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Abstract

In this paper we present a new spectrogoniophotometer (SGP) dedicated to the assessment of plant leaf bidirectional optical properties. It
consists of a mechanical apparatus coupled with an imaging spectrometer using a bidimensional CCD photodetector. Unpolarized light fluxes are
sampled at high spectral and directional resolution to provide biconical reflectance and transmittance factors, every nanometer from 500 nm to
880 nm and at 800 source-sensor configurations (four illumination directions by 200 viewing directions covering the whole sphere). From these
calibrated measurements we derive the leaf Bidirectional Reflectance and Transmittance Distribution Functions (BRDF and BTDF). The angular-
integrated quantities defined as the Directional Hemispherical Reflectance and Transmittance Function (DHRF and DHTF) are also calculated. The
first three sections emphasize the instrumental and calibration issues, as well as the radiometric definitions. In the last section we present some
experimental results acquired on various monocot and dicot leaves with special attention to surface reflection. The shape, position and magnitude of
the specular lobe, which is a characteristic of many leaves in the forward direction, is investigated for beech (Fagus sylvatica L.) and laurel (Prunus
laurocerasus L.) using a leaf BRDF model. The width of the specular peak is very variable according to the species and the illumination angle, as
well as its contribution to the directional-hemispherical reflectance. Finally, implications in plant physiology or remote sensing are broached.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Most radiative transfer models used in ecophysiology and
remote sensing assume leaves to be Lambertian, i.e., perfect
scatterers. It simplifies the radiative transfer equations and
enables the use of hemispherical reflectance and transmittance
spectra which are easy to measure (Myneni & Ross, 1991;
Myneni et al., 1989). Consequently, the bidirectional properties
of leaves as well as their spectral properties have received little
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investigation, although they may significantly influence several
plant responses and remote sensing signals. First, the regu-
lation of plant growth by photomorphogenesis depends on the
perception of the light spectra at the organ level, and it has been
proven that both the spectral and directional optical properties of
plant leaves may affect the development of nearby plants
(Ballaré et al., 1987). The perception process involves two
families of photoreceptors, the phytochrome and the crypto-
chrome, located in the whole plant and sensitive to the red to far-
red ratio and the blue wavelength domains, respectively (Smith,
1982). At least for the red bands, previous measurements (e.g.,
Breece & Holmes, 1971) have shown differential spectral re-
sponses of bidirectional leaf reflectance/transmittance, suggest-
ing that the red to far-red ratio will show directional changes
after interaction of radiation with a plant organ. Second, animal
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Fig. 1. Experimental device designed to measure leaf bidirectional optical
properties.

vision is monitored from the perception of spectral radiation in
two to four wavebands which may range from the ultraviolet to
the near infrared (Stavenga, 2002). The combination of several
bands allows the animal to detect particular plant organs, e.g.
flowers by bees or fruit by birds. It might be possible that animals
use the directional information to detect plant organs, even if
there is no experimental evidence to date. Third and more
important for readers, bidirectional optical properties of leaves
are involved in remote sensing applications. The current
generation of spaceborne sensors (e.g., CHRIS, MISR, or
POLDER) that can measure the radiance of targets in several
viewing angles also urge the scientific community to take an
interest in this aspect of leaf optics, as suggested by recent
workshops on multiangular remote sensing. Therefore the
specular reflection at the leaf surface may affect the angular
distribution of light inside and outside the canopy and
consequently the interpretation of radiation measurements at
all wavelengths (Grant et al., 1993). What determines the leaf
BRDF/BTDF (Bidirectional Reflectance/Transmittance Distri-
bution Function)? This question is still an issue, even though leaf
surface characteristics are intuitively understood to be the main
factor involved in these properties.

Although a number of studies have been devoted to leaf
bidirectional properties (see the recent review in Von Schonermark
et al.,, 2004), there remains a lack of commercial goniophot-
ometers adapted to such measurements. This lack of bidirectional
measurements is true for leaves but also for other translucent
targets like fabric, paper, insect integument or human skin (e.g.,
Jacques et al., 1987; Pont & Koenderink, 2003). Various devices
have been designed: in the simplest one, the leaf polarized
reflectance is measured at the angle of incidence of 55° to the
surface normal (Vanderbilt & Grant, 1986). At this particular
angle called the Brewster angle, polarization allows separation of
surface and sub-surface components of reflectance. In order to
better sample the BRDF and/or BTDF, one or several detectors
can be mounted on a rotation stage while the light source is fixed
in position. Most of the goniophotometers are built this way,
which allows measuring scattering in the principal plane (Brakke
etal., 1989; Howard, 1971) or full light distributions (Walter-Shea
et al., 1989). Sometimes however, it is just the opposite: the
detectors are fixed and the light source is mounted on a rotation
stage (Okayama, 1996). Finally, in other devices, all components
are fixed (Sarto et al., 1989). In all reports, measurements are
performed in the visible/near-infrared region, in one to several
wavebands, and in polarized or non-polarized conditions, but very
few of them combined both the spectral and directional
dimensions. The latter is however crucial to better understand
the determinism of leaf surface reflectance, as recently shown by
Bousquet et al. (2005).

This paper describes a device designed to fill that gap and
to measure leaf reflectance or transmittance every nanometer
from 500 nm to 880 nm and at 800 source-captor configura-
tions (four illumination zenith angles {5°, 25°, 45°, 65°} by
about 200 viewing directions covering the whole sphere). The
apparatus which uses a CCD bidimensional detector to
simultaneously measure the spectral and directional variations
of the scattered light is first depicted. Details for the derivation
of bidirectional and directional-hemispherical quantities are
then provided. We finally present measurements acquired
during several experiments, emphasizing the nature of the

transmittance

reflectance

Fig. 2. Side view and top view of the spectrogoniophotometer: (A) outer arc holding the light source, (B) sample holder maintaining the sample (reference panel or leaf)
vertically (see Fig. 3), (C) inner arc holding the seven viewing optical fibers of the detection system. The four angles o, 3, y, ¢ which characterize a particular

measurement configuration are registered at each acquisition.
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Fig. 3. Sample holder. The leaf is wedged between the two aluminum discs. The
disc aperture is 50 mm across. A special sample holder (not shown) has been
designed for the reference panel.

specular lobe which is distinctive of the BRDF of most leaf
species.

2. Description of the apparatus

The spectrogoniophotometer (SGP) shown in Fig. 1 was
developed by the Institut National de la Recherche Agronomique
(Combes, 2002), the Laboratoire pour ['Utilisation du
Rayonnement Electromagnétique, and the Université Paris 7.
It was configured to make measurements of both leaf biconical
reflectance and transmittance factors on vertically mounted
samples.

2.1. Mechanics

The SGP consists of two aluminum coaxial arcs (diameter
200 mm and 480 mm) moving around a common diametrical
and vertical axis (Fig. 2). All components likely to be exposed
to the light source are coated with a black mat paint and are
mounted on an oversized frame to guarantee stability. In order
to avoid surrounding light interference, the SGP was enclosed in
a black box (not shown in Fig. 1). Nine radial holes were drilled
every 20° along the inner arc to support the nine optical fibers of
the detection system (position indicated by the angle 7). How-
ever, the two extreme fibers at grazing viewing angles were not
used due to a very low signal-to-noise ratio and to geometrical
misalignments. The outer arc also presents seven holes evenly
spaced at 20° in which an illumination optical fiber can be
positioned (angle ¢ usually set to zero degree). At the center of
the two arcs, a sample holder maintains the leaf gently pressed
between two aluminum discs (Fig. 3). The holder was designed
for leaves but also for reflectance standards of about 30 mm
wide. A bevelled-edge circular aperture at the center of each disc
allows the illumination beam to light the leaf surface without
shading. The sample holder and the outer arc are interdependent,
i.e. they turn together (angle o) to change the viewing directions
while the inner arc is fixed in position. The SGP was designed
this way to prevent the optical fibers from twisting (e.g., Sasse,
1993), because twist effects may change fiber transmission
capacity. In order to allow measurements in the principal plane

for various incidence angles, the sample holder is rotated by
steps of 20° (angles B of 5°, 25°, 45°, and 65°). The four angles
a, B, v and 6 defining the system native coordinates are read
on the graduated arcs attached to the SGP. A mathematical
conversion is required to obtain the light source (subscript °s’)
and viewing (subscript ‘v’) directions provided as usual
spherical angles (6, ¢):

05 = arcos(cosd x cosf)

_ sinf
¢, = arctan (tan 5)

0y = arcos(cosy x cos(a + f3))

¢, = arctan <M>

tany

2.2. Optics

The source of illumination is a tungsten halogen lamp (HL-
2000, Ocean Optics) delivering 17 mW of unpolarized light. It is
coupled with a 600 um core quartz optical fiber, the output of
which is focused by a plano-convex lens (focal length 15 mm,
diameter 10 mm) on the center of the sample holder. The
illumination beam is parallel and forms a spot of 7 mm across on
the sample at nadir. The solid angle subtended by the source is
Q,=7-10 *sr. Seven optical fibers with a core diameter of
100 pm and a numerical aperture of 0.22 collect the reflected or
transmitted light at the very same moment, which speeds up the
acquisition time. They are coupled with plano-convex lenses
similar to the one above-mentioned and image the center of the
sample holder. The viewing beams are set to parallel which
leads to a viewed area at nadir of 7 mm across. The solid angle
subtended by the detectors is 2,=7- 10" >sr. Geometry of light
beams can be modified by changing the distance between the
optic fibers and their corresponding lenses.

The collecting fibers are mounted together on a multileg
optical system which matches the rectangular entrance slit of the
imaging spectrometer via a mirror-based imaging fiber adapter
(Horiba Jobin-Yvon). Active fibers are separated from each
other by dead ones in order to avoid spatial mixing in the
spectrometer (Fig. 4). In this setup we used the compact TRIAX
180 imaging spectrometer (Horiba Jobin-Yvon) characterized
by a 180 mm focal length, an input aperture of /3.9, and a
100 gr mm ™' grating, with a dispersion of 43 nm mm™'. The

7 active fibers

Active fiber
Dead fibers

Fig. 4. Multileg optical fiber.
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actual spectral resolution is defined by the width of the 100 pm
entrance slit (diameter of the fiber-core). The spectrometer is
interfaced to an air-cooled CCD detector system (Spectrum
One, Horiba Jobin-Yvon) which provides a two-dimensional
(512 x 512 pixels) photodetection of the seven input fibers. The
horizontal and vertical dimensions respectively correspond to
the spectral and directional resolutions. The CCD linearly
converts the radiant energy into arbitrary counts.

2.3. Acquisition

The CCD camera is connected to a computer with an IEEE-
488 interface and the acquisition line is run by the SpectraMax/
32 software for Windows. The software partitions the CCD
output into distinct areas in order to provide a spectrum for each
active fiber. Five spectra are successively acquired and
automatically averaged to calculate a representative one for
each viewing direction. The integrating time which corresponds
to the exposure time of the CCD sensors to light is chosen to
maximize the detected signal without saturation. Prior to any
acquisition, a measurement is systematically done with the
shutter closed to subtract the dark current from the signal.
Finally, we get a spectrum expressed in counts per second for
each active fiber that needs to be calibrated.

2.4. Calibration of the sensors

We first conducted a spectral calibration using a mercury/
argon lamp of known emission spectra. Because the sensors
correspond to different areas of the CCD and different light
pathways, this calibration was done one after the other. Then we
compared their response when looking at the same source in the
same configuration to derive calibration factors that do not
depend on the wavelength. These factors permit comparison of
signals acquired by different sensors.

2.5. Device output

The device is designed to perform comparative radiance
measurements using a reference panel. To characterize this panel
we set the illuminated and viewed area to 10 mm and 3 mm across
at nadir, respectively. This way, except at grazing emerging angles
0,>70°, the viewed area is fully illuminated and the measured
signal V'is proportional to the radiance L of the sample:

V(0y, ¢y, ) =K x L(Oy, ¢y, A) (2)

where K is a calibration factor independent of the direction. For a
leaf sample, we wish to average the optical properties of aerolaes
(0.06 mm?) and thus to increase the viewed area. We set it to 7 mm
across at nadir. Since part of the latter may remain in the dark, K
now depends on the direction:

V(0V7¢V7)“) :K(9V5¢V) XL(9V5¢V’)") (3)

where K accounts for geometrical effects. As we assume that
these effects are not affected by the nature of the sample, the ratio

of measured signals for a leaf sample and a reference sample with
the same beams geometry equals the ratio of their radiances:

Vleaf(gw ¢v7 j~) _ Lleaf(QV’ d)vv )‘)

Vref(ew ¢v7 /1) N Lref(ew ¢v5 /“) (4)

This ratio equals the biconical reflectance factor when the
reference sample is lossless and Lambertian (Schaepman-Strub
et al., 2006). Because the solid angles subtended by the source
and the detectors are small and the corresponding light beams
are parallel, it will be termed Bidirectional Reflectance Factor
(BRF). It is used in the next section to derive the bidirectional
optical properties of leaf samples.

3. Derivation of the bidirectional and directional—
hemispherical reflectance and transmittance of a leaf
sample

3.1. Definitions

Consider a lamp of irradiance dE (W m™ ) lighting an object
in the direction (6, ¢). The radiance dL, (W m 2 sr ') is
emitted toward the upper hemisphere in the direction (6,, ¢,) in
the solid angle dw, =sin 6,d6,d¢, at a given wavelength 4. The
Bidirectional Reflectance Distribution Function (BRDF
expressed in sr ') of the surface is defined by Nicodemus
et al. (1977) as:

T 95, sgevv v7)‘
BRDF(HM(:ZSS?OV’('ZSV’A) = = ElE(qZ ¢ (j:) ) (5)

In the case of thin and translucent surfaces, one can also define
the Bidirectional Transmittance Distribution Function (BTDF
also expressed in sr_ ') by replacing the numerator of Eq. (5) with
the radiance dZ, emitted toward the lower hemisphere:

" dL Hsu 570V7 vJ/AL
BIDF (0, b, 0 ) = e o) (©

To assess the amount of light reflected in a whole hemi-
sphere, one calculates the Directional Hemispherical Reflec-
tance Factor (DHRF) which is related to the BRDF by the
following equation (Nicodemus et al., 1977):

DHRF(HS7 (/)57 j’) = / BRDF(HS> ¢s7 HV’ ¢V7 )‘)COSHdeV (7)

where the integral covers the upper hemisphere. The same
equation applies for the Directional Hemispherical Transmit-
tance Factor (DHTF) where the BRDF is replaced by the BTDF
and the upper hemisphere by the lower one.

3.2. BRDF of the reference panel
A Spectralon® diffuse reflectance panel was chosen to serve

as an optical standard. Its bidirectional and hemispherical
properties have been intensively studied in the frame of the
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MISR mission (Bruegge et al., 2001; Haner et al., 1998). Its
DHREF written py; is constant between 400 nm and 900 nm and
equals 0.99. For small illumination and viewing zenith angles,
this reference panel is almost Lambertian, i.c., its BRDF equals
1/m whatever the wavelength and the direction. For larger
viewing zenith angles, this relationship may be not verified and
accurate measurements are required. By applying Eq. (7) we
obtain:

/ BRDF,t (05, ¢, Oy, ¢y, 2)cosO,dwy,

(8)
o dLr,ref(Qs> (f)sv 0\,, d)v’ }') _
N / dEi(HSa ¢sa /1) COSHdeV e

Which leads to:

dEi(QSa (]553 )”) = pL/ dLr,ref(Gs» d)sa vi (i)va )»)COSHVd(L)V (9)
H

By substituting for dE; in Eq. (5), with Eq. (9), results in:

BRDFref(957 (f)s’ 0V7 ¢V’ /1)

_ Pu X dLr,rcf(957¢s’0V7¢v7i) (10)
J AL et (05, g, Oy, ¢, A)cosOydy

Thus, although the reference panel is not Lambertian, its
BRDF can be ecasily derived by summing the radiances
measured with the SGP as described hereafter.

3.3. Leaf BRDF and BTDF

The device has been designed to measure the biconical
reflectance factor defined as the ratio of the leaf radiance L, to
the reference panel radiance L,.r (see Eq. (4)). Dividing Eq. (5)
applied to the leaf by Eq. (5) applied to the reference panel gives
the leaf BRDEF:

BRDFleaf(Usv ¢5; 0V7 d)va /1)

’ 11
_ dLr,leaf(esa ¢S7 6\/7 (l’)va }*) BRDFref(057 ¢s7 Qva ¢v) },) ( )

dLr‘ref(Gsa ¢sa HVa (rbv’ /1)

And using Eq. (6) applied to the leaf instead of Eq. (5), gives
the BTDF:

BTDFleaf(OSa ¢sv ()Vv ¢v7 ;“)

‘ ) 12
= st,leaf(gs: ¢S7 9V7 (,st A) BRDFref(Gm ¢s7 0\/; ¢v7 )“) ( )

dLr‘ref(Hm ¢s, gva ¢v7 ))

Egs. (11) and (12) are valid as long as the irradiance, the beam
geometry, and directions do not change when replacing the
reference with the sample. If the size of the studied surface varies
with illumination and viewing angles, this variation must be the
same for both targets. The measured BRDF,.; BRDF.,¢ and

BTDF.,s are approximations to the bidirectional quantities
defined by Egs. (10), (11) and (12) where the infinitesimal
radiance dL (theoretical) is replaced by the finite radiance L
(measured).

3.4. Directional summation

The calculation of the following integral is needed in Eq. (7)
to derive the leaf DHRF from its BRDF:

DHRFleaf(Hsa d)s)

13
://BRDFleaf(HS,(f)s,a,y)coscxcoszydcxdy (13)

The integral is written in the goniometer native coordinate
system (o, ) using relations given in Eq. (1) with =0 for the
sake of simplicity. In this way, the viewing directions (o, ;)
form a regular grid and each of them corresponds to a value
BRDFe.;. Applying a nearest neighbour interpolation to
BRDF ..¢(c, y) over the grid leads to a discrete sum easily
calculable. The same method is used in Eq. (10) to calculate the
BRDF of the reference panel.

4. Leaf BRDF and BTDF measurements
4.1. Bidirectional optical properties
The bidirectional reflectance and transmittance distribution

functions of leaves have been determined during three
experiments in the summer of 2000, the spring of 2003, and

Table 1

Description of the dataset

Year  Leaf species D/M  Characteristics R/T

2000  Juglans regia L. (walnut) D R
Sorghum bicolor M R
(L.) Moench (sorghum)

2003  Acer pseudoplatanus L. D Young and old leaves R
(sycamore maple)
Corylus avellana (hazel) D Downy and undulating R
Fagus sylvatica L. D Very undulating R
(European beech)
Phaseolus vulgaris D Slightly undulating R
(green bean)
Prunus laurocerasus L. D Young and old leaves R
(cherry laurel)

2005  Fagus sylvatica L. D Smooth, glossy R, T
(European beech)
Festuca arundinacea M Very rough R, T
(tall fescue)
Glycine max (L.) Merr. D Rough, young R, T
(soybean)
Juglans regia L. (walnut) D Smooth, old R, T
Prunus laurocerasus L. D Very smooth, glossy R, T
(cherry laurel)
Vitis vinifera L. (vine grape) D Rough, young R, T
Zea mays L. (corn) M Very rough, young R, T

D stands for Dicotyledon and M for Monocotyledon. R stands for BRDF and T
for BTDF.
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BRDF

BTDF

270° 270°

45°

0.20
0.16
0.12
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0.04

Fig. 5. Polar plot of the BRDF (top row) and BTDF (bottom row) in st ' of a beech leaf, the adaxial face of which is illuminated at 660 nm and {5°, 25°, 45°, 65°}
incidence angles. The star and dots indicate the directions of illumination and viewing beams, respectively. Note different scales for the BRDF and the BTDF.

the summer of 2005. Eleven different species were selected
that display a wide range of leaf anatomic structures
(Monocots and Dicots) and surface features (Table 1). Besides
the radiometric measurements, the chlorophyll content (in pg
cm™ %), the water content (in g cm™ > or cm), and the dry matter
content (in g cm ?) were quantified for each leaf during the
experiment of 2005. We also observed the mesophyll structure
of some leaf species using an optical microscope. The protocol
to measure the reflectance and transmittance of leaf samples is
as follows:

(1) wait for the light source and spectrometer cooling system
to stabilize over at least 30 min;

(2) set the illumination angle (position of the illumination
fiber on the outer arc and angle ) and record it with the
software;

(3) specify the number of viewing directions in the software;

(4) fix the reference panel on the sample holder;

(5) set the appropriate integration time in order to avoid
saturating the CCD;

(6) and measure the radiance of the reference panel in the
viewing directions specified at step (3).

Steps (4) through (6) are repeated with the leaf. When
possible, we avoid illuminating the main veins and, for parallel-
veined leaves like fescue and maize, the illumination direction
is set perpendicular to the midrib. The whole procedure requires
about 30 min for 200 reflection and transmission directions at a
given illumination direction. The leaf is not illuminated between
two acquisitions and its stem is kept in wet cellulose to prevent
it from drying out.

For comparison, Fig. 5 shows the BRDF and BTDF at
660 nm of the adaxial (upper side) face of the European beech

(Fagus sylvatica L.) leaf, illuminated from four incidence
angles (0,=5°, 25°, 45°, 65°) indicated by the star on the polar
plots. This species presents an intermediate condition between a
glossy leaf (e.g., cherry laurel) and a pubescent one (e.g., hazel)
as noted by Bousquet et al. (2005). The specular nature of the
reflectance is evident: the BRDF shows a large anisotropy
which increases as the light direction proceeds away from nadir.
The maxima range from 0.03 st ' at 0,=5° to 0.45 sr ' at
0,=65°, ie., 15 times greater. The BTDF are much more
isotropic than the BRDF although one can clearly observe an
increase in transmittance in proximity of the principal plane as
noticed earlier by Walter-Shea et al. (1989), Brakke et al.
(1989), and Brakke (1994).

The leaf surface is sometimes crinkly, veined, or convex
so that the BRDF/BTDF present some unexpected features.
For instance, the fescue grass leaf characterized by parallel
secondary veins between the midrib and leaf edge has one
maximum in forward and one in backward direction (Fig. 6a)
because the veins were perpendicular to the principal plane.
Metzner (1957) and Grant et al. (1993) previously mentioned
that topographical undulations might redirect a significant

a) s b) = 0.05

0.04

0.03

0.02

0.01

270°

Fig. 6. Polar plot of the BRDF in st ' of (a) a fescue grass leaf and (b) a walnut
leaf, the adaxial faces of which are illuminated at 660 nm and 5° incidence angle.
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Fig. 7. Polar plot of the BRDF in st ' of laurel, beech, maize, and grape vine leaves, the adaxial faces of which are illuminated at 660 nm and 800 nm and 45° incidence angle.

part of reflected light toward the sensor. Moreover, the  observed by Brakke et al. (1989), it is difficult to maintain
maximum reflectance peak of the walnut leaf (Fig. 6b) is out some leaves perfectly flat in the sample holder. Problems of
of the principal plane besides the specular direction. As  undulation which appeared to increase the reflectance out of

il 0.30
135°, 45° 0.25
.- 0.20
01 0 0.15
: 0.10
225 15° 0.0

270° 0

Fig. 8. Polar plot of the modeled BRDF in st ' of a beech leaf at 800 nm and 45° incidence: diffuse (left), specular (middle), and diffuse +specular (right) components.
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DHRFspec / DHRF

0550 e00

650 700 750 800 850
Wavelength (nm)

Fig. 9. Ratio of the specular component of the DHRF to the total DHRF for the
beech leaf illuminated at 5°, 25°, 45° and 65° incidence angles.

the specular direction have been also reported in other studies
(Woolley, 1971).

4.2. About the specular peak

The shape, position and magnitude of the specular peak, as well
as its contribution to directional—-hemispherical reflectance, have
not been well quantified in the literature. A possible reason is that
most of the studies present measurements in the principal plane
(Breece & Holmes, 1971; Ross, 1981; Woolley, 1971). Fig. 5
nicely illustrates the expected increase of magnitude with
increasing illumination zenith angle, as mentioned earlier. The
BRDF of cherry laurel (Prunus laurocerasus L.), European beech
(Fagus sylvatica L.), maize (Zea mays L.), and grape vine (Vitis
vinifera L.) leaves plotted at two wavelengths and 45° incidence in
Fig. 7 show a wide variety of shapes and magnitudes. The specular
lobe is definitely not restrained in the principal plane. It is more
easily identified in the visible than in the near-infrared because of
low diffuse background levels. The narrowest lobe is observed for
laurel, the surface of which looks glossy, and the largest is observed
for the grape vine which has a matted finish to the naked eye. This
widening is generally due to pubescence on the leaf surface which
tends to scatter radiation in off-specular directions, or to a thinner
wax layer which reveals the roughness of the epidermis cells. For
parallel-veined leaves, the surface roughness is greater in the
direction perpendicular to the veins. As observed for maize, the
greatest widening occurs in the direction of the greatest surface
roughness.

A model to investigate the geometry of the specular lobe can
add insight into leaf bidirectional reflectance properties. In the
paper recently published by Bousquet et al. (2005), the BRDF is
assumed to be the sum of a diffuse component BRDF y;(1)
independent of the directions and a specular component
BRDFp,ec(0s, ¢s, 0y, ¢y) independent of the wavelength:

BRDFdiff(/l) + BRDFspec(657 ¢sv ava ({bv)
= BRDF (0, ¢, Oy, by, 4)

The three variables of the model are the refractive index n,
the surface roughness parameter o, and the Lambert parameter
ki (1) linked to light absorption and scattering within the leaf
blade, thus wavelength dependent. Model inversions that we
performed on the BRDF presented in Figs. 5 and 7 resulted in
n=142, ¢=0.32, and k(1) ranging from 0.01 to 0.39 for
beech; n=1.51, 6=0.12, and kg (1) ranging from 0.01 to 0.51
for laurel. These values were then used in direct mode to
determine the proportion of the specular lobe in the leaf BRDF.
Fig. 8 illustrates the modeled distribution of diffuse and
specular light reflected by the beech leaf at 800 nm and 45°
incidence. Quantitative analysis is then feasible. By substituting
Eq. (14) into Eq. (7) one can first calculate the diffuse and
specular components of the DHRF:

DHRFis (1) + DHRFpec (05, ¢s) = DHRE (0, ¢, 4) (15)

DHRFi¢(4) simply equals ki (A1) while DHRFgpo(0s, ¢s) is
numerically computed because no analytical expression is
known. The spectral variation of the ratio of DHRF (0, ¢s)
to DHRF(0,, ¢, L) corresponding to the beech leaf has been
plotted in Fig. 9 at four incidence angles. It is noticeable that the
specular lobe represents only 8% of the whole amount of
reflected radiation in the near infrared, 30—50% in the green,
and up to 60—80% in the red (up to 90% for laurel). This is an
important result in terms of light scattering and absorption
within a plant canopy: the near infrared radiation is intensively
scattered but since the specular lobe is reduced compared to the
diffuse background signal, its contribution may be neglected.
On the contrary, the visible light is intensively absorbed by the
leaf photosynthetic pigments so that the contribution of the
specular lobe may also quickly disappear. Finally, increasing the
incidence angle tends to increase this ratio on the whole
spectrum.

We also evaluated the solid angle which circumscribes the
specular lobe. For each incidence angle 6, we calculated the
maximum of BRDFg,c.(0s, ¢s, 0y, @), the related zenith
viewing angle 6, and the solid angle €y,.. corresponding to
90% of the amount of specularly reflected light DHRF (65,
¢¢). Table 2 is informative about the shape, position and
magnitude of the specular lobe. Predictably enough, the width
of the lobe decreases with illumination angle while its
magnitude increases. The specular lobe represents 37% of the
upper hemisphere for the beech leaf lit at 5° and 2.7% for the

Table 2
Characteristics of the specular lobe as a function of the incidence angle
Incidence angle 60 5° 25° 45° 65°
Maximum of BRDFy,. Beech 0.024 0.031 0.185 3.11
(st ) Laurel ~ 0.223 0.274 0.576 4.96
Viewing angle 6, of the Beech 7° 42° 80° 89°
maximum Laurel 5° 26° 48° 75°
Solid angle of the specular ~ Beech 2.35 2.29 1.61 0.79
lobe Qgpec (s1) Laurel 0.41 0.37 0.30 0.17
DHRFgec Beech 0.030 0.032 0.040 0.079
Laurel 0.041 0.042 0.052 0.121
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laurel leaf lit at 65°. The maximum peak is not exactly in the
specular direction as one expects from a mirror-like surface, but
at greater viewing angles, especially for beech. This roughness

effect has been observed and explained for artificial target by
Torrance and Sparrow (1967).

4.3. Directional-hemispherical optical properties

From the measured BRDF or BTDF one can derive the
directional-hemispherical reflectance (DHRF) or transmit-
tance (DHTF) by numerical integration over the upper or
lower hemisphere. The estimation of these quantities, which is
quite accurate for Lambertian BRDF and BTDF, tends to
deteriorate with increasing anisotropy. In particular, the strong
and narrow specular peak observed for illumination angles of
45° and 65° is likely to cause a wrong estimation due to
sampling artefacts. Fig. 10 shows the DHRF and DHTF of
two leaves at four illumination angles. The DHRF obviously
increases while the DHTF decreases with the angle of
incidence, as observed in previous studies (Brandt and

Tageyeva cited in Brakke et al., 1989; Ross, 1981; Walter-
Shea et al., 1989).

1

115

5. Conclusion and discussion

The primary objective of this study was to present a new
apparatus intended to measure the leaf bidirectional optical
properties, a subject that is not well-documented compared to
spectral properties, and to provide a better understanding of their
determinism. The spectral and directional sampling of the BRDF
and BTDF presented in this paper has been rarely reached
before. Some studies are limited to reflectance measurements;
others gather full spectra acquired in a few directions or cover the
whole hemisphere but only at a few wavelengths. Most of them
show scattering data in the principal plane, which does not allow
to separate the diffuse component from the specular component
and to grasp the three-dimensional shape of the latter. We should
mention that the directional sampling of our SGP in the forward

direction might be inadequate to finely characterize the specular
peak whose shape is narrow for some plant species. A device
equipped with stepper motors would be better designed to obtain
such information by covering some areas more densely. In the
same way we lack data at small phase angles due to alignment
and occultation problems: to our knowledge, the opposition
effect has only been observed by Howard (1969) on four
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Fig. 10. DHRF (solid line) and DHTF (dotted line, reverse scale) of beech (top) and grape vine (bottom) as a function of the wavelength for four illumination zenith
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Eucalyptus leaves. He clearly showed an increase in the lumi-
nance factor between 4° and 0° phase angles at 45° incidence.
Instruments suited to such measurements exist (Buratti et al.,
1988; White et al., 1998) and could be used to initiate new
studies to confirm this result. Other improvements in the design
of the SGP are likely to decrease the uncertainties, for instance
the use of a reference panel similar to the leaf in thickness and
scattering features or the investigation of angular error
propagation in rotation systems, which basically depend on the
apparatus configuration (Torrington, 2003).

The published literature on leaf BRDF and BTDF is largely
scarce and qualitative. For many applications it is however
important to have quantitative values on leaf bidirectional radi-
ative properties. The SGP could be used to build a database of
different crop and natural vegetation leaf BRDF and BTDF. As
seen earlier, there is large variability in leaf BRDF of different
species but also within different species of the same genus
(Howard, 1971). Due to a lack of measurements and to unsuit-
able canopy reflectance models, it has become an accepted fact
in the scientific community that leaf bidirectional optical prop-
erties had little influence on canopy BRDF. However, only a few
attempts were made to include leaf specular reflectance in 1D
plant canopy reflectance models (Nilson & Kuusk, 1989; Reyna
& Badhwar, 1985; Ross & Marshak, 1989; Vanderbilt & Grant,
1985). The development of outstanding 3D radiative transfer
codes capable of decomposing a leaf in hundreds of facets and to
allot them non-Lambertian optical properties should open new
vistas in ecophysiology and remote sensing. For instance Chelle
(2006) recently performed simulations of radiation absorption
by dense, homogeneous crop canopies using a Monte Carlo ray
tracing code and concluded that the Lambertian approximation
might be suitable for photosynthesis or photomorphogenesis
studies. Intuitively one can admit this approximation for dense
canopies but certainly not for sparse ones, e.g., during the early
stages of plant development, where the n-order scattering is
limited. Considering hemispherical fluxes in plant functioning
models is rough because leaves (plan-like), stems (cylinder-
like), and apexes (hemisphere-like) definitely redirect light onto
special directions. Then the directional and spectral irradiance on
plant organs becomes an important parameter of the phyllocli-
mate (Chelle, 2005) because some organs have small fields-of-
view, i.e., they receive energy from their surrounding environ-
ment only within a small angle.

Besides the changes meant to improve the SGP functioning, it
would be interesting to measure the directional chlorophyll
fluorescence of green leaves in the frame of the FLEX (Fluo-
rescence Explorer) program of the European Space Agency.
About 15 years ago, Pedrini et al. (personal communication)
from the Joint Research Centre (Ispra, Italy) made such
measurements on philodendron and tobacco leaves illuminated
by a laser beam at 632.8 nm. They found isotropic fluorescence
emission properties, as expected, but never published their
results because of considerable variability, depending on the area
of the leaf blade which was analyzed. We are thinking of
repeating the same experiment by replacing the light source by a
larger laser beam which may yield better results. Finally,
although it would require changing the spectrometer and the

optical fibers, the extension of the measurements to the short-
wave infrared would provide very valuable information about
the spectral variation of the refractive index of leaf surface
materials in this domain.
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