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~ Abstract

A light ray, incident at about 5° to the normal, 1ga
geometrically plotted through the drawing of the cross section
of a soybean leaf using Fresnel's Equations and Snell's Law,
The optical mediums of the leaf considered for ray tracing are:
air, cell sap, chloroplést and cell wall. The above ray 1s also
dravn through the same leaf cross section considering celi wall
and air as the only optical mediums. The values of the reflec-—
tion and transmission found from ray tracing agree closely with
the experimental results obtained using a Beckman DK-2A
Spectroreflectometer. Similarly a iight ray, incident at asbout
60° to the normal, is drawn through the palisade cells of a soy-
bean leaf to illustrate the pathway cof light, incident at an ocb-

lique angle, through the palisade cells.

I. Introduction

Willstatter and Stoll (W-S) in 1918, proposed a theory to

am——"

explain reflectance from a leaf on the basis of critical re-

The work reported in this paper was gponsored by the National
Aercnautics and Space Administration (NASA) under Grant No. NGL
15-005-112, .



2
flection of visible iigh: at spongy mesophyll cell wall - air

interfaces, According to several authors (i.e., Gates et al.?
andAGausman.et a1.3) their experimental results on reflectance
from leaves seem to have supported the W-S theory. Sinclair
et al;“ gave an excellent review of the reflectance and trans-
mittance from the leaves. They critically examined the commonly
accepted W-S theory and proposed a modification, termed the
*diffuse reflectaﬁce hypothesis," which 18 based on diffusing
reflecting qualitiee ochell walls oriented at near perpendicu~-
lar angles.* They pointed out that the microfibril structure of
the cell wall presumably induces the scattering necessary to
have diffuse ieflectance. They p?ésented experimental reSults
on both the reflectance' and transmittance from various species
;f leaves for both the visible (0.50 to 0.72 um) and the re-
flective infrared (0.72.to 1.3 um) wavelengths, which could not
be satisfactorily explained by the W-S theory, but which they
felt could be accounted for on the basis of their hypothesis.
Myers and Allen® explained the K-M (Kubelka - Munk)
scattering coefficient (of diffuse reflectance) for a typical
leaf by Fresnel reflections at normal incidence from 35 inter-
faces along tue mean optical path through the leaf. Gausman
et al.® noted that if oblique reflections are considered, fewer
interfaces account for the results. Knipling7 emphasized that
the air spaces within the palisade parenchyma layer of a leaf

mesophyll may be more important in scattering lightfthan air



spaces in the spongy parenchyma layer. Allen et al,® have

proposed that the complex structure of the leaf can be simulated

by a pile of ttanapargnt’pla;ea with perfectly diffusing
aurfﬁcea. Birth? has given en excellent critical review of
exiscing‘conqepts on thé.tgflectance from a leaf. Hé pointed
out that the work of Sinclair" is ehlightening in that the
diffuse character of light in the leaf is shown to start at the
initial interface. Recently, Kumarl® has reviewed much litera-
ture pertaining to refleﬁtion from leaves.. |

The purpose of ;his inyestigation is to compare the
reflectance ofla typicaivleaf found by tracing the ray of light
through the leaf with thelexperimentally determined reflectance
values of the same lgaf. In addition, the authors would like
~ to investigate 1f considering only cell wall and air as' the
optical mediums in ray tracing leads to good predictions of
experimentally determined reflectance of the leaf; and if other
 optical mediums -~ cell sap and chloroplasts -- should also be
included in the ray tracing for significantly better prediction
of the reflectance. Furthermore, the authors would like to
create a more realiscic illustration to show the pathway of a

light ray through the leaf than shown by Willstdtter and Stoll.!

II. Cross Section of the Sovbean Leaf

The cross section of the goybean leaf was taken from
Sinclair's thesis.!! This cross section had been obtained by

Sinclair by microtome cross-sectioﬁing and a microscopic slide



was prepared using the techniques outlined by Jensen.!? This
cross section was enlarggd. An artist, well familiar with the
cross section éf leaves, drew the above mentioned cross section
on a plain paper showing expiicitly the cell walls, cell sap

and chloroplasts, a part of which is shown in each of Figures 1-3,
The cross section of Flgure 1 was enlarged in order to do

ray tracing conveniently and accurateiy.

ITI. Reflectance From a Leaf

A. Proposed Leaf Reflectance Model. The following

assumptions are made in the reflectance model of a leaf:
1, The leaf is assumed to consist of homngeneousland
isotropic media ~= cell wall, chloroplasts, cell sap and
air. This assumption 1s made for mathemacicai gimplicity
8o that Fresnel's Equations can be applied at each inter-
face.
2. Geometrical Optics is assumed to be valid for the media
of the leaf mentioned above. This is not quite vglid for
chloroplasts (typical dimensions 5 ym to 8 um in diameter
and about 1 ym in width? ) where diffraction is likely to
be important.
3. The Rayleigh and Mie scattering by the leaf constitu¢nts
(of the order of wavelength of light or smaller) {s ne-

glected. Gates? pointed out that cell dimensions of a leaf

N



are generally too large for scattering; however, the
‘chloroplasts and grana dimensions are such as to create
some scatterihg (L.e., grana 1s about 0.5 um in length

and about 0.05 um in diameter). Scattering could also be
caused by mitochondria, ribosomes, nuclei, starch grains,
and other plastids, etc. It is very hard to take scatter-
ing into account because the dimensions, distribution and.
refractive indices of these particles in the leaf cella

are extremely complex and unknown.

4, The absorption of light by the leaf media is neglected.
This 1s quite valid for most leaves in about 0.7 to 1.3 ym
wavelength region, Since the leaf media absorb the light
in the visible wavélengths, their indices of refraction are
complex numbers. The model presented here can also be
applied to the visible wavelengths for Fresnel's Equations
and Snell's Law are aiéo valid for absorbing media, if one
uses the apprépriate complex index of refraction.!3
However, the ray tracing ia not done in this manuscript

for the visible wavelengths since the complex indices of

refraction of the leaf constituents in these wavelengths

are not yet known. Also, the ray tracing in the visible

wavelengths becomeas involved because the index of

refraction, angle of rgftactidn. etec., are complex numbers.



5. The two dimensional cross section of a leaf (three
dimensional leaf) 1s used for predicting the reflectance

from a leaf.

B, Basic Equations. Fresnel's Equations, Snell's Law and

boundary conditions used for determining reflection and refrac-

tion at an interface are given below.l3
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L= 1 - R 6)
W+ 1
T = 7
2

refractive index.of the first medium

refractive index of the second medium

angie of incidence

angle of refraction

rgfleccion parallel to the plane of incidence
reflection perpendicular to the plane of incidence
total reflection

incident inténsity parallel to the plane of incidence

incident intensity perpendicular to the plane of
incidenca. ,

transmisaion parallel to the plane of incidence
transmission perpendicular to the plane of incidence

total transmission

C., Indices of Refraction of Leaf Constituents.

The index of refraction of the air spaces in the leaf cells

is assumed to be one. The refractive index of a potato cell

14
wall was found to be equal to 1.52 by Renck in the visible



wavelengths by Index Matching Technique (i.e., The cell wall was
infiltrated with varioﬁs liqﬁid;: mostly oils, having varying
refractive indices. The minimum reflectance was noted visually
with a medium having a refractive index of 1.52, which was taken
to be the best approximation to the refractive index of the pota-
to cell wall.) The potato cell wall was chosen because the homo-
geneous cell wall can be easily separated from the potato and it
does not sbsorb in the red wavelengths, The value of the index
of refraction of the cell wall of the soybean leaf was assumed to
be equal to 1.52 for the purpose of ray tracing, as it is likely
to be close to the refractive index of the potato cell wall., The
values of refrﬁctive indices for cell sap and chloroplasts were
taken from Charmey and Brackettls to be equal to 1.36 and 1.42,
regpectively. The values of the index of refraction of the leaf
constituents in the 0.7 um ~ 1.3 um region are not available be-~
cause it is quite difficult to measure the refractive indices of
the leaf constituents by the Index Matching Technique in the infrared
wavelength region as the human eye cannot see in that region.
The value of the real part of the index of refraction of watef
is roughly the same in the near infrared regionl® (L.e.,

0.7 um v 1.3 um) es in the visible wavelength region within ,01.
Since water is the main constituent of the cell wall, cell sap
and chloroplasts, and since none bf these absorb light strongly
in the 0.7 ym ~ 1.3 um region, the refractive indices of these

constituents were assumed to be the same in the 0.7 um ~n 1.3 um



reglon ag in the visible ﬁavalength'region.

D, Method of Ray Tracing. The four leaf constituents --
cell wall, chloroplasts, cell’sa; and air -- give rise to the
following eight optical interfaces in the leaf all of which
were considered in the ray tracing: 1) air to'cell wall,

2) cell sap to cell wall, 3) chloroplasts to cell wall,
4) cell sap to chloroplastu,v 5) chloroplasts to cell sap,
6) cell wall to chloioplasus. 7) cell wall to cell sap, and

8) cell wall to air.

In ray tracing, a ray of light of 1ntenaity‘1" (intensity
parallel to the plane of incidence) = 1,000, and I| (intgnsity
perpendicular to the plan§ of incidence) = 1,000 at about 5° to
the normal was taken. The anglc was taken 5° to the normal,
bacause in the experimental setup with the DK-2A apectébteflac—
tometer the light rays were incident at 5° to the leaf normal.

A tangent and a normal were drawn at the interface, The angle

of incidence of the ray was measured with a drafting set which

can measure angles up to an accuracy qf 5 minutes. Knowing the
engle of incidenca and relative index of refraction at the inter-
face, the values of Or.,R“ ’ %l' T" ; and ?L were found using
equations given ig Sec. 3B, gnq the refracted and reflected rays were
drawn., Similar procedure was followed at the subasequent ;ntet-

faces. Each ray was continued umnt{l it ended up as reflection
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or transmission from the leaf. The rays whosé total intensity
bacame less than 0.018 were discontinued to reduce the time and

efforts required in ray tracing. The lighﬁ ray pessed through

a total of 253 interfaces (31 air to cell wall, 38 cell sap to
cell wall, 12 chloroplest to cell wall, 26 cell sap to chloroplast,
30 chloroplast to cell sap, 17 cell wall to chloroplast, 40 cell
wall to cell sap and 59 cell wall to gir)_out of which total in-
ternal reflection took place at 18 éeil ﬁali?ait interfaces, two
cell wall-chioroplast interfaces, and one éeli wali-cell sap

interface.

Table 1(a) shows the values_qf:;ha,rgﬁ;ec:ed‘anq,trgnsmitted
intensity of the ray at the interfaces, Ogly :be rays ghoqe_n
total 1ntenaicy ie more than 0.05 are shownm in Table 1(a). The
pathway of the ray in a BEEE,Qf_thﬁﬂleaf_Qtﬁﬁ&'@ﬁ@t*@ﬂ,.asfgivenn
by this model, is shown by solid lines in Figure 1. The numbers
along the rays represent théir total intensity. For simplicity,
only the rays whose total intensity is more than 0.05 are shown
in Figure 1. Figure 2 is a more complete version of Figure 1
in that the rays whose total intensity lies between 0.018 and
0.05 are also shown in Figure 2. Figure 3 is a more completel
version of Figure 2 in that some of ché iays vhose ;otal intensity
is less than 0.018 are also ah&wn in Pigure 3.

Ray tracing was also done following the same procedure as

the one mentioned above for the same original ray of light
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(I“ = 1.000 and I, = 1.000) except that only the fol%owing two
interfaces were considered: 13 air to cell wall and 2) cell wall
to alr. The light ray passed through a total of 144 interfaces
out of which total internal reflection took place at 13 cell wall -
air interfaces, Table 1(b) shows the values of the reflected and
t:ansmitted intensity of the ray. Only the rays whose total
intensity 1is more than 0.05 Qte shown in Table 1(b). The path~
way of the ray considering the above two interfaces, in a part
of the leaf cross section, is shown in Figures 1 to 3 by dotted
lines. It can be seen from Figures 1 to 3 that the light ray
shown by dotted lines follows quite a different path than that
shown by solid lines.

Ray tracing was also done through the drawing of a part of
the cross-section of palisade cells of a soybean leaf, following
exactly nhe_aama procedure repo;:gd above., The light ray was
taken at ‘an angle of about 60° to the leaf normal. The ljght
ray was not drawn through the compléte eross section becauvse
the only purpose of this ray tracing was to creat a realistie
illustration showing the pathway of a light ray, incidént at an
oblique angle co‘nhe leaf normal, through the palisade cells.
Tables 1(¢c) and 1(d) show the values of the reflected and trans-
mitted intensity of the ray at the interfaces in the palisade
cells considering all the eight intexfaces outlined in Section
ITI(D), and considering only cell wall - air and air - cell wall
interfaces, respectively. Only those rays whose inten2ity is

more than 0.05 are shown in Tables 1(¢) and 1(d). Figure 4
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shows the pathway of light through the palisade cells exactly
similar to Figure 1 (which shows the pathway of light through a
leaf cross section). Only the rays whose total intensity is more
than 0,05 are shown in Pigure 4. Figure 5 is a mofe complete
version of Figure 4 in that some of the rays whose intensity is
less than 0.05 are also shown in Figure 5 for illustration.

It can be understood from Figures 3 and 5 that if one takes
a number of parallel raya incident on the leaf, each ray will en-
counter different geometrical internal surfaces and consequently
‘will be reflected and tranémitted,in different directions, That
is how a collimated beam of lipht incident on the leaf keeps on
becoming diffuse slowly as it passes through the leaf. The
greater the number of interfaces the light rays encounter in
their path, the more diffuse the rays are likely to be. The
pathway of light rays as envisioned by Willstatter and Stoll
is shown in Figure 6. It can be seen from Figure 6 that
the light raya'pass through the epidermis and palisade cells
without any deviation, which is unrealistic. Furthermore,
Willatatter and Stoll did not show the reflection of light at
alr ~ cell wall interfaces, and at cell wall -~ air interfaces
at angles of incldence less than the eritical angle. The
authors would likg to emphasize that although cell wall - air
interface causes more deviation of the fay than any other

single interface for a given angle of incidence, and is perhaps
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the most important ipterface for contributing to the reflection
from the leaf; the other interfaces can also contribute
significantly to the reflection from a leaf (Figure 7).

It seems that the refleétion of light in the near infrarad
wavelengths (0.7 ~ 1.3 um) £rom a typical leaf 1s likely to be
move diffuse than its reflection in the visible wavelengths.
'This is because the near infrared light rays are'likely to pass
through many more interfaces of the leaf (because of almost no
absorption of light in theé near infrared wavelengths) than the
corresponding light rays of the visible wavelengths. Also, the
transmigssion from a leaf in the visible as well as near infrared
wavelengths is likely to be falrly diffuse because a typical
1£ght ray has to pass through a fairly large number of inter~
faces before it 18 transmitted. Tﬁése qualitative conclusions
support the experimencal results of Breace and Holmes!” on

healthy green soyhean and corn leaves.

IV. Experimental and Ray Tracing Results

The value of reflection found by Sinclair!} using a
Beckman DK-2A Spectroreflectometer on the same leaf; vhose cross
section 4s shown in Figure 2, in the 0,7 ~ 1.3 um region, was
47%, Transmission = 100 ~ 47 = 53% (because absorption of a

leaf is almost equal to 0 in the 0.7 ~ 1.3 um wavelength region).
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Ray Tracing Results

Note: The values of (reflection + transmission) found were
assumed to be 100%.

Reflection (using 8 interfaces = 45.6%
mentioned in sec, III D)

Transmission (using 8 interfaces = 54,42
mentioned in sec. III D)

Reflection (using air - cell wall = 30,3%
and cell wall - air interfaces)

Transmission (using air ~ cell wall = 69.7%
and cell wall - air interfaces)

3

Experimental results of Woolley!® on the soybean leaves
strongly support these ray tracing results. Woolley found the
reflectance of a aoybeag leaf in 0.7 ~ 1;3 um wavelength region
to be about 47 percent. But after tﬁe soybean ieaf was vacuum
infiltrated with oil of refractive index 1.48, which essentially
eliminated the air to cell wall and cell wall to alr interfaces
enly, its reflectance dropped to about 15 percent. This
experiment clearly shows that the reflectance caused by the
discontinuities in the indices of refraction of the geometrical
surfaces (of the dimensions much larger than the wavelength of
light) is eignificently more than the reflection caused due to
Rayleigh and/or Mie scattering by the particles (of the order of
wavelength of light or smaller) inside the leaf cells because
the reflectance caused by_scattering should essentially remain

unchanged after the leaf is vacuum infiltrated with oils of
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different refractive indices. Furthermore, it seems to support
‘our conclusion "optical interfaces othar than the cell wall to
air and air to cell wall can concribu:e significantly to the

raflection from a leaf."

V. Concluding Remarks

The preliminary conciuaiona. yet to be confirmad by
further ray ttaéing, and experiments ave: considering only cell
wall ~ air and air - cell wall interfaces seems to underestimate
the reflection and overestimgte the transmission from a leaf.
significantly in this particular case. Considering all the’
eight interfaces mentionad in Section IIX D. ray tracigg seems to
glve results very close to the experimental results, Further-
more, considering only cell wall - air and air - cell wall-
interfaces is likely to give lesa diffuse reflectance and
transmittance than that given by considering all the eight
interfaces. There is some eontributiqn to the reflection from
a leaf due to Rayleigh and Mie scattering caused by the parti-
cles (of the order of the wavelength of light or smaller) in the
leaf cells but the reflection caused hy the leaf constituents -
cell walls, cell sap, chloroplasts, and air, as given by the
geometrical optics, is probably more significant than the re-
flection caused by acatt;rins. Gates? pointed out that what-

ever scattering does exist is probahly more of the Mia type than .
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the Rayleigh type because the scgttering phenomena 1s not
strongly wavelength dependent., The model presented here caﬁ
also be applied to the visible wavelengths 1f the appropriate
complex indices of refraction of the leaf constituents in the
visible wavelengths are known. The authors believe that the
model of a leaf presented in this article is moré'complete and
realistic than as proposed by Willstatter and Stoll.! It
supports the exparimgntal results of Breece and Holmes,!7 and
Woolley.!®
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Prof. R, M. Hoffer and Prof, M. M, Schreiber of Purdue
University, and Dr. G, S, Birth of Russell Research Center,
formerly with Purdue University. We also wish to thank
Dr. T. R. Sinclair of Duke Univ;rsity, formerly with Purdue

AN

University, for letting us use his experimental resulés on the

reflactance of the leaf.
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Figure 1. Pathway of light ray through the leaf cross section.
R denotes the reflected ray. Solid lines show the pathway of
light considering cell wall, chloroplasts, cell sap and air as
the optical mediums, Dotted lines show the pathway of light
considering only cell wall and air as the optical mediums. The
nunbers along the rays denote their total intensity. The rays
whose total intensity is less than 0.05 are not shown.
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Figure 2. Pathway of light ray through the leaf cross section.
R denotes the reflected ray. Solid lines show the pathway of
light considering cell wall, chloroplasts, cell sap and air as
the optical mediums, Dotted lines show the pathway of light
considering only cell wall and air as the optical mediums. The
numbers along the rays denote their total intensity. The rays
vhose total intensity is less than 0.018 are not shown,
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Figure 3. Pathway of light ray through the leaf cross section.
R denotes the reflected ray. Solid lines show the pathway of
light considering cell wall, chloroplasts, cell sap and alr as
the optical mediums. Dotted lines show the pathway of light
considering only cell wall and air as the optical mediums.
The numbers along the rays denote their total intensity. All
the rays whose total intensity is more than or equal to 0.018
are shown. Some of the rays whose total intensity is less
than 0.018 are also shown.
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Figure 4, Pathway of light through the palisade cells. R
denotes the reflected ray. Solid lines show the pathway of
light considering cell wall, chloroplasts, cell sap and air as
the optical mediums, Dotted lines show the pathway of light
considering only cell wall and air as the optical mediums. The
numbers along the rays denote their total intensity. The rays
whose total intensity is less than 0.05 are not shown.
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Figure 5. Pathway of light ray through the palisade cells.

R denotes the reflected ray. Solid lines show the pathway
of light considering cell wall, chloroplasts, cell sap and
air as the optical mediums. Dotted lines show the pathway
of light considering only cell wall and air as the optical
mediums. The numbers along the rays denote their total in-
tensity. All the rays whose total intensity is more than
or equal to 0.05 are shown. Some of the rays whose total
intensity is less than 0.05 are also shown.
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Nomenclature for Tables 1(a) to 1(d)

Tables 1(a) to 1(d) show the intensity of the reflected ray and
the transmitted ray at each interface. The total intensity of the
incident ray is taken to be 1.000. The rays whose total intensity
(reflected and transmitted) is less than 0.05 are not shown in the
tables.

Ry
R

INCIDENT LIGHT

Ty

T
R, = reflectionl| to the plane of incidence
R; = reflection L to the plane of incidence
T, = transmission || to the plane of incidence
T, = transmission 1 to the plane of incidence

= denotes that the ray has ended up as reflection
= denotes that the ray has ended up as transmission
= denotes total internal reflection
xx = denotes that the ray is discontinued in the table because
its total intensity is less than 0.05,
—-~— = denotes that the value of intensity is less than 0.0005

AW Air to Cell Wall

SW Cell Sap to Cell Wall

CW Chloroplasts to Cell Wall
SC Cell Sap to Chloroplasts
CS Chloroplasts to Cell Sap
WC Cell Wall to Chloroplasts
WS Cell Wall to Cell Sap

WA Cell Wall to Air



Table 1(a).

The values of the reflected and transmitted intensity of the
ray at each interface of the leaf cross section. The rays
whose total intensity (reflected + transmitted) is less than
0.05 are not shown in the table. The optical mediums con-
sidered are cell wall, chloroplasts, cell sap and air. The
pathway of light rays whose intensity is given in this table,
is shown by the solid lines of Figure 1.

Gz
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Table 1(b).

The values of the reflected and transmitted intensity of
the ray at each interface of the leaf cross section., The
rays whose total intensity {(reflected + transmitted) is
less than 0.05 are not shown in the table. The optical
mediums considered are cell wall and air. The pathway of
light rays whose intensity is given in this table, is
shown by dotted lines of Figure 1.

~455
.179



Table 1(c).

The values of the reflected and transmitted intensity of the
ray at each interface of the palisade cells. The rays whose
total intensity (reflected + transmitted) is less than 0.05
are not shown in the table. The optical mediums considered
are cell wall, chloroplasts, cell sap and air. The pathway
of light rays whose intensity is given in this table, is
shown by the solid lines of Figure l.
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Table 1(d). The values of the reflected and transmitted intensity of

1.000
1.000

the ray at each interface of the palisade cells. The rays
whose total intensity (reflected + transmitted) is less
than 0.05 are not shown in the table. The optical mediums
considered are cell wall and air. The pathway of light
rays whose intensity is given in this table, is shown by
the dotted lines of Figure U,
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