruits,etc.)
withspecifiedsize,location,orientation,reflectanceand
transmittance.

2.Transmissionand multiplereflectionsbetweenleavesmust
be takenintoaccount.

3.Directand indirectillumination.

4.Shadowingwithinthecanopyand on theground.

5. Calculationatanywavelensthwithspectrumtransfersbe-
tweenleavesmust be possible.

Of allthemethods we arefarniliarwith,onlytherecently

developedradiositymethod (Borel,Gerstland Powers(1991)

and Goeletal.(1991))meetsalloftheaboverequirements.

3 Tree Reconstruction

Inordertoreconstructthetreegeometry,selectedmeasurements
shouldbeperformed:

Number of Orders of Branching Thischaracteristiccanbe
determinedby visualexaminationof a treeand simply

countingthenumber oftimesbranchingoccursfrom the
trunktothemost apicalstems.

Branching Order of Leaf Bearing Stems The branchingor-
derofstemswhichbearleavesmay berecorded.Thereare

likelytobe severalorderswhichbearleaves.

Stem Level Parameters ,



Stem Diameter Diameter at the mid-length of a stem may be
measured with a ruler.

Stem Length The length of a stem may be measured with a
ruler or tape.

Number of Leaves per unit Length of Stem For leaf bear-
ing stems, the number of leaves (or needle fascicles) can
be counted so that the number of leaves per unit length of
leaf bearing stem may be determined.

Branching Angle The angle of divergence between stems at
all orders higher than 1, can be estimated with a protrac-
tor.

Phyllotaxis Angle For coniferous trees (or those with strong
monopodial growth), the azimuthal angle of divergence
from the main stem can be estimated with the help of a
compass.

Walnut Tree Experiment.
In Fig. 1 we show a walnut tree reconstructed from detailed

stem geometry measurements (Martens et al (1991)). The tree
was generated from a linked list of stem angles (zenith, azimuth)
and stem lengths. An example of a linked list for the tree is given

"Eelow :

Linked List
, ,

Segment Parent i.Length Diam. Stem stem
Number Segment in cm in cm Zen. Azi.
i 0 77 13.9 0 0
2 1 59 6.5 51 180
3 1 192 6.0 45 81

4 i 65 5.0 51 355
5 1 76 11.8 13 345
6 2 20 5.2 55 155

An small portion of an image of an orchard with 25 walnut
trees is shown in Fig.2. The image was raytraced using a public
domain raytracer called Rayshade which is available by FTP
from princeton.edu (128.112.128.1). A hierarchical description
of each tree was generated from the linked list by a BASIC

_ program.





Figure 2: Portion of a walnut orchard rendered using raytracing
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Figure 3: N-layer radiosity model demonstrates non linear effects
on an absorption feature

4 Spectra for Simple Canopies

A simple model using artificial absorption features was devel-
oped to show the effect of non linear spectral mixing :

• Let p = r be a linear function of wavelength from 0. to 0.5
and add 10 absorption features with a mean and standard

deviation (Sigma)

• Compute BRDF of a layered canopy with N = 10 layers
for 10 leaf layers from .1 to .6 per layer

In Fig.3 we show how the absorptions change as a function of
I.,AI. The modulation depth was always set to 50 % of the
level of the reflectance/transmittance near the absorption. Note
that the higher the LAI gets the more a curve appears non
linear. The location of the minima does not change significantly

because light is absorbed in the leaves. From this model we
concluded that absorption features in leaves are preserved at

the canopy level and can even be enhanced. The relationship
between the concentration of a leaf chemical constituent and

spectral signature is non linear at the canopy level. Thus for
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quantitativecanopychemicalretrievalsitisnecessarytomodel
theinfluenceofthecanopyarchitecture.

5 Canopy Spectral Signature of Com-
plex 3D Canopies

We developeda hybridmodel tocalculatethecanopyspectral

signatureof an orchardof walnuttrees.We chosea hybrid
model becauseofitssimplicity.We arenot abletodealwith

largenumbersofsurfacesinourradiositymodelyet.An orchard
of25 walnuttreescontainsabout 108polygons,cylindersand

spheres.
The hybridmodelhasthefollowingsteps:

1.Raytraceimagesofa part(2m x 2 m) ofa reconstructed
walnuttreefora givengeographicallocation(e.g.Maricopa,

Los Alamos,45o North)and dates(e.g.3-21,5-26,6-21)and
giventimes(e.g.everyhourfrom8 am to4 pro)fornadirview

oroff-nadirviews(0,= -40°,-30°,..,+30°,40o).
2. Compute imagestatisticssuchas'

• Probabilitiesofseeingilluminatedsurfaces'

• Probabilitiesofseeingshadedsurfaces:

• Averagecosineofanglebetweenthesurfacenormaland
sunvectorforvisibleilluminatedsurfaces•

An example of how the probability of seeing illuminated and
shaded surfaces changes as a function of sun direction is shown
in Fig.4_

3. Approximate radiosities for the canopy by using the
N-layermodel witha totalLAI similartothewalnutcanopy

(LAI : 5),measuredleafreflectancesp and transmittancesr
and assumedsoilreflectancep,(Pb_,k= 0.):

N

B,_'h = _ Btt_,,Jai(1-lai)'_-I,
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Figure 4: Canopy averaged probabilities of seeing illuminated
and shaded surfaces for a walnut tree from nadir view
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4. Approximate the spectral BRDF f=,=,vv(') of the walnut

canopyby" If=.,+,,(o.,_.;o.,_.;:_) =

EocosO.PIZ_('_I=,I'= _'_" D._=,. _,,.h=,.,+sun/Oleo/ "Jr"• leo/ C08 vsJ..,,leaJ

.._Deun _ R_n #bade _ _=h4de]".oilcos+,...,oil+ P'o+lcos+,..,o+IJ

5. Plot spectral BRDF for given view/sun directions. In
Fig.5 a scatterplot shows how the spectrum of a canopy differs
from the reflectance spectrum of a single leaf. Note that the
curves bend upwards for high leaf reflectances similar to Fig. 3.
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Figure 5: Canopy averaged BRDF for a walnut tree versus single
leaf reflectance spectrum as a function of sun angles from 0.4 to
2.4 #m
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6 Conclusions

s Radiosity models show nonlinear spectral mixing effects
due to canopy architecture, varying illumination and view-
ing directions, soil ,bark, etc.

• For a given view direction and varying sun angles, the
canopy architecture influences the probabilities of seeing
illuminated surfaces and thus the spectral signature

• For a given sun angle and variable viewing directions, the
canopy architecture has a small influence on the spectral
signature
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