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Laboratory studies of the bidirectional reflectance distribution function (BRDF) have greatly
improved our understanding of the bidirectional reflectance characteristics of natural and manmade surfaces. Explorative research and model validation studies in astronomy, remote sensing,
material science, and computer graphics have likewise increased the knowledge of BRDF and
its relationship to surface properties. In this review, a concise summary of laboratory BRDF
studies relevant to remote sensing is given along with a discussion of major advantages and
drawbacks of laboratory BRDF experiments and an overview of laboratory goniometric radiometers. Recommendations made for future research directions include the standardization of
BRDF laboratory measurements, the initiation of hyperspectral BRDF databases for multidirectional endmember spectra, and the investigation of the BRDF phenomenon at different
levels of scale by jointly analyzing laboratory, field, and remote sensing data.
Keywords: Bidirectional reflectance distribution function; Laboratory measurements;
Goniometer

I

INTRODUCTION

Multidirectional reflectance measurements acquired under controlled laboratory conditions have played an important role in exploring effects related
to the bidirectional reflectance distribution function (BRDF). Astronomers
have performed numerous BRDF laboratory experiments for investigating
the bidirectional effects observed in lunar and planetary light. Material
scientists and most recently computer graphics and machine vision specialists have studied BRDF effects of man-made and natural surfaces in
* Corresponding author.
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controlled laboratory experiments for calibration and object visualization
reasons. In remote sensing, however, most BRDF measurements have been
acquired in the field, and few data are available to date from controlled
laboratory experiments. In this review, advantages and drawbacks of laboratory measurements for remote sensing studies are discussed and recommendations for laboratory experiments are given along with an overview of
laboratory goniometer facilities. Results from laboratory BRDF studies
with relevance for remote sensing applications in the visible and nearinfrared wavelength range are summarized, and the current status of laboratory BRDF research is presented. Finally, suggestions for future research
directions are proposed.

II

LABORATORY EXPERIMENTS

A

Laboratory Goniometers

Various laboratory goniometric radiometers (here referred to as goniometers) have been constructed for exploring the BRDF effect in a number of
disciplines (Hosgood et al., 1999). Astronomers have used goniometers for
reflectance measurements of terrestrial surfaces such as rock samples, soils,
powders, and snow in order to explain the scattering properties of the
surface of the Moon (e.g., Hapke and van Horn, 1963; Coulson et al., 1965;
Oetking, 1966; Kamei et al., 1997). Remote sensing scientists first explored
the scattering and polarization properties of plant leaves with small-target
goniometers (e.g., Breece and Holmes, 1971; Vanderbilt and Grant, 1986;
Woessner and Hapke, 1987; Walter-Shea et al., 1989; Brakke et al., 1993;
Brakke, 1994), and since the beginning of the 1990s, large-target goniometers have been deployed to investigate the BRDF effect of plant canopies
(Gibbs et al., 1993; Koechler et al., 1994; Liang et al., 1997; Vogt, 1997;
Sandmeier et al., 1998b; Solheim, 1998). Goniometric systems have also
been used with video cameras for computer graphics applications (Dana
et al., 1996) to investigate the visual appearance of real-world surfaces,
while material scientists used goniometers for calibrating the spectral reflectance characteristics of reference panels and other materials (Proctor and
Barnes, 1996). A partial listing of laboratory goniometers is provided in
Table I; examples of small- and large-target goniometers used for plant leaf
and canopy analysis are shown in Figs. 1 and 2. A more complete characterization of laboratory and field goniometers, including hardware considerations, data collection, and processing details, is given in Jackson et al. (1987),
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TABLE I Overview of laboratory goniometers
Laboratory Goniometer
Automated Bidirectional
Reflectance Acquisition
Measurement System
(ABRAMS)
Columbia-Utrecht
Measurement Facility
Cornell University Light
Measurement Laboratory
European Goniometric
Facility (EGO)
Goniometric
photopolarimeter
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Leaf goniometer
Leaf goniometer
Leaf goniometer
Leaf polarization
photometer
Solar Simulation
Laboratory
STARR Reference
Reflectometer

Institution

Reference

University of Texas,
Arlington, TX

Gibbsetal., 1993

New York, NY

Dana eta]., 1996

Ithaca, NY

http://www.graphics.cornell.edu/
research/measure
Koechleretal., 1994

Joint Research Center,
Ispra,Italy
Planetary Surfaces
Laboratory, University
of Pittsburgh
Laboratory for
Agricultural Remote
Sensing, Purdue University
University of Nebraska,
Lincoln, NE
NASA/GSFC,
Greenbelt, MD
Laboratory of
Application of Remote
Sensing, Purdue University
Changchun, China
NIST, Gaithersburg, MD

Hapke and van Horn,
1963; Hapke and Wells,
1981; Woessner and Hapke, 1987
Breece and Holmes, 1971
Walter-Shea et al., 1989
Brakkeetal., 1993;
Brakke, 1994
Vanderbilt and Grant, 1985
Strahler et al., 1995;
Liang etal., 1997
Proctor and Barnes, 1996

0.53m

0.53 m

FIGURE 1 Schematic view of leaf goniometer (from Walter-Shea et al., 1989).
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FIGURE 2 The EGO goniometer at JRC, Ispra (courtesy of JRC, Ispra).

Walter-Shea et al. (1993), Koechler et al. (1994), Sandmeier et al. (1998a),
Sandmeier and Itten (1999) and Hosgood et al. (1999).
B

Advantages and Drawbacks of Laboratory Conditions

Both measurements in the laboratory and in the field have important advantages and drawbacks. In general, laboratory experiments are less affected by
environmental influences such as atmospheric conditions and wind than
field measurements, and allow one to fully control the position of the light
source. In contrast, during field campaigns vegetation targets are measured
in their natural habitat and under natural illumination conditions. Table II
summarizes the most important advantages and drawbacks of laboratory

BRDF LABORATORY MEASUREMENTS
TABLE II

Advantages and disadvantages of laboratory BRDF experiments

Advantages
Practically no diffuse irradiance

Stable and nearly repeatable
illumination conditions, no
atmospheric influences
No influences of wind or
other environmental effects
Full control over the
light source position
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High angular sampling resolution
and excellent geometrical
positioning accuracy

Disadvantages
Compared to sunlight,
laboratory irradiance is
heterogeneous and not parallel
Water and temperature stress
introduced by the intense
illumination may change the
BRDF characteristics of targets
Natural targets are separated
from their habitats and
are limited to relatively
small dimensions
Spectral characteristics of
laboratory illumination sources
may differ markedly from
the solar spectrum
Light intensity is usually
lower than in the field which
reduces the signal-to-noise ratio

conditions for acquiring BRDF data. Additional shortcomings of laboratory measurements are presented in Section IIC along with recommendations on how to minimize them and in Section IIIA.
C

Recommendations for Laboratory Experiments

Each laboratory goniometer system has its specific weaknesses and merits.
Thus, careful planning of a laboratory experiment is critical to address
common shortcomings of laboratory measurements. Recommendations are
given below. Suggestions for reference panel, sensor, and ancillary surface
data are applicable to field BRDF campaigns, too.
Laboratory Facility
• The laboratory facility must allow for complete darkness.
• The laboratory and its equipment, including goniometer, control units,
and sensor instruments should be covered with a black absorbing coat to
minimize diffuse irradiance effects.
• Operators should be placed away from the target area, preferably behind
a black absorbing curtain/wall.
• The geometrical precision and the angular positioning accuracy of the
goniometer must be known and taken into account in the experimental
design.
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• Room temperature and humidity are to be monitored during BRDF data
acquisition.
• Data acquisitions are preferably software-based and automated to reduce
operator related errors.
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Light Source

• The illumination spot size must be large relative to the sensor sampling
size to reduce light intensity edge effects.
• The light intensity must be sufficient with respect to the sensor sensitivity
to obtain an adequate signal-to-noise ratio over the whole spectral range.
• The power supply of the light source must be stabilized, and remaining irradiance fluctuations and drifts need to be monitored during data
acquisition.
• The spectral characteristics of the light source must be known from a
calibration protocol or assessed in conjunction with a well-calibrated
reflectance-reference panel.
• Irradiance has to be homogeneous and parallel using a collimator.
Remaining heterogeneities and nonparallelism have to be examined and
corrected in the preprocessing of the data.
• The ambient reflected light should preferably be continuously monitored.
Reference Panel

• If a reflectance-reference panel is used for assessing and monitoring irradiance conditions, its current BRDF characteristics have to be fully
known.
• Highly reflecting and nearly Lambertian materials such as BaSO4, halon,
or Spectralon are normally preferred.
• The panel size must be large enough to completely fill the sensor's fieldof-view when taking reference measurements.
• The panel BRDF characteristics must be stable for the duration of the
experiment.
Target Surface

• The target surface must be larger than the sensor sampling areas at all
measurement positions in order to omit edge effects.
• The center of the target surface plane has to be precisely aligned with the
base plane of the goniometric system.
• If applicable, tilting and orientation of the target platform have to be
documented.
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• When dealing with natural surfaces, the effects of heat and water stress
from the laboratory light source and the heliotropic behavior of plants
have to be taken into account by choosing robust targets and by keeping
the measurement acquisition time as short as possible. In some cases, the
use of man-made targets with known characteristics that simulate natural
surfaces may be considered.
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Sensor

• Sensors must be well-calibrated prior to the laboratory experiment and
should exhibit stable and linear detector response characteristics.
• The sensor field-of-view, angular sampling resolution, and the measurement distance have to be carefully chosen in accordance with the scale of
the target structure. Generally, the sensor needs to be in the far field and
exhibit small solid angles. At the same time the averaging area of the
detector must be large enough to filter reflectance singularities and to
keep the number of samples required to cover the hemisphere manageably
small. Ideally, BRDF data sets cover the complete hemisphere with
maximum data dynamics and are consistent for different areas of the
target surface.
• The shadow cast by the sensor on the target surface must be as small as
possible in order to allow for valid measurements in the hot spot direction.
Ancillary Surface Data

• The type of target surface should be identified including species composition and phenology in case of vegetation canopies.
• Optical and structural properties of the target surface need to be documented, including leaf transmittance and reflectance properties, leaf area
index, leaf angle distribution, percent vegetative cover, canopy height and
height distribution, leaf size and shape, canopy gap fraction and clumping, soil bidirectional reflectance and moisture for vegetation surfaces, and
surface roughness and microtopography for soils and man-made surfaces.
Ill

CURRENT STATUS OF RESEARCH

Studies using multidirectional laboratory measurements for investigating the
BRDF effect can roughly be grouped into two categories: (a) exploration
of the BRDF effect and (b) validation of BRDF models (Fig. 3). Both
categories are interrelated and likewise lead to a better understanding of the
BRDF phenomenon. The investigation of the relationship between target
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Scaling
problem

Remote Sensing Applications

Exploration of
BRDF Effects
BRDF of soil
BRDF of man-made surfaces
BRDF of single leaves
BRDF of vegetation canopies
Reciprocity theorem
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Exploration

Calibration
• Goniometer facilities
• Reference panels

Model development
Sensitivity analysis

Inversion
problem

Validation of
BRDF Models
• Kernel-driven BRDF models
• Physically-based models:
PVD, RPV, Hapke, SOILSPECT, Computer graphics
• Monte-Carlo Ray-Tracing

BRDF Laboratory
Measurements
Goniometers
• Small-target goniometers
• Large-target goniometers

Targets
• Soil, rocks, snow
• Man-made surfaces
• Single leaves
• Vegetation canopies

FIGURE 3 Scheme of interactions between BRDF laboratory measurements, model validation, exploration, and application.

surface properties and BRDF effects may initiate development or improvement of BRDF models, and sensitivity analyses based on well-validated
BRDF models allow us to determine the key parameters controlling the
BRDF effect. There is a third category of laboratory BRDF research that is
devoted to specific calibration issues such as the BRDF characteristics of
reflectance-reference panels and the quality of goniometer facilities. Results
from all three research categories are given below together with a critical
discussion of their applicability in remote sensing.

A

Quality Assessment and Panel Calibration

Quality of Laboratory BRDF Data

Before laboratory data can be acquired for BRDF exploration and model
validation studies, the quality of a goniometric laboratory facility has to be
carefully examined. A good example for investigating the performance of a
laboratory goniometer system is given in Solheim et al. (1996) for the
European Goniometric facility (EGO) located at the Joint Research Center
in Ispra, Italy. First, the geometric accuracy of the goniometer was tested by
moving a laser over the full range of zenith and azimuth angles while tracing
the deviations of the laser spot from the goniometer center. It was found
that the center of field-of-view of a perfectly aligned detector could deviate
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from the goniometer center by up to 7 cm during the acquisition of a BRDF
data set (Solheim et al., 1996). Misalignment of the sensor with the goniometer system could add an even larger source of deviation. The angular positioning accuracy of the EGO goniometer was noted to be better than
±0.1° (Koechleret al., 1994).
A major problem for the reproducibility of laboratory BRDF data is the
instability of the light source and the non-parallelism and heterogeneity of
the lamp irradiance. Sandmeier et al. (1998a) and Solheim et al. (1996) both
documented large deviations from parallel irradiance conditions for a
halogen lamp in the EGO laboratory even though a collimator was used in
front of the light source. Adding to the problem of reproducibility of BRDF
data is the non-uniformity of the sensor lens. Changing the azimuth of the
sensor could result in different sensor readings since the sensor lens may not
be uniform (Sandmeier et al., 1998a). Dealing with vegetation surfaces, the
reproducibility of laboratory measurements is further limited by the heat
and water stress caused by the intense laboratory light, which may gradually
change the target BRDF (Sandmeier et al., 1998a). An experiment design
that minimizes these effects is therefore required. Recommendations are
given in Section IIC.
BRDF of Reflectance-Reference Panels

Many laboratory studies have demonstrated that reflectance-reference
panel materials such as BaSO4, halon, or Spectralon are far from perfect
isotropic scatterers (Biggar et al., 1988; Walter-Shea et al., 1989; Meister,
1996; Sandmeier et al., 1998a). Sandmeier et al. (1998a), for instance,
reported deviations from a perfect Lambertian (i.e., isotropic) surface of 6
and 8 percents for a spectralon panel for view zenith angles of 10° and 70°,
respectively (source zenith angle = 0°, A = 450nm). The non-Lambertian
reflectance characteristics slightly increased with increasing wavelengths
from 450 to 1000 nm (Sandmeier et al., 1998a), an effect that was also
observed by Biggar et al. (1988). The BRDF effects were also more pronounced for high source zenith angles (Meister, 1996; Solheim, 1998). Still,
most panel manufacturers specify the spectral reflectance characteristics for
a single illumination-viewing geometry only and assume Lambertian reflectance characteristics for the reference material. Since the reflectance in field
and laboratory campaigns in many cases is determined by reference to a
reflectance-reference panel, the BRDF characteristics of these panels have
to be carefully determined by goniometric reflectance measurements before
they can be used as an adequate reflectance reference.
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Scattering and Polarization Effects of Soil and Man-made Surfaces

Astronomers have performed extensive bidirectional reflectance measurements in the laboratory in order to explain the scattering properties of the
surface of the Moon and planets. Hapke and van Horn (1963), for instance,
performed reflectivity measurements of rocks and powders in the laboratory
with a goniometric photometer. From their experiments they concluded
that the reflectance properties of a surface are governed by its albedo, its
microscattering properties, and its macrostructure. However, the sensor
field-of-view of Hapke and van Horn's instrument did not capture the hot
spot or opposition effect, a sharp reflectance peak observed near zero phase
angle. Thus, most terrestrial surfaces they investigated seemed to exhibit
nearly Lambertian reflectance characteristics.
In 1966, Oetking published BRDF data of various material samples such
as smoked magnesium oxide surfaces. In contrast to the instrument of Hapke
and van Horn, the detector he used had a small aperture and could be positioned within 1° from the hot spot direction without intercepting the illuminating beam. Thus, the hot spot phenomenon could be observed in almost
all of the samples, and Oetking's measurements became the first known
experimental reproduction of the hot spot effect in the laboratory (Fig. 4).
Coulson et al. (1965) specifically investigated the polarization effects on
soil surfaces and concluded that the degree of polarization is dependent on
the phase angle g and the surface reflectance intensity. Polarization was
generally higher for cases of low reflectance and vice versa. This finding was
confirmed by Woessner and Hapke (1987) who suggested that quantitative
information about the absolute reflectance may be derived from the polarization. Gibbs et al. (1993) showed that polarization information should
also be useful for determining soil moisture content, since soil reflectance
becomes increasingly polarized as soil moisture increases.
Plant Leaf Scattering and Polarization Effects

One of the first systematic studies on bidirectional scattering characteristics
of individual plant leaves was performed by Breece and Holmes (1971).
Reflectance and transmission measurements of healthy green soybean and
corn leaves acquired in the principal plane in nineteen narrow bands from
375 to 1000 nm showed strong specular reflectance characteristics at wavelengths of strong absorptions, i.e. in the blue and red chlorophyll absorption
bands. Transmission characteristics, however, were near-Lambertian for all
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FIGURE 4 First experimental proof of the hot spot effect. The curve shows the smoothed
raw data for smoked magnesium oxide (from Oetking, 1966).

wavelength bands employed. Walter-Shea et al. (1989) carried the study by
Breece and Holmes one step further by acquiring data in various view
azimuth planes. In their study, the bidirectional reflectance of individual
corn and soybean leaves showed increasingly non-Lambertian characteristics with increasing source zenith angle. This was attributed to specular
reflectance from the adaxial (upper) leaf surface that can be conceptualized
as consisting of a distribution of facets that specularly reflect radiation
according to Fresnel's law (Wooley, 1971; Vanderbilt and Grant, 1985).
Forward scattering became apparent especially in reflectance data from
source zenith angles larger than 45° in the visible bands at about 150° view
azimuth angle while transmittance factors were less variable with source
zenith angle.
Vanderbilt and Grant (1985, 1986) investigated the degree of polarization
in light scattered from individual plant leaves and emphasized the potential
to discriminate among different plant species using polarization data
acquired at Brewster's angle from the adaxial surface of leaves. As shown in
earlier studies of soils (e.g., Coulson et al., 1965), they concluded that polarization of light scattered from plant leaves (a) is primarily due to Fresnel
reflection from specularly oriented surfaces, (b) is mainly controlled by the
phase angle g, and (c) has maximum intensities in the blue and red and
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FIGURE 5 Specular, diffuse, and total bidirectional reflectance (upper part of the graphic)
and transmiuance (bottom part of the graphic) for (A) visible and (B) near-infrared radiation
of 55° source zenith angle on the adaxial side of a red maple leaf (from Brakke, 1994).

minimum intensities in the green and infrared. As for soil, Woessner and
Hapke (1987) confirmed these observations with measurements of clover
leaves.
Brakke (Brakke et al. 1993; Brakke, 1994) used polarization to separate
radiation scattered from leaves into its diffuse and specular components.
While the reflectance from the adaxial (upper) side of individual leaves of
tree species such as yellow poplar, red oak, and red maple showed strong
non-Lambertian reflectance characteristics with a distinct forward scattering peak particularly in the visible range, transmitted light appeared relatively isotropic (Fig. 5). The reflectance from the abaxial (lower) side of tree
leaves was also rather uniform due to its rougher surface, which enhances
scattering especially in the near-infrared range. Brakke argued that radiation
scattered from inside the leaf contributes to backscatter characteristics in
the near-infrared, whereas, in the visible, absorption by pigments reduces
the backscatter and thus the backscatter component. Similar to Vanderbilt
and Grant (1986), Brewster angle effects were observed on the adaxial
surface of the leaves for the specular component of the reflected parallel
polarized radiation for a 55° incidence angle (Brakke et al., 1993;
Brakke, 1994).
Plant Canopy Laboratory BRDF Data

Compared to the extensive work on scattering and polarization characteristics of individual plant leaves, explorative laboratory studies at the plant
canopy level remain relatively limited. Contrary to field BRDF acquisition,
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most canopy laboratory BRDF data were acquired for the purpose of
BRDF model validation rather than for exploring BRDF phenomenon.
Clarke and Parry (1985) performed systematic laboratory measurements
for examining whether the reciprocity principle can be applied to the BRDF
of structured surfaces. Reciprocity is commonly understood as getting identical measurement values when source and viewing positions are switched.
The original reciprocity principle by Helmholtz, however, is restricted to
fluxes polarized in corresponding planes (Helmholtz, 1867). Clarke and
Parry's data did not support BRDF reciprocity in general, but only for
fluxes with equivalent polarization planes as suggested by Helmholtz and
for hemispherical directional reflectance versus directional hemispherical
reflectance. Recent theoretical studies addressing the reciprocity question
demonstrate that reciprocity in its broader definition does not always hold,
but is applicable to the BRDF of most materials (Snyder, 1998; Snyder et al.,
1998). More experimental investigations should be performed, however, to
conclude whether reciprocity can be used as a principle for the BRDF of
Earth surfaces (Li and Wan, 1998).
Woessner and Hapke (1987) investigated the cause of the hot spot with
laboratory measurements from individual leaves and patches of clover. In
their study they showed that the hot spot effect is pronounced for vegetation
canopies, but is small or non-existent for individual leaves, and they
concluded that the dominant factor for the hot spot must be shadow-hiding
by leaves. In a later study, Hapke et al. (1996) confirmed with polarization
measurements from various plant canopies and soil surfaces that in visible
light shadow-hiding dominates the hot spot for most vegetation canopies
and moist, clumpy soils. In vegetation with large numbers of wavelengthsized structures, such as mosses, and in dry, fine-grained soils, however,
the hot spot is caused by an interference mechanism known as coherent
backscattering.
In a study examining hyperspectral BRDF characteristics of perennial
ryegrass (Fig. 6) and watercress, Sandmeier et al. (1998a,b) explored the
spectral variability of the BRDF phenomenon in plant canopies and the
underlying physical mechanisms. They showed that the degree of reflectance
anisotropy of vegetation canopies is inversely correlated with the canopy
nadir reflectance. In the blue and red chlorophyll absorption bands, BRDF
effects were dominant while in the green and in the highly reflective nearinfrared, the reflectance characteristics were more isotropic. This phenomenon is similar to what has been reported for polarization (Vanderbilt and
Grant, 1986) and specular effects on individual plant leaves (Walter-Shea
et al., 1989; Brakke, 1994), and was attributed to multiple scattering effects.
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725nm

FIGURE 6 Nadir-normalized BRDF data (anisotropy factors) of a perennial ryegrass
canopy (Lolium perenne) acquired under 35° source zenith angle in the EGO laboratory at (A)
675 nm and (B) 725 nm wavelength (from Sandmeier et al., 1998b).

In four animation files attached to the digital version of this article, the
spectral variability of BRDF effects of a perennial ryegrass canopy is
demonstrated in absolute and nadir-normalized reflectance data obtained in
the EGO laboratory (ego_grassgrowing.mov and ego_grassnormgrowing.mov;
Sandmeier et al., 1998b) and acquired in the field with the FIGOS goniometer (fig_grassgrowing.mov,fig_grassnormgrowing.mov;Sandmeier and
Itten, 1999). Since the spectral variability of BRDF effects was pronounced
in erectophile canopies, but rather limited for planophile canopy structures,
Sandmeier et al. (1998b) suggested that hyperspectral BRDF data be used as
a tool for deriving canopy architecture parameters (see Section HID).
Vogt (1997) explored BRDF data for deriving leaf area index (LAI) and
developed an off-nadir-vegetation-index (ONVI). Contrary to the normalized-difference-vegetation-index (NDVI), ONVI is determined from offnadir data from a single narrow band in the near-infrared range where
multiple scattering effects dominate. The LAI derived from off-nadir laboratory BRDF data using the ONVI compared favorably with actual LAI
measurements. Based on simulated bidirectional reflectance factors, ONVI
showed a linear relationship with LAI over a range of 0 < LAI < 10.
C

Validation of BRDF Models

Various BRDF models and their inversions have been examined using
laboratory BRDF data. The pioneering BRDF model of Hapke was
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experimentally verified with laboratory BRDF data of a cobalt glass
powder whose absorbance and reflectance properties varied greatly with
wavelength. The model was shown to be able to quantitatively describe the
angular scattering characteristics of the selected laboratory samples and
planetary surfaces (Hapke and Wells, 1981; Hapke, 1986). Based on
Hapke's model, Jacquemoud et al. (1992) developed SOILSPECT, a radiative transfer model that represents the optical properties of soil from 450 to
2450 nm, and verified it with the BRDF of 26 soil types acquired under
controlled laboratory conditions. By fitting the input parameters of the
physically-based BRDF model to the laboratory measurements, it could be
shown that the single scattering albedo of soils was dependent on wavelength and on soil humidity, while the other model input parameters (roughness and phase function parameters) depended mainly on surface conditions
such as the refractive indices of the soil components.
Cierniewski et al. (1996) developed a geometrical-optical BRDF model
for soil surfaces taking the diffuse and the specular components in the
visible and the near-infrared range into account. The model was evaluated
using the soil BRDF data acquired in the laboratory by Jacquemoud et al.
(1992) and proved to be well suited to represent the BRDF characteristics of
the soil samples investigated.
Pinty et al. (1990) validated the Verstraete-Pinty-Dickinson (VPD) model
(Verstraete et al., 1990) of the bidirectional reflectance for a semi-infinite
plant canopy with data of clover measured in the laboratory by Woessner
and Hapke (1987). The physically-based model is to some extent a generalization of Hapke's approach (Hapke, 1986). It expresses the BRDF of a
vegetation canopy by the optical properties of the leaves (single scattering
albedo and phase function), the leaf angle distribution, and the architecture
of the canopy which is interpreted in terms of the average distance between
the leaves. The VPD model was successfully inverted with the laboratory
data of clover and proved to predict the BRDF characteristics of the clover
data reasonably well including a well-defined hot spot component. Solheim
(1998) reevaluated the VPD model with controlled laboratory data of
lichen and moss surfaces. She also concluded that the model was capable of
reproducing the BRDF of the selected surfaces, but argued that the model
inversion did not always lead to a unique convergence. The parameters representing the single scattering albedo and tne asymmetry of the phase function
converged to reasonable values, but the values retrieved for leaf orientation
and leaf density were doubtful in some cases. On the other hand, the semiempirical Rahman-Pinty-Verstraete (RPV) model, which was also validated
with the clover data of Woessner and Hapke (1987) (Rahman et al., 1993b),
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gave a flexible and reliable representation of the laboratory data and valid
inversion results for a large range of source zenith angles.
Liang et al. (1997) performed laboratory measurements of young wheat,
corn, and soybean canopies for the validation of three one-dimensional
radiative transfer models. Since the three models primarily differed in how
they approximated multiple scattering, the analysis focused on the nearinfrared range where multiple scattering in the vegetation canopy is large.
The models fit the measurements of the young wheat very well, but the other
two surfaces showed significant differences which were attributed to the
escape of multiply-scattered radiation from the sides of the canopy.
Kernel-driven BRDF models were validated with laboratory BRDF data
sets of soybeans and nasturtium canopies by Strahler et al. (1995). The semiempirical models tested comprised a radiative transfer-based volume scattering kernel (Ross-kernel), a geometric optics-based surface scattering
kernel (Li-kernel), and a constant for isotropic scattering. The models fitted
the data very well and proved to be capable of modeling the BRDF of the
vegetation canopies considered, but small root mean square deviations
between modeled and measured data turned out to be no guarantee for a
good albedo measure. In a sensitivity analysis, it was shown that a high
sampling resolution in zenith angle direction is needed for accurate reconstruction of the BRDF using kernel-driven models. In the azimuth direction, however, a reduction of the sampling resolution did not yield large
deviations in the albedo estimates as long as the BRDF was characterized
by more than one plane.
Govaerts and Verstraete (1998) performed laboratory tests to evaluate the
accuracy of Raytran, a Monte Carlo ray-tracing model for computing light
scattering in three-dimensional heterogeneous media. In order to keep the
geometry of the test surface relatively easy and simple to represent in
Raytran, a lattice of duralumin cubes over a plane surface was used. Comparisons with the laboratory data demonstrated the capability of Raytran to
reproduce the actual observed bidirectional reflectance factors of the manmade surface, except for the backscattering component that occurred in the
measurements at high source zenith angles and was not represented in the
Raytran model.
In computer graphics and machine vision, reflection models are of
great importance in the generation of realistic images of scenes or for the
extraction of information such as the physical properties of materials from
photographs. Oren and Nayar (1995) developed a model for rough diffuse
surfaces which proved to be highly useful in computer graphics and machine
vision but also has a potential for remote sensing applications on soils and
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man-made surfaces. The model accounts for complex geometric and radiometric phenomena, such as masking, shadowing, and interreflections, and
has been successfully validated against laboratory measurements of plaster,
clay, sand, and cloth.
Van Ginneken et al. (1998) developed a reflection model for isotropic rough
surfaces that is similar to the model of Oren and Nayar (1995), but based on
a more physically sound surface model. The model was tested against a
modified Oren and Nayar model and with laboratory-acquired data of
samples of tiles, bricks, and concrete. Both models, the modified Oren and
Nayar and the van Ginneken, performed equally well and showed good
agreement with the laboratory measurements of the man-made surfaces.
Van Ginneken et al. (1998) concluded that multiple scattering is crucial for
texture analysis and generation, since the brightness of shadowed parts is
solely determined by interreflections between surface partcles. Thus, reflection models and texture analysis are naturally linked. Since the Van
Ginneken model relies on a physically-based surface model, it can be used to
generate realistic-looking textures for given view and zenith angles and to
derive the roughness of man-made surfaces based on BRDF data.
D

Application to Remote Sensing Data

The application of laboratory results to remote sensing data is a challenge to
date. Effects observed in the laboratory may not necessarily be valid at the
broader scale of remote sensing devices, and physically-based BRDF models
are often too complex to be inverted with remote sensing data or do not
account for the heterogeneity of natural surfaces (Fig. 3).
Rahman et al. (1993a) showed that the inversion of a physically-based
coupled surface-atmosphere model against simulated advanced very high
resolution radiometer (AVHRR) data was able to estimate the principal
surface and atmospheric properties, including the anisotropy of the surface
reflectance. Jacquemoud (1993) attempted with considerable success to use
high spectral resolution data for estimating the biophysical properties of a
plant canopy by inverting a physically-based canopy reflectance model
(PROSPECT + SAIL) with simulated airborne visible/infrared imaging
spectroradiometer (AVIRIS) data. For the use with actual AVHRR data,
however, Rahman et al. (1993b) had to design a new semiempirical BRDF
model that was less restrictive about the nature and structure of the surface
than the physically-based version used for the simulated data.
Extensive studies of the scattering and polarization properties of individual leaves have tremendously improved our understanding of BRDF effects
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for small targets, but the implications for large-target and landscape-scale
applications have remained rather unexplored due to a lack of adequate
remote sensing data. The spaceborne POLDER (Polarization and Directionality of the Earth's Reflectances) instrument presents for the first time
an opportunity to explore bidirectional and polarization effects for the
observation of the Earth's surface on a global scale (Hautecour and Leroy,
1998) and to apply lessons learned from polarization studies in the laboratory. First results from POLDER data are very promising. Wetlands, for
instance, which play an important role in the production of the greenhouse
gas methane, are much easier to classify with the polarized angular signature
in the sunglint than with conventional nadir reflectance data (Vanderbilt
et al., in review).
Sandmeier and Deering (1999) used the spectral variability of hyperspectral BRDF data observed in a laboratory BRDF study on erectophile grass
and planophile watercress surfaces (Sandmeier et al., 1998b) to discriminate
between boreal vegetation land cover classes. Compared to using nadir
reflectance data alone, off-nadir data improved the land cover classification
accuracy by more than 10 percent and allowed derivation of the general
surface canopy geometry. Figure 7 shows the spectral variability of BRDF
effects for (A) perennial ryegrass and (B) watercress surfaces acquired in the
EGO laboratory and for (C) black spruce and (D) trembling aspen forests
obtained with the advanced solid-state array spectroradiometer (ASAS)
from 5500 m altitude. In spite of the differences in the measurement conditions and scale, the laboratory and remote sensing data are in good agreement and demonstrate the relationship between erectophile and planophile
canopy geometries and spectral BRDF effects. However, more laboratory,
field, and remote sensing studies are required to fully explore the potential
of this new approach.

IV

RESEARCH PRIORITIES

Based on the literature review presented in this study, four research priorities for future BRDF laboratory measurement campaigns are identified:
(1) There is a lack of BRDF data taken under controlled irradiance conditions with (a) high spectral resolution, (b) small sensor field-of-view,
(c) high angular sampling rate, (d) hot spot information, and (e) ancillary information about the surface characteristics such as optical properties, LAI, LAD, percent vegetative cover, canopy height, and surface
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D. Trembling aspen (Populus tremuloides)
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FIGURE 7 Nadir-normalized bidirectional reflectance data of (A) perennial ryegrass, (B)
watercress, (C) black spruce, and (D) trembling aspen canopies. (A) and (C) represent
erectophile canopies, (B) and (D) expose planophile canopy architectures. (A) and (B) were
measured from 2 m distance in the EGO laboratory with a GER-3700 spectroradiometer with
~3° field-of-view. (C) and (D) were obtained with the ASAS airborne sensor from 5500 m
altitude and ~0.03° field-of-view. All data were acquired under solar zenith angles between
34° and 35° (from Sandmeier et al. 1998b; Sandmeier and Deering, 1999).

roughness for the validation of physically-based BRDF models and the
exploration of spectral BRDF effects.
(2) There is a need to optimize and standardize laboratory and field BRDF
measurements.
(3) Laboratory measurements and field data acquired at ground level
should be jointly analyzed with remote sensing data in order to improve
our understanding of BRDF phenomenon at different levels of scale.
(4) BRDF databases with high spectral and angular resolution are
required as ground reference information for a variety of remote sensing
applications.
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New initiatives for addressing points 3 and 4 are currently underway with
new field goniometers that can be deployed as laboratory goniometers, too
(Turner, 1998; Sandmeier and Itten, 1999). Together with existing laboratory goniometers, they have the potential to initiate hyperspectral BRDF
libraries for vegetation, soil, and man-made surfaces. Such databases will
provide valuable ground reference information for multiangular remote
sensing applications and will be a source of endmember spectra required for
spectral unmixing techniques. Combined with ancillary information about
the target surface characteristics, they will also play an important role for
the validation of physically-based BRDF models (point 1). It is, however,
crucial that the BRDF data acquisition and documentation are standardized with an internationally accepted protocol in order to obtain consistent
BRDF data from various laboratory and field campaigns (point 2).
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