Three-dimensional radiation

transfer modeling in a dicotyledon leaf

Yves M. Govaerts, Stéphane Jacquemoud, Michel M. Verstraete, and Susan L. Ustin

The propagation of light in a typical dicotyledon leaf is investigated with a new Monte Carlo ray-tracing
model. The three-dimensional internal cellular structure of the various leaf tissues, including the
epidermis, the palisade parenchyma, and the spongy mesophyll, is explicitly described. Cells of different
tissues are assigned appropriate morphologies and contain realistic amounts of water and chlorophyll.
Each cell constituent is characterized by an index of refraction and an absorption coefficient. The
objective of this study is to investigate how the internal three-dimensional structure of the tissues and
the optical properties of cell constituents control the reflectance and transmittance of the leaf. Model
results compare favorably with laboratory observations. The influence of the roughness of the epidermis
on the reflection and absorption of light is investigated, and simulation results confirm that convex cells
in the epidermis focus light on the palisade parenchyma and increase the absorption of radiation.
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1. Introduction

By providing energy for photosynthesis and other
physiological processes such as morphogenesis, solar
radiation largely regulates the growth and develop-
ment of plants.! The interaction between the pho-
tosynthesizing organs of the plant and light has been
studied for many years, first in the field of photobi-
ology, later as part of physiological ecology,? and more
recently to support remote-sensing applications of
vegetated surfaces.? Indeed, the retrieval of quan-
titative information from remote sensing requires an-
alytical tools such as canopy reflectance models to
interpret radiative measurements in terms of aero-
nomical or ecological properties such as leaf biochem-
istry or canopy architecture.* At the spatial scale
and resolution of optical spaceborne remote-sensing
observations, leaves are the principal absorbing and
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scattering elements of live green plant canopies.?
The proper understanding of the processes of radia-
tion transfer in leaf tissues is essential to compre-
hend the functioning of leaves but also to take full
advantage of remote-sensing measurements.

The attenuation of light inside plant leaves results
from complex absorption and scattering processes
controlled by the biochemical composition and mor-
phological features of the various tissues. The epi-
dermis plays an important role in determining the
overall bidirectional reflectance of the leaf whereas
the chlorophyll amount in the parenchyma and
spongy mesophyll control the level of light absorp-
tion. Although the leaf spectral properties of vari-
ous plants are relatively well described in the
literature, only a few measurements of the direc-
tional dependency of leaf reflectance and transmit-
tance have been reported, and then for only a handful
of species.

Over the last 50 years, various authors have exam-
ined the influence of biochemical composition and
anatomical features on leaf optical properties.6
However, the rapid development of computer-based
models since the late 60’s has allowed significant
quantitative progress in the understanding of the in-
teraction of light with plant leaves. The range of
models that have been developed to address this sci-
entific problem has been recently reviewed.” Of the
various models that have been proposed so far, the
ray-tracing approach is the only one that can account
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for the full three-dimensional complexity of the inter-
nal leaf structure as it appears in a photomicrograph.
The method requires a detailed description of the
structure and properties of individual cells, as well as
their particular spatial arrangement inside tissues.
Once each of the leaf constituents (cell walls, cyto-
plasm, pigments, air cavities, etc.) has been assigned
specific optical properties, it is possible to simulate
the propagation of individual light rays incident on
the leaf surface on the basis of classical physical laws
such as reflection, refraction, and absorption. Sta-
tistically representative values of the leaf radiative
properties of interest are estimated from an analysis
of a sufficiently large number of rays.

This ray-tracing technique has already been ap-
plied for a number of scales. The first studies were
performed at the cell level, 82 in particular to inves-
tigate the role of epidermal cells on the path of the
incident radiation beam: the convex cells of some
plants appear to act as lenses to focus light within the
upper region of the palisade parenchyma, which con-
tains many chloroplasts adapted to high light levels.
This feature has been largely understood as an ad-
aptation to the low light environment on the tropical
forest floor,10 although it has also been suggested that
epidermal lenses could increase the absorption of
light at low Sun angles among cultivated plants
(Medicago sativa).l® On a larger scale, research has
been pursued to gain a better understanding of the
transmission of light through entire leaves. In one
such case, the complete leaf structure was described
by 100 circular arcs, whereas leaf composition was
restricted to two media: intercellular airspace and
cell walls, each characterized by their refractive in-
dex.12 This model was used to simulate the specular
and diffuse reflection of light at the cell walls but led
to an underestimation of the reflectance and an over-
estimation of the transmittance in the near-infrared
spectral region. It was later found that the estima-
tion of leaf reflectance and transmittance was im-
proved by adding two more media to the model (the
cytoplasm and chloroplasts), thereby increasing the
internal scattering of light.13

In all these cases, the absorption phenomena that
characterize leaf optical properties outside the near-
infrared region have been ignored. Moreover, all
these models described leaves as two-dimensional ob-
jects, although the three-dimensional structure of
these organs is important to their physiological func-
tion (e.g., for CO,, H,0, O, diffusion) and to light
scattering.1415 As a matter of fact, three-
dimensional radiation transfer models are the only
ones capable of describing the heterogeneity of the
media and its effect on the propagation of light. In
this paper we used a recently developed three-
dimensional light scattering model to describe the
transfer of radiation inside a dicotyledon leaf as a
function of its internal structure and morphological
properties. This model aims at (1) representing as
faithfully as possible the internal structure of the leaf
to improve the interpretation of reflectance measure-
ments in terms of vegetation biophysical properties,
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and (2) evaluating whether the representation of
leaves as layers of cells, together with the classical
principles of optics, is sufficient to account for the
available measurements of leaf optical properties.
In Section 2 we describe a general method to build a
virtual plant leaf that is realistic in terms of both
plant anatomy and physiology and is suitable for the
ray-tracing model. In Section 3 we outline the de-
sign of a virtual typical dicotyledon leaf, paying spe-
cial attention to its structural and optical properties.
The ray-tracing model used to simulate the interac-
tion of light rays with this leaf (RAYTRAN) is briefly
described in Section 4. In Section 5 we compare
various model results with observed leaf spectral and
bidirectional properties.

2. Concept and Methods

Ray-tracing techniques require a detailed description
of the leaf geometric properties as well as knowledge
of the mechanisms involved in the scattering and
absorption of light at different levels of organization
and at different wavelengths. Although modeling
leaf anatomy in two dimensions was relatively easy,
the generation of a three-dimensional leaf structure
is much more challenging. One major issue is the
general lack of information on the structure of leaf
tissues.1® First, in real tissues, cells present a great
diversity of shape, size, and arrangement. They are
generally enclosed in leaf tissues that are agglomer-
ates of neighboring cells in close contact.l” Second,
compared with other cellular solids, plant cells do not
completely fill the available space: intercellular air
may occupy a significant volume fraction, which
varies with plant species, leaf tissue, as well as en-
vironmental conditions (e.g., Sun-illuminated or Sun-
shaded leaves, hydrophytic or xerophytic leaves).
Only three-dimensional models could provide a
meaningful representation of the spatial structure of
the leaf.

Various assumptions must be made on the shape
and size of the cells and on their spatial arrangement
in tissues, if efficient numerical computations are to
be performed repetitively. In particular, cells will
be represented through simple geometric objects, and
tissues by juxtapositions of such objects. The impli-
cations of these representations at the cell and tissue
levels are now discussed.

A. Schematic Representation of a Leaf Cell

Although plant leaves may present numerous ana-
tomical structures, and leaf cells may vary largely in
shape and size according to the foliar tissue type
(protective tissue such as the cuticle, conductive tis-
sue such as veins, parenchyma, etc.), basic cell struc-
tures are relatively uniform because of common cell
functions.'® Cells are surrounded by a wall and a
plasma membrane containing the cytoplasm with
several organelles (nucleus, mitochondria, chloro-
plasts, amyloplasts, endoplasmic reticulum, etc.) and
a central vacuole that may occupy as much as 90% of
the cell volume. Chloroplasts are found within the
cytoplasm of all photosynthesizing cells [Fig. 1(A)].



*) cellwall (8)

- chlorophyll

Fig. 1. (A) Schematic representation of a mesophyll leaf cell
showing the complexity of the different membranes. (B) For mod-
eling purposes, the internal cell structure is represented as three
homogeneous membranes.

All these elements scatter or absorb the light pene-
trating a plant cell. At all scales where the size of
the scattering particles is much greater than the
wavelength, refractive-index differences between two
different media create optical boundaries. When the
particle size is less than or approximately equal to the
wavelength, Rayleigh and Mie scattering may occur.
Although the dimensions of plant cells with respect to
solar wavelengths are too large to induce such phe-
nomena,!920 the cytoplasmic organelles, such as chlo-
roplasts, whose size is comparable to optical
wavelengths, and large molecules, such as proteins,
do scatter light. Absorption results essentially from
electronic transitions and vibrations of polyatomic
molecules. Electronic transitions mainly involve
porphyrin rings in photosynthetic pigments such as
chlorophyll; they act as photoreceptors to convert
sunlight into chemical energy for the reduction of
CO, into carbohydrates.2! Vibrations of polyatomic
molecules involve another category of chemical com-
pounds: the most common is water, which fills the
vacuole and represents from 40 to 90% of the fresh
leaf by weight. Cellulose, hemicellulose, and lignin
are other compounds located mainly in the cell walls
of all plants, where they act to strengthen and protect
plant structures.

Plant cells have been classically modeled as poly-
hedra.2223 The rhombic dodecahedron (ten parallel-
ogram faces) or the tetrakaidecahedron (8 hexagonal
faces and 6 square faces), which fill space when as-
sembled as shown in Fig. 2, are commonly used. Al-
though these forms are closely approached or even
attained in certain simple and homogeneous plant
tissues, they can hardly represent cells of leaf tissues
that are not made of regularly packed identical units,

Fig. 2. Seven 14 hedra to show close packing.
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Fig. 3. Schematic transverse section through a dicotyledon leaf

indicating the arrangement of tissues. Chloroplasts are drawn in
one cell only of both palisade and spongy tissues.

but instead contain cells of different sizes and shapes
with differing numbers of faces and edges. In the-
ory, it should be possible to simulate actual cells by
defining polyhedra with faces varying in number
from 4 to 50 or more.2* However, multiplying the
number of faces tends to smooth the cell shape until
it converges to a spherelike volume. Consequently,
we decided to simulate cells with primitive objects
(spheres, ellipsoids, cylinders, etc.) that can be carved
out and assembled using the constructive solid geom-
etry (CSG) method.2> The current model defines a
typical cell as a set of concentric objects, filled with
three different media: cell wall material (cellulose,
hemicellulose, and lignin), chlorophyll, and water
[Fig. 1(B)]. The number of media may be changed.
For example, except for stomatal guard cells, cells of
the epidermis have only two media instead of three
because of the absence of chlorophyll. Each modeled
medium is homogeneous: its physical properties are
assumed constant in space and isotropic (indepen-
dent of the direction). Each cell constituent is there-
fore characterized by a volume, a refractive index,
and an absorption coefficient to describe the parti-
tioning of light among the reflected, transmitted, or
absorbed contributions. This simplified representa-
tion still allows us to take into account the basic cell
functions.

B. Schematic Representation of a Leaf Tissue

In real tissues, cells are not isolated but are bound to
neighboring cells in multiple directions. They may
also be separated by intercellular airspaces. Al-
though the internal structure of plant leaves varies
from species to species, the following model is based
on the representation of a typical dicotyledon leaf,
with the palisade and spongy mesophyll tissues be-
tween two layers of epidermal cells as illustrated in
Fig. 3.

The epidermis is made up of a single layer of col-
orless cells, with few if any chloroplasts, and entirely
covers both faces of the leaf. Leaf surfaces play a
crucial physiological role in protecting these organs
from various environmental conditions, such as heat
and water stresses, biological threats, etc. As far as
radiation transfer is concerned, the main effect of
these surfaces is to reflect light unequally in various
directions. For example, many leaves exhibit rather
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strong specular reflectance under specific conditions.
This non-Lambertian behavior has been well docu-
mented in the literature, especially at oblique inci-
dent angles.26-28 The light reflected by surfaces in
general and by leaves in particular is also often po-
larized.2®

Contrary to monocotyledon leaves characterized by
a homogeneous parenchyma with few intercellular
airspaces, the mesophyll of dicotyledons is character-
istically differentiated into a palisade and a spongy
mesophyll. Palisade cells are elongated, densely
packed, and arranged in one to several layers that
contain the largest proportion of chloroplasts. The
spongy mesophyll is made up of highly lobed irregu-
larly shaped cells of variable sizes, separated by large
intercellular air-filled spaces that facilitate the circu-
lation of gases (CO,, HyO, O,) inside the leaf.1¢ Why
natural selection has led to this differentiation is still
unclear, but the arrangement of cells in space appear
to follow precise rules. Specifically, the structure of
leaves strongly influences the efficiency of light ab-
sorption in plants.’® The model we describe permits
the study of particular questions, such as the role
played by the palisade cells in controlling the distri-
bution of light within the leaf. The volume fraction
of air-filled spaces, which varies from one leaf tissue
to another, may also play an important role in gas
diffusion and light scattering. Clearly, the represen-
tation of leaf tissues as assemblages of cells made up
from elementary volumes should take these elements
into account.

3. Construction of a Typical Dicotyledon Leaf

Based on the information in Section 2 one can deter-
mine that the leaf internal structure and the optical
properties of each of the media constituting the cell
elements must both be carefully simulated if the re-
flectance and transmittance properties of a typical
bifacial mesophytic dicotyledon leaf are to be esti-
mated accurately.

A. Cell Membrane Optical and Physical Properties

The spectral variation of the refractive index and the
absorption coefficient £ of each medium (cell wall,
chlorophyll, and water) are both necessary to simu-
late the scattering and absorption events inside the
leaf. The in vivo specific absorption coefficient of
water3? has been used; it is similar to that of pure
water.31 Values of the refractive index of water have
also been published.32 For cell walls, the refractive
index of leaf material derived by the PrRosPECT model3
and the specific absorption coefficient of cellulose,
hemicellulose, and lignin for dry leaves3? were used.
The specific absorption coefficients determined by the
same authors for photosynthetic pigments (primarily
chlorophyll) were also used (Fig. 4). Although pig-
ment molecules attached to the thylakoid membranes
have clumped distributions, we considered a homo-
geneous distribution within the layer. For practical
purposes, as hypothesized before,33 we assumed that
chlorophyll had the same real part of the refractive
index as its environment, i.e., as water.
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Fig. 4. Absorption coefficient in inverse nanometers of the various
cell membranes.

B. Description of the Leaf Internal Structure

The requirements are first, to define the cell shapes,
sizes, and their spatial arrangement in different tis-
sues, and second, to derive the equations that char-
acterize the volume of each membrane. These
equations are then used to compute the total amounts
of the various media in each of the different tissues.
The dimensions of the leaf cells have been deter-
mined by observations. For example, typical dimen-
sions are 15 pm X 15 pm X 60 pm for palisade cells
and 18 pm X 15 pm X 20 pm for spongy mesophyll
and epidermal cells.193¢ These characteristics have
been selected to ensure realistic values of the cell
density, i.e., the number of cells per unit area, and
thereby the airspace volume. The thickness of the
cell membranes is fixed for the cell wall (cellulose and
lignin) and the remaining volume is assigned to wa-
ter and chlorophyll in such a way that these constit-
uents occur in the correct concentrations. The
shape, size, and position of the cells have been chosen
to ensure that the gross structural and biochemical
properties of the leaf are realistic. Table 1 provides
further quantitative information on these parame-
ters.

1. Epidermis

We modeled both the upper and lower epidermis as
layers of compact ellipsoidal cells. No intercellular
spaces are normally present in this particular tissue,
which controls gas exchanges between the leaf and its
environment through stomatal pores. These open-
ings have been ignored in this radiation transfer
study. As seen in Fig. 5(A), the epidermal cells fit
one another like pieces of a jigsaw puzzle.3> Al-
though one can create different arrangements by
varying the way cells are located in space, we tried to
define a simple but realistic epidermal layer.1! Let
a, be the half-axis of the ellipsoid in the plane of the



Table 1. Structural Parameters Defining a Generic Virtual Dicotyledon Leaf*
Tissue Characteristic Parameter Value

Epidermis Cell radius a, 12.5%
Cell oblateness o, 0.7
Cell wall thickness o 1.0%

Palisade parenchyma Cell radius a, 7.5%
Cell cap oblateness 0, 1.0
Cell high h, 50%
Cell wall thickness e 1.0%
Chloroplast membrane thickness e 1.53

Spongy mesophyll Basic cell radius a 12
Fraction of airspaces & 0.45%
Tissue thickness h, 50%
Basic cell wall thickness s 1.0%
Basic chloroplast membrane thickness €ps 1.32

“Distances are given in micrometers.

leaf (in two directions) and b, the half-axis of the
ellipsoid in the direction perpendicular to the leaf.
The roughness of the leaf surface can be easily con-
trolled by the oblateness o, = b,/a, of the ellipsoid.
The distance between the centers of two cells along a
row is L, = V/3a,, and the distance between two rows
of cells is given by R, = 3a,/2. Each cell is carved
out at three symmetric points to leave space for the
surrounding cells [Fig. 5(B)]. The volume of one cut-
out is expressed as follows:

16 - 93

12 mwa0,, (1)

Qe
2mo, j (@ — x%)dx =
Lo/2

and the volume V, of an epidermis cell is given by

4 16-9\3
V,=—-ma, 0, — 3| ———— ma. o,

3 12

273 -32

=——— Ta,0,. (2)

12

The dashed rectangle in Fig. 5(A) indicates the size
of an elementary lattice. Its surfaceis equal to S, =
3V3a,% and contains N, = 2 cells. It is therefore
possible to define the volume per unit area V, =
N,V,/S, and the fraction of intercellular airspaces in
this tissue, i.e., the fraction of space between the

O e
LF*BaeI g': b, IZI;D

‘-~
3a,
(A) (B)
Fig. 5. (A) Top view of the cell arrangement for the epidermis.

The shadowed area indicates the elementary lattice.
verse vertical section of the epidermis.

(B) Trans-

Values found in the literature are indicated with an asterisk.

epidermis innerside and the palisade parenchyma:
& =1-V,/2a0,). & = 25.6% and is independent
of the cell size. To define the volume of water V,,,,
we apply the same reasoning. The vacuole mem-
brane has a radius of a, — e_, and is carved out with
ellipsoids of radius a, + e, where e, is the cell wall
thickness. The cell wall volume V_, merely equals
Ve =V, = V,.. Itis also easy to express the cell

wall volume per unit area (V,,) and the water volume
per unit area (V).

2. Palisade Parenchyma Cells

As seen before, palisade cells are narrow, cylindrical
cells oriented perpendicular to the leaf surface and
usually arranged in one or two layers subjacent to the
epidermis. Although compactly arranged, they
have little mutual contact because of the long, nar-
row, intercellular voids along their anticlinal walls,
as shown in paradermal sections of palisade meso-
phyll.11.35.36  The palisade cells have been modeled

as cylinders with spherical caps [Fig. 6(A)]. The vol-
ume of a single palisade cell V,, is
4
v, = mf(hp + ag‘)") , (3)

where a,, is the radius of the palisade cell, o, is the
oblateness of the cylinder cap, and 4, is the height of
the cylinder. The oblateness o, is defined as o, =

(A) (B)
Fig. 6. (A) Palisade cell is made of a cylinder with ellipsoid caps.
(B) Paradermal section showing the arrangement in space. The
shadowed triangle corresponds to the elementary lattice.
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b,/a,, where b, is the half-axis of the cap in the
direction perpendicular to the cylinder radius. The
triangle in Fig. 6(B) indicates the elementary lattice
of area S, = \/§ap2 that contains N, = 1/2 cell. The
volume per unit area V, can be expressed as in the
case of the epidermis and the fraction of intercellular
airspaces §, as

\7/5 3h, + 4a,

- : 4
18 h, + 2a, @

=1
One can determine the cell wall volume V,,, as de-
scribed above, by defining a smaller object whose di-
mensions are reduced by the cell wall thickness e,.
To evaluate the thickness e,, and volume V,,, of the
layer containing chlorophylf, we assume that a typi-
cal palisade cell contains n,, = 40 chloroplasts, each
occupying a volume of 85 pm?>37:38  One can numer-
ically estimate e,, using the analytical formula

of V,,. The remaining volume V,,, =V, -V, —
V,p is_filled with_water. The volumes per unit
area V., V,,, and V,,, are easily deduced.

3. Spongy Mesophyll Cells

In contrast to the other two tissues, the shape of
spongy mesophyll cells is complex and intercellular
airspaces may occupy as much as 50% of the tissue
volume. It often appears as a network of cells whose
spatial arrangement does not seem to have any reg-
ular organization. For that reason, it is almost im-
possible to describe them by individual volumes.
However, the porosity of a typical spongy tissue is
isotropic and nondirectional.’* Consequently, the
spongy structure has been modeled by spheres of
different sizes, located at random, such that the oc-
cupied volume corresponds to observed values. Al-
though this representation is an approximation, it
permits a description of the fraction of airspaces such
that the isotropy in that tissue is compatible with
values found in the literature. Their highly lobed
shape mainly enhances gas exchange. Such a sta-
tistical approach seems appropriate to describe an
irregular tissue that does not appear to obey any
simple rule. Furthermore, this approximation is not
expected to affect strongly the scattering of light in
that layer. We first consider a box of height A4, and
base S; = 300 pm X 300 pm, and assign the volu-
metric fraction of airspaces &, to 45%. One can gen-
erate the spongy mesophyll by filling the box at
random with spheres of initial radius a, without over-
lapping. When no more space is available, this ra-
dius a, is reduced by 10% and the filling process
continues with smaller spheres. This iterative pro-
cess stops when 1 — &, of the space is occupied by cells.
A total of 1139 spheres of 11 different sizes allows us to
fill the space available at the required density. The
thicknesses of all internal membranes of the smaller
spheres are similarly decreased. To compute the
chloroplast layer thickness of the initial spheres, we
assume that the latter contain n,, = 25 chloroplasts,
each occupying a volume of 85 pm?®, and estimate €ps
numerically as for the palisade parenchyma. The re-
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maining volume is then filled with water. This pro-
cess is repeated for each class of spheres. The spongy
cell volume per unit area V, can be expressed as a sum
2 V,,, over the 11 different classes of spheres.

4. Generation of the Leaf

The cross section of the leaf appears like a bifacial
slab structure, in which the blade is represented as
two layers of epidermal cells surrounding a palisade
parenchyma and a spongy mesophyll. This organi-
zation is of course an idealization of actual leaf struc-
tures, which exhibits a rather large natural diversity
in the number, shape, and orientation of cells in the
various tissues. For example, it has been shown
that the palisade cells of Medicago sativa leaves do
not follow any regular pattern in their arrangement
below the epidermal cells!!: they can be located di-
rectly in line with the transverse axis of an epidermal
cell, anywhere along the inner periclinal wall, or below
ajunction of two or more epidermal cells. The bound-
ary between the palisade and spongy mesophyll is also
undefined; the small intercellular voids of the palisade
mesophyll are continuous with the much larger voids
in the subjacent spongy mesophyll, thereby promoting
CO,, diffusion through the whole leaf.

The leaf internal structure is thus fully defined by
the 13 parameters summarized in Table 1. The pre-
vious formulas allow us to control the fraction of in-
tercellular airspaces, the fractional volume of the
different media, as well as the number of cells per
square micrometers (V;), which is given by

N, N, 1 N,
=+ P4 DN+ (5)

N,
8. S, S, S,

Assuming that o, a,, and «o,, are the fractional vol-
umes of cell walls, cﬁlorophyllian pigments, and wa-
ter, respectively, we can also calculate C,, C,, C,,
which are the corresponding contents expressed in g
em 2 or pgem 2. The density of waterisv,, = 1.0 g
cm 2, the water content is

Cw = Uw(aweve + 0prvp + O‘wsvs + O‘weve)' (6)

Table 2 shows that C,, is close to the range of labo-
ratory measurements acquired in the leaf optical
properties experiment 93, which yielded a mean
value of 0.0115 g cm ™2 within the 0.0046—0.0405-g
cm 2 range.393° The case of cell walls is somewhat
less straightforward, because of the lack of informa-
tion about their biophysical properties. Cellulose
(including hemicellulose) and lignin are the main
constituents of the cell wall, in proportion to 3/4 and
1/4,30 and they have densities of 1.52 and 1.34.40
The cell wall density has accordingly been set to v, =
1.47 g cm 3. The biochemical composition of cell
walls is almost constant and so is its density. As for
cell walls, the water content is expressed as follows:

Cc = Uc(aceve + 0chvp + 0Lcsvs + O‘ceve)' (7)

As previously, C, agrees with experimental observa-
tions of cellulose plus hemicellulose plus lignin con-



Table 2. Statistics for the Leaf Biophysical Properties
Palisade Spongy Whole
Cell Properties Parameter Epidermis Parenchyma Mesophyll Leaf
Whole tissue h (pm) 17.5 65 50 150
£ (%) 25.6 16.3 45.0
N (cm™2) 246,336 513,200 1,265,556 2,271,428
Cell wall a, (%) 27.0 26.6 23.0
V (um?®) 1427.51 2815.91 1662.95
C, (gem™?) 0.00052 0.00213 0.00093 0.00410
Pigments n, 40 25
a, (%) 32.1 294
V (um?) 3400.00 2125.00
C, (ng cm™?) 41.1 19.0 60.1
Water o, (%) 73.0 414 47.7
V (um?) 3857.44 4386.96 3450.28
C, (gcm™2) 0.00095 0.00225 0.00131 0.00546

tent.30 Finally, the total leaf chlorophyll content
(C,) is given by

Cp = cp(npp Np + E Nps Ny), (8)

where (n,) is the average number of chloroplasts in a
cell and the chlorophyll content of a chloroplast is c,
=2X10"%pg. The value of C, for this modeled leaf
is given in Table 2 and appears reasonable.3® Table
2 also exhibits the other properties of our virtual leaf.
For a given set of parameters, one program automat-
ically computes the position of each cell as shown in
Fig. 7, and another estimates the statistics developed
above. The next step consists in simulating the path
of photons through a 300-um? sample of this virtual
leaf.

4. Ray-Tracing Principles

One can compute radiation transfer in this virtual
three-dimensional leaf with the recently developed
Monte Carlo ray-tracing code called RAYTRAN, using
the latest computer graphics techniques. This tool
was designed to investigate radiation transfer prob-
lems in terrestrial environments over a variety of
spatial scales.541 Incident rays can be either colli-
mated to simulate direct illumination or distributed
angularly to represent diffuse light or both. This

Fig. 7. Perspective view of an artificial dicotyledon leaf. The size
of the represented target is 300 pm X 300 pm X 170 pm.

permits the representation of natural as well as lab-
oratory lighting conditions. Rays are generated in
the forward direction, i.e., from the light source to the
scene, and tracked from interaction to interaction
throughout the leaf cell structure, until the ray is
absorbed or escapes from the leaf. One can calculate
the reflectance (R) of a membrane with the Fresnel
formulas using the refractive-index differences be-
tween two media.#2 The ray is specularly reflected if
u; = R, where u; is a random number uniformly
distributed in [0, 1]; otherwise the ray is refracted in
the direction determined by the cosine law of Snell.
Given the incident direction (), and the normal Q; to
the leaf surface, the direction of reflection Q,% can be
expressed as?3

QzR =0, - 2(QLQI)QL; 9)

and the direction of transmission (refraction) Q,7 is
given by

Q" = 1y Q0 + Q(ng (— QL)
—{[1 + 75,20, Q,)% — 1]}/?), (10)

where ny; = nq/ny, nq is the index of refraction of the
medium in which the ray initially propagates, and n,
is the index of refraction of the intercepted medium.
The probability that a ray is absorbed by a medium is
defined by Beer’'slaw. The absorption coefficient % of
each medium mentioned in Subsection 3.A can be
used to estimate the ray free path d, when it travels
in the medium

1

da = _%ln Ug, (11)

where u, € [0, 1].
the ray can cover in the medium:
when d, < d,,.

Ray path statistics are accumulated to compute the
bidirectional reflectance and transmittance factors,
but also the light extinction profile inside the leaf.
For the former set of measurements, the hemispheres

If d,, is the maximum distance
it will be absorbed
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above and below the scene are divided into m equal
area elementary surfaces S;. One can use RAYTRAN
simply to count how many rays escape through each
patch. The bidirectional reflectance factor f; of the
elementary surface S; is calculated as follows4:

N,

:ﬂm, (12)

fi

I=1,...,m,

where N, represents the number of photons that cross
the surface S;, N is the total number of generated
photons, and A(); is the projected solid angle corre-
sponding to the elementary surface S;. The bidirec-
tional transmittance factor can be calculated in the
same way but one must consider the lower hemi-
sphere. To measure the light fluxes along the nor-
mal to the leaf, we regularly positioned 20 virtual
detectors along this axis. Each time a ray reaches
the upper surface of the sensor, the downward flux
counter is incremented by 1; and conversely, the up-
ward flux counter is incremented when a ray reaches
its lower surface. Rays collected in this manner are
then divided by the total number of emitted rays to
provide relative energy fluxes. For each sensor, the
relative net flux is calculated as the difference be-
tween the downward and upward fluxes. The sam-
pling area is assumed to be surrounded by identical
patches in all directions, so that lateral boundary
conditions are periodic and the model actually simu-
lates a leaf of infinite extent.

5. Radiative Transfer Simulations

Although the leaf structure described above is greatly
simplified compared with that of actual leaves, it nev-
ertheless allows the representation of a fair degree of
complexity. The computation of the radiation re-
gime in such a complex medium is not particularly
difficult with a ray-tracing model. The number of
emitted rays and their initial angular distribution
can be set individually for each experiment. The
leafis generated with the parameters shown in Table
1. In addition, to study the effect of the epidermis
roughness, we also generated a leaf with an epider-
mal oblateness o, = 0.2, which represents a smoother
surface. In this case, we also increased a, in order to
keep the leaf water content unchanged. We now
investigate the spectral behavior and the directional
reflectance of this leaf.

A. Spectrum

To evaluate the adequacy of the description of leaf
internal structure and optical properties, we calcu-
lated the leaf bihemispherical reflectance R,;, and
transmittance 77, in the 400-2500-nm spectral re-
gion at a resolution of 25 nm. The upper (adaxial)
face of the leaves is illuminated by an isotropic point
light source with a conical angular aperture of 90°.
One million rays are generated for each simulated
wavelength. The absorptance A,, is derived from
the reflectance and the transmittance through the
simple relationship A, = 1 — (R, + T4,). In Fig.
8 one can recognize classic absorption features in the
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Fig. 8. Leaf bihemispherical reflectance and transmittance.
The vertical distance between the two curves represents the ab-
sorptance. The solid curve represents the values corresponding to
an epidermis with o, = 0.7 and the dashed curve with o, = 0.2.

visible (chlorophyll) and the middle infrared (water);
the near-IR plateau attributed to leaf internal struc-
ture is also well represented. By inversion of the
PROSPECT model3? against these spectra, we estimated
the original leaf biophysical parameters. While the
retrieved water content (0.00659 g cm ™~ 2) is very close
to the value of Table 2 (0.00546 g cm ™ 2), the esti-
mated chlorophyll content (18.6 wg cm™?) strongly
differs from its actual value (60.1 pg cm 2). This
disagreement reveals the limits of a purely refractive
scattering approach and the assumption of a homo-
geneous chlorophyll membrane. The high absorp-
tion peak in the red spectral region is not present in
the RAYTRAN simulated reflectance spectra. Since
increasing the absorption by the chlorophyll pig-
ments does not improve the output of the model, we
hypothesized that the discrepancy may be due to an
overestimation of the leaf surface reflectance. Con-
sequently, the difference does not necessarily imply a
failure of the PrRosPECT model. These effects are dis-
cussed in more detail in Subsection 5.C. The reflec-
tance and transmittance levels in the near IR are
more characteristic of a monocotyledon than a dicot-
yledon: R, is underestimated and 7}, is overesti-
mated. This bias has been observed before with
other models.’2 Decreasing the epidermis rough-
ness to o, = 0.2 mainly affects the transmittance,
whereas the reflectance remains almost unchanged.
By smoothing out the epidermis, we increased the
transmittance of the leaf, except in the spectral re-
gion around the peak of water absorption (i.e., ~1930
nm). In the near-IR spectral region, the slightly
higher reflectances associated with the rough epider-
mis are due to the contribution of multiple scattering.
This simulation underscores the role of the epidermis
in controlling the internal distribution of light in the
leaf structure. These features are investigated fur-
ther in Subsection 5.B.

B. Vertical Light Attenuation

To illustrate the effect of the shape of the epidermis
on light scattering, we computed the upward, down-
ward, and net flux with the help of the 20 virtual
sensors described at the end of Section 4. Figure 9
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curve). These fluxes were simulated at a wavelength of 675 nm.

shows the light gradients within the leaf at 675 nm.
The simulated attenuation of transmitted light turns
out to be close to exponential, indicating significant
amounts of absorption. 80% or more of the light is
absorbed in the palisade, i.e., within the initial 90 pm
or so of the leaf. The extinction of the downward
flux is greater in the case of a convex epidermis cell
(0, 0.7). As already observed by many au-
thors,1045:46 in an epidermis with convex shape cells,
i.e., with a rough surface, each cell acts as a lens that
can be used to focus light on the palisade tissue and
may affect the absorption. Conversely, when the
epidermis is smooth (o, = 0.2), the absorption by the
palisade parenchyma tissue appears to be less effi-
cient and the transmittance of the leaf increases.
The distribution of light reveals other notable fea-
tures in accordance with experimental results. For
example, small variations in the profiles were ob-
served,*” when a fiber-optic probe was used, when a

transition between two different tissues occurred:
these light intensities increase, probably because of
optical discontinuities, and can also be seen in Fig. 9.
The relative downward flux in the upper epidermis is
higher than 100% because the same ray may be scat-
tered several times inside an epidermal cell and
hence be counted more than once by a given detector.
This concentration of light has already been reported
in the literature for various leaves.¢ Figure 9 also
shows that the amount of scattered light falls to less
than 10% of its initial level within the upper epider-
mis, as observed experimentally.4?

C. Hemispherical Reflectance and Transmittance

The relationship between the hemispherical reflec-
tance R, or transmittance T}, and the illumination
zenith angle 0,, assuming collimated radiation, has
also been investigated for A = 675 and 1000 nm.
Results are presented in Fig. 10 for o, = 0.7. In the
red spectral region, only R, varies significantly with
0;, and then for illumination angles larger than 60°.
In the near infrared, R, and T} present a similar
angular dependency, so that the hemispherical ab-
sorptance A;, is essentially constant. The contribu-
tion to the reflectance that is due to single scattered
rays R,° is due entirely to specular reflection and is
essentially independent of wavelength, as has been
observed before.#8 Calculations of the reflection of
light by a dielectric surface in three dimensions using
the Fresnel equations and an average refractive
index of 1.45 characteristic of leaf material yielded
similar results.4#® As the hemispherical single-
scattering reflection only results from the surface, it
should also be comparable with experimental mea-
surements of the polarized reflectance of plant

Wavelength 675
LI R B AL L R

T

0.8

Reflectance

Wavelength 1000
L L B R R

M
©
N

P I
©
~

Transmittance

P N
©
o

. 0.8

60

40
lflumination zenith angle

20

0

20 40 60
[lumination zenith angle

Fig. 10. Hemispherical reflectance R;,, transmittance 7', and single scattering reflection R;,° (dashed curve) for various illumination
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leaves.2? Because the effects of the cuticular waxes
and leaf pubescence (which may produce diffraction
and increase R,°) were not explicitly modeled here,
our values are relatively low, but still consistent with
observations: indeed, the specular reflection rarely
exceeds the diffuse reflection in the red spectral re-
gion.’® Typical reflectance values in the red are
close to 0.05, with a very weak diffuse component.48
In our simulation, the diffuse reflection originating
from the multiple scattering is somewhat overesti-
mated. Too much of the light transmitted in the
epidermis tissue can be scattered back to the upper
side. This may be due either to the fact that the
actual epidermis absorbs more than what we as-
sumed, or to the neglect of diffraction phenomena.
When o, = 0.2, R, varies continuously as a function
of 6,, both in the red and near-IR spectral regions
(Fig. 11). At high values of 6;, R,* becomes large,
indicating a strong specular effect.

D. Bidirectional Reflectance and Transmittance

Finally, we simulated the bidirectional reflectance
and transmittance for various illumination zenith an-
gles 0, in the near infrared. The leaves are lighted
by a collimated beam generating 10 million rays for
each of the three illumination directions (Fig. 12).
To avoid any dependence on the azimuth angle of
illumination resulting from the regular structure of
the epidermis, the reflectances have been averaged
for seven illumination azimuth angles, from 0 to 90
deg in steps of 15 deg. Leaves with a rough epider-
mis have an almost Lambertian reflectance and
transmittance. Such Lambertian leaf reflection has
already been observed,5! but most of the leaves ex-
hibit a specular reflection peak.2752 To investigate
this issue, we experimented with values of 0, varying
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Hemispherical reflectance R;, transmittance 7}, and single scattering reflection R,° (dashed curve) for various illumination

continuously from 0.7 to 0.2. As the epidermis be-
comes smoother, the reflectance becomes more spec-
ular, especially for high illumination zenith angles.
This feature is in accordance with the results of Fig.
11. At large 6,, the transmittance is also affected by
the illumination direction as can be seen in Fig. 12
and reported elsewhere.4® For oblateness values
around 0.3-0.4 and for the particular leaf being mod-
eled here, the specular component exhibits an off-
specular peak as predicted by theory.’3 However,
more realistic simulations of the leaf bidirectional
reflectance will require a careful description of the
roughness of the epidermis.

The relation between the reflectance of the leaf and
the structure of its epidermis needs to be further
investigated. For example, it would be useful to un-
derstand why various leaves adopt a particular
roughness and how the structure (and hence the ra-
diation transfer characteristics) evolves in space and
time. As seen above, convex epidermis cells tend to
focus light on the subjacent palisade cells, but also
tend to reflect light relatively isotropically. This
type of leave is often found in the lower part of the
canopy,!? where direct solar radiation does not easily
penetrate. These leaves exhibit a larger ab-
sorptance than those with a smoother epidermis and
have rather Lambertian bidirectional reflectance.
Conversely, leaves with smooth epidermis exhibit a
more specular reflectance and absorb less radiation;
they are expected to be found in the upper part of the
canopy, where direct sunlight is predominant.
Through this mechanism, leaves may protect them-
selves against excessive direct solar radiation and
transmit light to the lower layers of the canopy.
This mechanism could be ascertained through appro-
priate field observations.



ROUGH EPIDERMIS

MEDIUM EPIDERMIS

SMOOTH EPIDERMIS

8 45F ° 8 451 o S qsr °
s 0. 5 0. 5 0.
8 1.0f 8 1.0f & 1.0F
& & e
0.5F 0.5f 0.5F
0.0F 0.0F 0.0F
g 3 o
2 —0.5F 2 -5} g -5}
£ 2 2
E ~1.0}F E -1.0f ‘E -1.0F
£ 2 2
o -1.5 . . R : . R g -1.5 . . . ) : . o -1.5 . . R s R .
Y  -15 -1.0 -0.5 0.0 05 1.0 1.5 Y -15 -1.0 -05 00 05 1.0 1.5 T -15 -1.0 -05 00 05 1.0 1.5
8 15 8 15 g 15
o . [ r o
5 15. 5 15. 5 15.
8 1of 8 1.0f 8 1.0f
g & e
0.5F 05f 0.5F
0.0F 0.0fF 0.0F
8 o o
2 —05F e -05f ¢ -0.5F
o o o
E —-1.0p E —-1.0¢ £ -1.0p
2 £ 2
g -1.5 ) . . . . ; o -1.5 . L . . . ) g -1.5 . : . A . )
© 15 -1.0 -0.5 0.0 0.5 1.0 1.5 " -15 -1.0 -05 0.0 05 1.0 1.5 © 15 -1.0 -05 00 05 1.0 1.5
& 1sf 8 1sp & 1sp
€ . ° c - ° £ *
5 30. 5 30. 5 30.°
8 1of 8 1.0f 8 1.0f
= = =
& 2 &
0.5fF 0.5F 0.5F
0.0F o.0f 0.0F
8 o o
Q —0.5F e -o.5f e -0.5F
o =] o
= = =
£ -1.0F E -1.0F E -1.0p
2 H 2
5 -1.5 . . . . . 5 -1.5 R . . \ R , 5 -1.5 . R . . ,
~  -15 -1.0 =05 0.0 05 1.0 1.5 T 15 -1.0 -0.5 0.0 05 1.0 1.5 T 15 -10 -05 0.0 05 1.0 1.5
o _ [ _ b4 -
g 15 g 15 2 1.5
s i) 8
8 1of 45.° % 1o} 45.° 3 1o} 45.°
& 5 3
0.5F 0.5F o.sf
0.0f 0.0f 0.0fF
3 o L]
g -0.5F g 05} ¢ -0.5F
8 B S
E —-1.0F E —-1.0F E -1.0F
2 2 2
5 -1.5 . . . . . , 5 -1.5 . . . . . , 5 -1.5 . . . , . ,
© -15-10-05 00 05 1.0 1.5 © -15-10-05 00 05 1.0 15 © -15 -1.0 -05 00 05 1.0 1.5
2 _ o _ 4 -
g 15 e 15 2 15
s s b
2 1.0f . 8 T 3 (of
3 60.° 3 60.° 3 60.°
0.5 0.5p 0.5
0.0fF 0.0f 0.0fF
8 3 o
¢ -0.5f e -osf ¢ -osf
2 2 2
E -1.0F E -1.0fF E -1.0F
2 2 2
g ~1.5 . . . ; L ) g -1.5 . . . . A , 8 -1.5 . . A . \ :
© -15-10 -05 00 05 10 15 ~ -15-10-05 00 05 10 15 " -15 -10 -05 00 05 1.0 1.5

Fig. 12. Bidirectional reflectance and transmittance in the principal plane, in polar coordinates, for illumination angles of 0°, 15°, 30°,

45° and 60°.
the left, central, and right columns, respectively.

6. Conclusion

We have reported an innovative attempt to simulate
light scattering and absorption in a three-
dimensional leaf with a ray-tracing model. The leaf
biophysical properties of a typical dicotyledon leaf are

The epidermis roughness parameter o, was set to 0.7, 0.4, and 0.2 for the rough, medium, and smooth cases presented in

reasonably described by its structure, defined as an
assemblage of simple geometric volumes filled by
three different media: cells wall materials, chloro-
phyll pigments, and water. The position, size, and
shape of each cell in the simulated leaf section are
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explicitly defined. These specifications yielded rea-
sonable concentrations of biochemical components.
The rRaYTRAN model is capable of simulating the spec-
tral and bidirectional properties of such a leaf. Al-
though the model is still in an early stage of
development, the results obtained so far agree fairly
well with reflectance and transmittance observa-
tions. This approach allows us to confirm and im-
prove our understanding of leaf optical properties.

The structure and optical properties of the various
leaf tissues have been assigned to conform to the
information available in the published literature.
The transmittance, reflectance, and absorptance of
the leaf were computed with the ray-tracing model,
without allowing any further adjustments. In other
words, the radiative properties of the simulated di-
cotyledon leaf described here result exclusively from
the geometric description of the leaf tissues, their
optical characteristics, and the physical principles of
classical optics. Although the general factors con-
trolling absorption and reflection have been under-
stood for a long time, it had never been shown before
that a spatially detailed description of leaf structure
would yield optical properties as close to the mea-
sured ones as those obtained here. Through this
rigorous approach, we have succeeded in showing, for
the first time to our knowledge, that specific biochem-
ical concentrations in different leaf layers and cell
structures could be modeled and to predict actual
wavelength-specific light absorption and scattering
patterns that closely match observations.

In retrospect, it is interesting to see how important
the shape of the epidermis cells is for the transfer of
radiation in leaves. The model described above is
capable of simulating subtle aspects of this problem,
including the focusing of light by these cells on the
subjacent tissues. In addition, these initial results
suggest new laboratory measurements for which the
leaf bidirectional reflectance should be observed si-
multaneously with the leaf internal structure, in or-
der to investigate the relationships between these
two properties. Such an approach would be helpful
to improve the representation of leaf directional prop-
erties in canopy reflectance models.

The current model excludes a number of leaf tis-
sues and cell types that would make it more physi-
cally realistic but would require descriptive
information not readily available. For example, con-
ductive tissues are not included, nor are various spe-
cialized cells, e.g., schlerids, glands, and trichomes.
Additionally, the assumption of a homogeneous chlo-
rophyll membrane may reveal some limitation if finer
details of the absorption by chloroplasts are available
to investigate the photosynthesis mechanism. Orig-
inal approaches recently published in the litera-
ture3733 are worth further investigations. Also of
potential interest is the suggestion that the chloro-
plasts near the upper face of the palisade tissue re-
ceive more light than those located near the lower
side.! Consequently, chloroplasts may develop dif-
ferent strategies to trap light.#6 We also observed
that an accurate estimation of the bidirectional re-
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flectance requires accounting for the irregularities in
the shape of the epidermis cells. From a physiolog-
ical point of view, it would also be interesting to ex-
amine the light collecting capabilities of various leaf
anatomies and chemical compositions. Several au-
thors have already investigated the relationships be-
tween leaf spectra and chemical content, but these
studies exploit only a limited number of observa-
tions.5455 Qur approach opens the way for new sen-
sitivity studies that may prove useful in the
understanding of ecological processes.

The model described here could be improved in
various ways to enhance its capability to address
those issues. Upgrade priorities should be given to
the description of the internal cell structure, to the
characterization of the optical properties of the vari-
ous materials, and to a better representation of ray/
object interactions. Each of these classes of
ameliorations would improve the accuracy and reli-
ability of the model, at a specific cost. The CSG
techniques used to describe the shape of the cells
allow us to define much more complex objects for
which ray-tracing techniques can always compute
the ray/object interception. Since the design of
RAYTRAN is independent of the scene, it would be pos-
sible to account for more realistic leaf tissues and cell
shapes provided the required information is avail-
able. However, the more complex the CSG objects,
the more computer time is necessary to calculate the
ray/object intersections. In addition, the control of
artificial leaf construction requires the calculation of
volumes of different membranes of the cells. The
estimation of the volume of each membrane may no
longer be achievable through simple analytical inte-
grals and would require numerical techniques that
could make the generation of leaf structure a partic-
ularly slow task. Consequently, significant in-
creases in the complexity of the description of the cell
structure would require a substantial demand on the
computational resources needed to create the leaf and
to trace the ray paths. A better characterization of
the optical properties of the objects in the modeled
scene will require detailed laboratory studies to as-
certain the various parameters needed. Finally, im-
provements in the representation of the physics of
radiation transfer could also include an explicit de-
scription of scattering processes when the dimension
of the scatterers approaches the wavelength of the
radiation, the accounting of the phase and polariza-
tion of each ray and appropriate parameterizations
for those organs not represented explicitly in the vir-
tual leaf (e.g., leaf hair).
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