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Abstract

This paper describes the theory and the algorithm to be used in producing a global bidirectional reflectance distribution
function (BRDF) and albedo product from data to be acquired by the moderate resolution imaging spectroradiometer
(MODIS) and the muitiangle imaging spectroradiometer (MISR), both to be launched in 1998 on the AM-1 satellite
platform as part of NASA’s Earth Observing System (EOS). The product will be derived using the kernel-driven
semiempirical Ambrals BRDF model, utilizing five variants of kernel functions characterizing isotropic, volume and
surface scattering. The BRDF and the albedo of each pixel of the land surface will be modeled at a spatial resolution
of one kilometer and once every 16 days in seven spectral bands spanning the visible and the near-infrared. The BRDF
parameters retrieved and recorded in the MODIS BRDF /albedo product will be intrinsic surface properties decoupled
from the prevailing atmospheric state and hence suited for a wide range of applications requiring characterization of
the directional anisotropy of earth surface reflectance. A set of quality control flags accompanies the product. An
initial validation of the Ambrals model is demonstrated using a variety of field-measured data sets for several different

land cover types.

1. Introduction Produced through the MODIS project, it will be available
for use in atmospheric correction problems, earth radia-

This paper reports on the status of the science and al- tion budget studies, and climate and climate change in-

gorithms to be employed 1n the routine production of a
global 1-km land surface bidirectional reflectance distri-
bution function (BRDF) and albedo data product to be
generated beginning in mid-1998. This product will be
derived from the combined data of the moderate reso-
lution imaging spectroradiometer (MODIS) [Running et
al., 1994] and the multiangle imaging spectroradiometer
(MISR) [Diner et al., 1991], two key sensors of NASA’s
Earth Observing System (EOS) on the AM-1 platform.

vestigations. It will also allow some inference of land sur-
face properties for use in global land cover classification
and biophysical databases for vegetation modeling. Fur-
thermore, it will be employed in the angular correction of
MODIS and similar imagery.

Section 2 of this paper gives an overview of BRDF
applications, with an emphasis on the coupling between
the atmosphere and surface reflectance. In section 3, the
MODIS BRDY/albedo product will be discussed with re-
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spect to semsor characteristics and the Ambrals BRDF
models to be used. Section 4 introduces the algorithm
that was developed for the processing, explains the pro-
cessing philosophy, and describes the product produced.
Section 5 offers an outline of current model and planned
product validation, and discusses the possible relationship
of the BRDF model kernels used to land cover type. The
paper closes with conclusions.

2. Multiangle Effects in Remote
Sensing

2.1. Bidirectional Reflectance

The observation that the reflectance of most natural sur-
faces is anisotropic in nature is relevant to remote sensing
because under such circumstances the reflectance of a sur-
face depends both on the viewing and on the illumination
angle. With natural scenes, this directional anisotropy is
caused by the way in which shadows cast by an ensemble of
objects such as plants, buildings or topographic slopes are
hidden or emerge as a function of the observation angle,
and by the intrinsic directionality of material in the scene,
for example the leaves of the plants. Mathematically, it is
described by the BRDF [Nicodemus et al.| 1977].

Variations of view angle across images and between
images occur naturally due to a wide swath width (as for
the advanced very high resolution radiometer (AVHRR)
or MODIS) or to along-track off-nadir viewing capabili-
ties (as for the along-track scanning radiometer, ATSR-2,
or MISR). Variations in the solar angle are caused by vari-
ations in the time of day, season and latitude of observa-
tions, and are also determined by orbital characteristics of
the satellite. Unless corrections for the BRDF are made,
comparisons of surface reflectance observations across im-
ages from such instruments or between them are difficult
or impossible. A simple example is given by the problem
of mosaicking together AVHRR data from different orbits
to obtain a composite image, where the orbital border will
be visible due to the difference in the sun-view geometry
in the two or several parts (see Li et al [1996] for an
illustration).

The need to take BRDF effects into account when con-
ducting land surface studies, for example land cover clas-
sification, has increasingly been recognized [e.g., Wu et
al., 1994; Cihlar et al., 1995; Gutman, 1994; Moody and
Strahler, 1994]. Tt is known that current vegetation in-
dices retain some angular effects due to the differences in
the BRDF of different wavebands [e.g., Wu et al., 1994].
It may even be desirable to standardize observations to
angles where no observations were acquired, for example
to nadir view and/or sun angle [Leroy and Roujean, 1994].

The BRDF may also be used to derive albedos, which
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are mathematically defined as weighted integrals (aver-
ages) of the BRDF. Surface albedos play an important role
in global and regional climate since they determine the sur-
face energy balance, for example the heat fluxes linked to
evapotranspiration [Kustas et al., 1989]. The BRDF and
its integrals are also important for atmospheric correction
in remote sensing [Kaufman, 1989], where errors of up to
10 percent or more may be made when BRDF effects are
disregarded. We will discuss albedos and atmospheric cor-
rection in more detail further on. Recently there have also
been indications that knowledge of the BRDF function can
be valuable in cloud detection [d’Entremont et al., 1995,
1996; see also DiGirolamo and Davies, 1994], opening up
the possibility of improved cloud detection in the absence
of thermal data.

Finally, the BRDF can be interpreted to infer land
surface properties. Since the angular dependence of the
reflectance is driven by the optical properties of the scat-
tering medium and by 1ts three-dimensional structure, one
may attempt to retrieve the dominant parameters describ-
ing these properties from the observed BRDF functions.

Initially, such retrievals will be experimental, and the
main focus of BRDF/albedo work will be on semiempirical
descriptors of the BRDF that can be used for angle cor-
rections and albedo calculations without requiring detailed
physical modeling of the scene viewed. This is the path
taken by the MODIS BRDF/albedo product. As more
experience is accumulated, however, and as more com-
puter power becomes available, more elaborate retrievals
of physical parameters may be attempted [Goel, 1989;
Pinty and Verstraete, 1991]. The MODIS land cover prod-
uct [Strahler et al., 1995b] will make use of reflectances
corrected for angular effects but will also take into consid-
eration the observed BRDF shape itself.

2.2. Surface BRDF-Atmosphere Coupling

Atmospheric correction algorithms for operational process-
ing are commonly based on expressing the total transmit-
tance of radiation from the top of the atmosphere to the
ground as the sum of a direct and a diffuse component (see
Kaufman [1989] for a general treatment of atmospheric
correction in remote sensing). One then arrives at expres-
sions such as the one suggested by Li [cf. Strahler et al.,
1995a], which is similar to the formulation to be used for
MODIS atmospheric correction in the visible and near-
infrared [see Vermote et al., 1995, 1996]. We have:

b1 R (g1) — =7/ [RJe~" 1o
1- PsPa

where p, 1s the cosine of the solar zenith angle, u, that of
the view zenith angle, piq, the reflectance at the top of the
atmosphere, Ppath the reflectance due to path radiance, p,

(D)

Ptoa. = ppath +

the downward hemispherical reflectance of the atmosphere
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for isotropic light entering at its base, p,(fs, v, ¢) the
directional surface reflectance (surface BRDF'), with ¢ the
relative azimuth between sun and view zenith (8, and 6, ),
and 7 the optical thickness; the vector t and matrix R are
given by

6 = [/ tal)] | (2)

and

R = I: Ps pb(us) :l . (3)

P_s(ﬂs;ﬂva ¢) p——:

In these expressions, 4 is the diffuse transmittance of the
atmosphere, p, is the directional-hemispherical integral
(“black-sky albedo”) of the BRDF,

1 2% pw/2
polps) = -—/ / ps cos(f, ) sin(6, )dé,do,  (4)
T Jo 0

7s(ps; o, @) is the diffuse irradiance that is directly scat-
tered into the viewing direction (s, , ¢) under illumination
from p,,

Da(ptss b, @) =
foZr Ly(ps; pt, @')ps(pt, pro, &' — ) cos(6)dbd¢’
J2T Ly (s 1, ¢7) cos(0)dOd !
with Ly(ps; p, ¢') the downwelling diffuse irradiance dis-

tribution with the sun at ., and p; is the diffuse-to-diffuse
reflectance under illumination from g,

(5)

. 1 w2 )
=_1 /0 77 (s 1, &) cos(8) sin(0)dodg.  (6)

T

Note that t(u,) and t(p,) contain only atmospheric
properties, namely the direct and diffuse parts of the trans-
mittance, while R contains only surface reflectance proper-
ties, although partly under the prevailing conditions of dif-
fuse illumination, which depend on the atmospheric condi-
tion. The determinant, |R|, has the physical meaning of a
correction term for using p, in multiple bouncing between
surface and atmosphere.

These equations clearly demonstrate the coupling be-
tween surface reflectance properties and atmospheric ra-
diative transport. Given the atmospheric parameters, the
BRDF p, can be retrieved only if the integral reflectance
expressions occurring are known, which in turn depend on
the BRDF and the atmospheric state.

Approximations that can be made are to simplify the
treatment of multiple scattering to be mainly based on
the terms involving ¢4{us )tq(s4y), or to approximate g, by
py. However, the error made can be significant under tur-
bid conditions [Lewis and Barnsley, 1994]. Approximat-
ing p; by the bihemispherical integral of the BRDF (the
“white-sky albedo” p,, which is the normalized integral
of py(f,) cos(fs) over the sun zenith) is less problematic,
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since the multi-bounce radiation between surface and at-
mosphere will tend to an isotropic distribution.

If a simultaneous, iterative retrieval of surface reflectance
and the coupling integrals is not possible, approximate
values will have to be used for the BRDF integrals. In
practice, these may be taken from previous retrievals or
estimated from the surface reflectance and ancillary data.
In the past, the most commonly used assumption has been
that the surface is Lambertian, which breaks the coupling
but introduces a potentially important error, as is demon-
strated in the next section.

2.3. Magnitude of BRDF Effects in Atmo-
spheric Correction

Work by Lee and Kaufman [1986] showed that even in non-
turbid conditions the assumption of a Lambertian surface
leads to large errors in predicted upward radiance In the
backscattering portion of the hemisphere (the situation is
much more favorable in the forescattering direction), espe-
cially for large solar zenith angles (e.g., 60°). This study
was conducted for a savanna data set [Kriebel, 1978]. In a
more recent study, Vermote et al. [1995, 1996] performed
atmospheric corrections of reflectance data that were ob-
tained from a Hapke model [Pinty et al., 1989] fitted to
directional reflectances of a plowed field with the sun at
30° zenith angle [Kimes, 1985]. Corrections were carried
out first using the assumption of a Lambertian surface,
then repeated using the BRDF reconstructed from that
“Lambertian” retrieval. In this manner a one-step itera-
tion was carried out. The respective solutions were com-
pared for three different optical depths. For a nonturbid
atmosphere, 7 = 0.01, the Lambertian assumption does
not lead to serious errors. For 7 = (.23 the relative ertor is
already about 10-15 percent at view zenith angles of +60°,
and less at smaller angles. The error of the solution after
one iteration is reduced to about 3-4 percent. In a turbid
situation, = = 0.5, the error made with the Lambertian
assumption is large, about 30 percent at +60° (forescat-
tering), and 12 percent at —60°, with smaller errors at
smaller view zenith angles. After the first iteration, this
error is reduced to 20 percent and 5 percent, respectively.
A second iteration, based on the BRDF from the first it-
eration, reduces the error to 14 percent and 1 percent,
respectively.

We have conducted a similar study using a Ross-thick+Li-
sparse kernel-driven BRDF model [ Wanner et al., 1995a].
Three different types of BRDF were investigated: strong
volume scattering (a croplike canopy), strong geometric-
optical scattering (a sparse woodland canopy), and an
intermediate case. The atmospheric model used was a
US standard atmosphere and continental aerosol, and the
6S atmospheric correction code was used [Vermote et al.,
1996]. Table 1 shows the ranges of RMS error, in per-
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cent, that were observed for these cases for different optical
depths, and when using a Lambertian assumption for at-
mospheric correction and when not, performing a one-step
iteration. Results are given for the red and near-infrared
wavebands, and for the surface BRDF and the bihemi-
spherical integral of the BRDF (the white-sky albedo). In
both cases, the errors which arise clearly increase with op-
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change studies. Zhang et al. [1995] point out that over
land the average shortwave reflectivity of clouds is only
1.5 times higher than that of the surface, making surface
albedo an important influence. These authors go on to
state that current uncertainty in land surface albedo is
more important than current uncertainty in cloud albedo
with respect to determining net surface shortwave fluxes.

tical depth, but are noticeably smaller in the non-LambertianWith respect to climate models, Henderson-Sellers and

case when compared to that using the Lambertian as-
sumption. Employing an isotropic surface reflectance in
atmospheric correction, errors in the surface reflectance
between about 2 percent and 16 percent are made. A one-
loop correction, however, reduces the errors to a range
from 1 to 3 percent in all but the most turbid case, where
the errors are also reduced considerably. The situation
is similar with the bihemispherical reflectance. The er-
ror made is reduced by a significant factor if a one-step
iteration loop is performed.

These results show clearly that errors of up to 10
percent, and at some angles and under turbid conditions
more, occur if BRDF effects are not taken into account in
atmospheric correction. The difference between the first
and second iteration in the turbid case of the study of
Vermote at al. [1995] illustrates that even using a BRDF
that is only approximately correct can be improved upon
noticeably by using a BRDF that is closer to the real
anisotropy. The conclusion from all the studies is that
it 1s worthwhile, even necessary, to use BRDF corrections
in atmospheric correction, unless the conditions are not
very turbid. It also is clear that the size of the error
that remains depends on the accuracy of the BRDF used.
However, an iteration in one or two steps leads to suf-
ficiently accurate results, and should thus always to be
carried out in operational atmospheric correction where
BRDF information is available. Given the central im-
portance of surface reflectance to most of the goals to be
achieved in optical remote sensing, this implies that deriv-
ing a BRDF /albedo product is key to obtaining accurate
results from remotely sensed optical data.

This brief review has focused on the specific case of
the atmospheric correction problem. But by implication,
similar effects are to be expected in principle for radiation
budget studies and the radiation treatment in climate and
weather models. Clearly, the anisotropic nature of the
reflectance of the earth’s surface plays a role in shaping
the energy flux in the atmosphere close to the surface,
and needs to be taken into consideration in any surface
data retrieval or radiative tranfer modeling.

2.4. Albedo

Integrals of the BRDF play a role beyond that of atmo-
spheric correction. Good accuracy of global albedo val-
ues is required for global and regional climate and climate

Wilson [1983] state that an absolute accuracy of 5 percent
is required for a global albedo data set. The albedo val-
ues used by different climate models for identical regions
still differ by several percent (see Li and Garand [1994] for
an overview). GGutman [1994] addresses the problem that
albedo over dark targets, like rainforests, is more prob-
lematic than over land covers with higher reflectivity, and
that errors here can easily be 20 percent. Sellers [1993]
cites a need for a 2 perdent absolute accuracy for global
albedo in climate models. Thus, there is a longstanding
need for highly accurate albedo data. To meet this need
is a prime objective for remote sensing, one that has not
been fully met up to date.

In attempts to bridge this gap, global albedo has been
derived using a number of techniques utilizing radiation
flux and budget assessments, but hitherto not from bidi-
rectional reflectance distribution functions. Zhang et al.
[1995] assume Lambertian reflectance in their study of sur-
face and top-of-atmosphere radiative fluxes. The albedos
used are based on a few land cover classes and wind speeds
over oceans, and are given as a function of solar zenith an-
gle and season. Dropping the Lambertian assumption will
be the obvious next step in the development. A method
also discussed by Zhang et al. [1995] is to use albedos de-
rived from the earth radiation budget experiment (ERBE)
to fit measurements at hand, depending on land cover
type. Li and Garand [1994] investigate deriving surface
albedo from top-of-atmosphere albedos in a clear sky sit-
uation, and find an accuracy of a few percent. They point
out that bidirectional effects have not been given proper
attention even though they are among the decisive factors
in determining surface albedo from satellite measurements.
These authors also use a Lambertian albedo for the land
surface. The albedos of the International Satellite Land
Surface Climatology Project (ISLSCP) data sets [Sellers
et al., 1994] are derived using a two-stream approxima-
tion. Problems with directional effects in AVHRR data
in general and their influence on surface albedo estimates
are discussed by Gutman [1994] and Ciklar, Manak and
Voisin [1994].

As a consequence, current coarse land cover-based and
radiation flux-derived albedo estimates will in future be
replaced by albedo products derived from directional re-
flectance measurements utilizing BRDF models of the land
surface, such as the MODIS BRDF /albedo product. These
new products will also have the advantage of having much
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finer spatial resolution than that of current data (2.5° x
2.5° for ERBE; 1° x 1° for the ISLSCP data base). This
will allow not only a closer correlation of albedos with land
cover classes, which is needed for parameterizations in the
land surface schemes of climate models, but also quan-
tifications of subgrid variability and derivation of better
coarse-scale averages.

Wanner et al.

and less than one day at latitudes greater than about 30°.
Orbital overlap thus makes it well suited for accumulating
multiangle reflectance data over a period of time. Spa-
tial resolution at nadir is 250 meters for the red and near
infrared bands and 500 meters for the other land bands.
MISR will image along-track using nine separate push-
broom cameras [Diner et al., 1991]. Four of these are
aft-looking, four fore-pointing, and one is nadir-viewing.
Observations will be made in four spectral bands at visi-

3. The MODIS BRDF/AlbedO Prod-e and near infrared wavelengths that are similar to those

uct

3.1. Product Outline

The MODIS BRDF/albedo product will provide the full
surface BRDF as well as black-sky (directional) and white-
sky (diffuse) albedos, these albedos being intrinsic surface
albedos. It will be produced from combining MODIS and
MISR data, at a spatial resolution of 1 km, and over land
only, globally. BDRF and albedos will be provided in 7
spectral bands ranging from 0.47 to 2.13um (see Running
et al. [1994]) and in three broadbands ranging from 0.3
to 0.7pm, from 0.7 to 3.0pum, and from 0.3 to 3.0pm. The
product will be produced once every 16 days (the EOS-
AM-1 platform and MISR 2-look repeat rate) and will be
based on the semiempirical Ambrals BRDF model [ Wan-
ner et al., 1995a; Strahler et al, 1995a; Lewis, 1995].
Results from inverting the empirical modified Walthall
BRDF model [Walthall et al., 1985; Nilson and Kuusk,
1989] will also be recorded. A separate quarter-degree res-
olution product will be provided for global modeling pur-
poses. This product will also carry information on sub-
scale variability. Principal Investigators on the MODIS
BRDF/albedo product are A. H. Strahler of Boston Uni-
versity and J.-P. Muller of University College London.

3.2. Angular Sampling from MODIS and
MISR

Two key issues for a BRDF/albedo product are the angu-
lar sampling coverage available and the expected rate of
loss of angular data due to cloud cover. Angular sampling
is given by instrumental and orbital characteristics [ Barns-
ley et al., 1994]. The EOS-AM-1 platform carrying both
MODIS and MISR will have a polar orbit with a 10:30
morning equatorial crossing time. The PM-1 platform, to
be launched in the year 2000 with a second MODIS sen-
sor, will have a 13:30 early afternoon crossing time. Data
from this second MODIS will be included in the MODIS
BRDF/albedo processing chain once it is available.

of MODIS. The potential spatial resolution of MISR ob-
servations is 275 m, but data will be made available at a
standard spatial resolution of 1.1 k. MISR’s swath width
is 364 km, allowing for a 9-day global repeat cycle, with
the 2-repeat cycle being 16 (not 18) days at the equator.

Angular sampling sufficient for BRDF model inver-
sions will be achieved by combining data from MODIS
and MISR in the four corresponding spectral bands, and
by accumulating data over a period of 16 days. In the
absence of clouds, this leads to between 30 multiangular
observations available at the equator, and about 55 ob-
servations at 60 degrees latitude, subject to variation with
season. Using a coarse statistic of mean global cloud cover
probability [ Wylie and Menzel, 1989; Wylic et al., 1994]
as a function of latitude, one may predict that generally
about 15 to 20 multiangular observations will be available
at all latitudes except at the equator, where abundance of
cloudy conditions is likely to create problems.

With this number of observations available on average,
sufficient angular coverage for a BRDF model inversion is
to be expected in most cases. Since MODIS scans across-
track and MISR along-track, the respective views will gen-
erally represent different parts of the BRDF [Barnsley et
al, 1994]. When one sensor views the cross-principal plane
of the BRDF, the other views the principal plane, and vice
versa. Figure 1 illustrates this, showing two typical cases
for a particular latitude and time of year. With two sweeps
across it, sampling of the viewing hemisphere is good in
all cases. Sampling of the illumination hemisphere, how-
ever, is limited. Any one string of MISR data is acquired
for only one solar zenith angle, while the MODIS observa-
tions display a small but valuable variation in that angle
during the sampling period.

3.3. Kernel-Based Semiempirical BRDF Mod-

els

The MODIS BRDF/albedo product will be based on a
semiempirical, kernel-based modeling approach introduced
by Roujean et al. [1992] for top-down BRDF modeling.

The MODIS sensor will image the earth’s surface across- Mathematically, this type of model has the following form

track with a swath width of 2330 km [Running et al., 1994].
The viewing zenith angle will vary between £55°, or about
+61° at the surface. The repeat cycle is two days at most,

(here using two kernels and a constant):

R(gi,gva¢) = fi + kav(ei: 6@»¢) + fsks(eia gvv ¢)a (7)
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where R is the reflectance, k, and k, are kernel functions,
and f are the weights of these functions (the model pa-
rameters). The kernels depend only on the viewing and
illumination geometry. They describe basic BRDF shapes
into which the full BRDF may be decomposed.

In this kernel-based BRDF model, the BRDF is given
as a linear superposition of kernel shapes, which are chosen
to represent different types of scattering with typical influ-
ences on the BRDF. In the above formulation, for example,
k, stands for volume scattering as described by radiative
transfer theories, and k; for surface scattering as derived
from geometric-optical theories. The kernel that goes with
the constant f; is the isotropic Lambertian kernel, unity.
Although the kernel functions used can be empirical (as in
the Walthall model [ Walthall et al., 1985]), they are best
derived from a physical theory through approximation,
making the resulting model semiempirical. Mathemati-
cally, the weights f may be expressed in terms of physical
properties of a scene, such as leaf area index, shape and
height of trees, surface reflectance, etc. Through inver-
sion, however, only the three quantities f are retrieved,
providing the relative influence of the respective type of
scattering on the directional signal observed, and allowing
a rough characterization of the structural characteristics
of the surface observed.

The kernel-based approach to BRDF modeling has
been discussed and justified by Roujean et al. [1992] and
Wanner et al. [1995a]. Depending on the scene, it may
be understood in different ways. In a mixed scene com-
posed of two areas with different BRDFs, for example a
grassland-forest mixed pixel, the superposition represents
the respective areal contributions of the mainly shadow-
driven (geometric-optical) BRDF of the forest and the tur-
bid medium-type BRDF of the grassland. Adjacency ef-
fects are neglected, which is admissible unless the mosaic
is very fine or the zenith angle very large. But even in
a homogeneous scene, volume and surface scattering may
still be both present. For example, in a forest canopy
the geometric scattering is given by the inter-crown gaps,
whereas the volume scattering is given by the gaps be-
tween the leaves. The superposition then describes first
and second-order scattering, while neglecting the coupling
of the two. From a practical standpoint, it is perhaps
most accurate to say that the BRDF observed is decom-
posed into the two components represented by the two
basic types of scattering. Volume and surface scattering
produce BRDF functions that are semi-orthogonal due to
an increase in reflectance with zenith angle in the former
and a decrease in the latter case.

Kernel-driven models have been proven successful in
application to AVHRR, advanced solid state array spectro-
radiometer (ASAS), laboratory and field-measured multi-
angular reflectance data and have been shown to fit ob-
served BRDF data well | Roujean et al., 1992; Leroy and
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Roujean, 1994; Wu et al., 1995; Wanner et al, 1995b;
[Priveite and Vermote, 1995; Strakler et al., 1995¢; L: et
al., 1996; Barnsley et al., 1996b; Hu et al., 1996; White
et al., 1996]. Some examples of the latter will be given in
section 5. A kernel-based model is also being used for the
BRDF /albedo product of the polarization and directional-
ity of the earth’s radiation (POLDER) project [ Deschamps
et al., 1994; Leroy et al., 1996].

3.4. The Ambrals BRDF Model

The kernel-based BRDF model to be used for production
of the MODIS BRDF/albedo product was chosen to be
the Ambrals BRDF (Algorithm for MODIS bidirectional
reflectance anisotropy of the land surface) BRDF model,
as defined by the kernels used in it. The rationale for
choosing this model is given in section 3.5. The kernels
used are based on theory by Roujean et al. [1992], Ross
[1981], Zi and Strakler [1992], Li [Strahler et al., 1994;
Wanner et al., 1995a] and Cozr and Munk [1954].

The Ambrals model provides two choices each for the
volume scattering and the surface scattering kernel. The
kernels to be used in a particular case depend on the
characteristics of the multiangular observations available.
The two kernel expressions derived for volume scattering
are based on two different approximations to a single-
scattering radiative transfer theory of Ross [1981], one for
large values of the leaf area index (“thick” approxima-
tion) [Roujean et al., 1992], one for small values (“thin”
approximation) [ Wanner et al., 1995a]. For geometric sur-
face scattering, two types of Li-kernels are available. These
were derived from the geometric-optical mutual shadowing
BRDF model for forest canopies by Li and Strahler [1992].
The first of these is an approximation for “sparse” spacing
of discrete objects (crowns), the second for “dense” spac-
ing of objects (crowns) [Strakler et al., 1994; Wanner et
al., 1995a]. The Li-sparse kernel is mainly driven by the
way shadows emerge and are hidden in the scene, while the
Li-dense kernel is dominated by the sunlit crowns as seen
under conditions of mutual shadowing in both viewing
and illumination directions. For MODIS BRDF /albedo
processing, the Li-sparse kernel is formulated to represent
spheroids that are relatively close to the ground (b/r =
1, h/b = 2, where b is the crown vertical radius, r the
crown horizontal radius, and h the height to center-of-
crown). The Li-dense kernel is formulated to represent
prolate crowns that are situated some distance above the
ground (b/r = 2.5, h/b = 2). For general use of the
Ambrals model, other choices of these parameters can be
made.

In cases where the forward-scattering direction of the
BRDF has been sampled, a Cox-Munk kernel has been de-
veloped [Strahler et al., 1995a, update] to model contribu-
tions from sub-resolution water bodies, flooded fields, and
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melting ice. This kernel is based on a theory of sunglint
on the ocean by Cox and Munk [1954]. A wind speed pa-
rameter of 5 m/s is used.

Figure 2 shows the shape of these five Ambrals model
kernels on the principal plane for three different solar zenith
angles. Kernels may be normalized before use to have com-
parable ranges of values or integrals. Note that volume
scattering and surface scattering kernels are, to a large
degree, linearly independent.

Using these kernels, the Ambrals BRDF model can
acquire five distinct forms, Which allows good fits to the
variety of BRDF shapes expected from global BRDF ob-
servations at the kilometer scale. The Ross-thin kernel is
combined with either the Li-sparse or the Li-dense ker-
nel, as is the Ross-thick kernel. The Cox-Munk kernel
is combined with the Li-sparse kernel. These five model
variants, also listed in Table 2, will be used to produce the
MODIS BRDF/albedo product. Tests have shown that for
a variety of land cover types at least one of these models
provides a good fit, although for some land cover types
several models may do well due to the fact that they share
the kernel that accounts for most of the BRDF shape (see
section 5 of this paper, and [Wanner et al., 1995b, Hu et
al., 1996)).

3.5. Rationale in Choosing the Ambrals
BRDF Model

Quite a number of BRDF models are available in the lit-
erature, ranging from simple empirical to rather complex
numerical models that more closely represent the phys-
ical features of the plant types being modeled (Strahler
[1994] gives an overview). The majority of these were
derived from a forward-modeling perspective. Geomet-
ric and optical properties of vegetation are used to com-
pute the most prominent features of radiation scattering
and shadow casting in plant canopies, and to derive the
BRDF. While being very valuable in providing an insight
into the physics of the interaction of light with vegetation,
they are not ideally suited for remote sensing applications.
Forward modeling represents a bottom-up approach, while
remote sensing requires dealing with the inverse problem.
The perspective that needs to be at the core of the mod-
eling is top-down.

The rationale for choosing the Ambrals BRDF model
for the operational inversions of MODIS BRDF/albedo
processing is outlined by four requirements that were met
by this model.

(1) The model is required to be reflectance-based to
eliminate the need to rely on ancillary databases of vege-
tation properties, soll brightnesses, etc. Global databases
of these properties do not exist currently with the required
spatial resolution and mostly are of unknown quality. Fur-
thermore, the approach chosen should be flexible enough
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to model the BRDF's of the major types of vegetation and
non-vegetated surfaces. This, to some extent, precluded
the use of just one single BRDF model for all land cover
types.

The Ambrals model meets these requirements in that
the inversion of three parameters is achievable from the
available multiangular sampling, and that no additional
parameters need to be pre-determined. It has been suc-
cessfully applied to a number of observed BRDF data set
[Privette and Vermote, 1995; Strahler et al., 1995¢c; Wan-
ner et al., 1995b; Hu et al., 1996; White et al., 1996]. A
similar model is to be used for operational BRDF retrievals
or POLDER [Leroy et al., 1996].

(2) The model used should be robust in several re-
spects. It should be robust with respect to inversion from
limited angular sampling and robust against noise in the
input data. It is essential that it should not assume that
the pixels viewed possess a homogeneous land cover (an as-
sumption implicit in most BRDF models). Globally, the
number of mixed pixels heterogeneous at the 100-meter-
scale is large. Also the BRDF model needs to be able to
model BRDF effects caused by hilly and rugged topogra-
phy and by rough soil surfaces.

Due to the top-down modeling approach taken in kernel-
driven models, discussed in the previous section, the Am-
brals BRDF model meets these requirements well. Noise
sensitivity is discussed in section 3.7.

(3) There should be a mathematically clear way of
scaling the model spatially. The MODIS BRDF/albedo
product will be generated at a spatial resolution of 1 kilo-
meter, but the results may be applied at coarser reso-
lutions up to climate-model resolutions of 2.5 degrees or
more. Since the BRDF is a nonlinear function of at least 3
angles, such spatial scaling is not a straightforward opera-
tion, and neither is the spatial averaging of albedos when
taking a varying BRDF effect into account.

The Ambrals model scales spatially due to its linear
properties: the parameters of the model at a coarser spa-
tial scale may be expressed through weighting of the pa-
rameters of each kernel according to their proportion of
area. This will allow degrading the MODIS BRDF/albedo
product to any resolution desired for a specific modeling
purpose.

(4) The model must have a speedy inversion. This ex-
cludes the use of numerical inversion techniques, typically
required for the inversion of physical and numerical BRDF
models (cf. Goel [1989]). Currently, only a model that has
a mostly analytical inversion is a feasible candidate.

The Ambrals model may be inverted analytically by
solving the set of linear equations derived from minimiz-
ing an appropriate error function through matrix inversion
[Lewis, 1995]. The model inverts extremely rapidly for this
reason and is consequently ideally suited for large-scale
global BRDF inversion.
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3.6. Albedo From MODIS

The influence of atmospheric state on the radiative fluxes
at the surface becomes an issue when deriving albedo.
Albedo is defined as the ratio between the hemispheri-
cal upwelling and downwelling fluxes, the latter depending
on the amount of diffuse scattering occurring in the atmo-
sphere due to its aerosol and water vapor load. This makes
the albedo itself dependent on the atmospheric state at
the time of observation. Albedo in this form, while char-
acterizing accurately the radiative fluxes at the time of ob-
servation, is not directly usable in biospheric and climate
modeling, where the atmosphere applied and/or computed
may be different from that observed and may vary as a
simulation proceeds. What is needed for modeling is an
average or hemispherical reflectance in form of an intrin-
sic surface property that is not dependent on a particular
atmosphere and time.
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radiation, whereas in the longerwave region it is mainly
scattered. Broadband albedos are not simply spectral av-
erages of the albedo. They are defined such that, given
a downwelling broadband flux, the corresponding broad-
band upwelling flux is derived.
Narrowband-to-broadband albedo conversion will be
achieved by weighting the narrowband albedos by their as-
soclated proportion of downwelling solar irradiance. This
method has been used with nadir Landsat measurements
[Brest and Goward, 1987] and was shown to be satisfac-
tory by Ranson et al. [1991], although Starks et al. [1991]
report a case where a significant bias occurred. Since the
downwelling solar irradiance depends on the atmospheric
state during observation there is an undesirable depen-
dence of the broadband albedos on that state. We cur-
rently are considering resolving this situation by using the
irradiance found from applying molecular scattering alone
(clean-sky case). However, the spectral albedos will be

In order to meet this demand, the MODIS BRDF /albedoprovided by the MODIS BRDF/albedo product as well,

product will provide two measures of albedo in form of the

so individual researchers will always be able to carry out

directional-hemispherical and bihemispherical integrals of their own conversions.

the BRDF, derived through the Ambrals BRDF model
from atmospherically corrected reflectances. These albedo
measures then are intrinsic properties of the surface. They

Table 3 shows sample results illustrating the potential
accuracy achievable in narrowband-to-broadband albedo
conversion using the 7 MODIS land bands for three differ-

represent the following two cases. The directional-hemispherient land cover types. The broadband albedos derived from

integral (4), called the “black-sky albedo,” represents the
case of single-beam irradiation in the absence of diffuse
skylight, that 1s, the situation of a perfectly clear sky. The

bihemispherical albedo, called the “white-sky albedo,” given

by (6), with 7, replaced by p, and the integration over &;,
represents the case of perfectly diffuse illumination, that
is, the case of a perfectly turbid atmosphere, similar to
an overcast situation. The albedo under conditions of at-
mospheric scattering of light will then be a value between
these two extreme cases and depend on the actual aerosol
and water vapor loading,.

It may be noted that the black-sky albedo is a func-
tion of solar zenith angle, whereas the white-sky albedo is
a constant. It is an advantageous property of kernel-based
models that the black-sky albedo may be formulated as
a linear combination of the BRDF model parameters and
the black-sky integrals of the kernels. Since these inte-
grals may be pre-computed and tabulated, the black-sky
albedo can be generated from known model parameters
at any solar zenith angle without numerical integration
[Lewis, 1995] using a very compact look-up table that will
be provided with the product.

Black-sky and white-sky albedo will be given in all
seven MODIS land bands, spanning from 0.47 to 2.13um.
They will also be derived in three broad bands, from 0.4 —
0.7 pm, 0.7 — 3.0 pm, and 0.4 — 3.0 pm, which are use-
ful to climate modeling, where the wavelength domain is
commonly partitioned in this manner [Dickinson, 1983).
In the shortwave region, vegetation dominantly absorbs

splines to the spectral values are within 1 or 2 percent of
the real values.

3.7. Sensitivity of BRDF and Albedo Re-
trievals to Angular Sampling and Noise

The behavior of the Ambrals BRDF model under inversion
was studied in detall under conditions of angular sampling
as expected from MODIS and MISR. Two types of studies
were carried out. The first is a study of the influence of
random noise on the accuracy of the inversion. The second
is a study of how well a BRDF derived from a limited
set of angular reflectances interpolates and extrapolates
to angles not observed. Both of these extensive studies
will be reported in full detail elsewhere. Here, only a brief
overview over the main results can be given.

Both the noise sensitivity and the interpolation/extra-
polation accuracy study were conducted using simulated
16-day MODIS and MISR cloud-free viewing and illumi-
nation geometries simulated by the Xsatview software by
Barnsley and Morris [Barnsley et al., 1994]. Investigations
were carried out as a function of latitude and day of the
year. The quantities studied were nadir-view reflectance
and black-sky albedo at the prevailing mean sun angle of
observations ( “interpolation”) and for a fixed nadir or 10°
sun zenith angle (“extrapolation”). White-sky albedo and
the model parameters themselves were also investigated.

The noise sensitivity study was carried out by taking
advantage of the linear mathematical properties of kernel-
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driven models that allow an analytical analysis following
methods developed by Gauss [Whittaker and Robinson,
1960]. The diagonal elements of the inversion matrix found
in the minimization problem, which depend only on the
kernel values at the angles sampled, may be used to com-
pute so-called “weights of determination,” or “noise infla-
tion factors” [Wanner et al., 1996]. These factors indicate
how random uncertainty in the reflectances sampled trans-
lates into uncertainty in the BRDF and in albedo. Noise
inflation factors depend on the sampling geometry alone,
i.e., for MODIS and MISR sampling they vary with lati-
tude and time of year; but for kernel-based models they do
not depend on wavelength or the type of BRDF viewed.
The study conducted shows that both interpolated and ex-
trapolated nadir-view reflectances and black-sky albedos
as well as the white-sky albedo have median noise infla-
tion factors of less than 0.5, and worst values of less than
about 1, demonstrating that the inversions are stable with
respect to random noise.

In the presence of clouds, these factors are expected
to increase with the square root of the number of observa-
tions, provided that the angular coverage of the samples
does not change significantly. A comparison of the Am-
brals noise sensitivity with the corresponding sensitivity of
the semiempirical 3-parameter BRDF model by Rehman
et al. [1993] shows that both models behave very simi-
larly. The study was also carried out using MODIS-only
and MISR-only sampling. Results demonstrated that the
quality of a MODIS-only product is greatly enhanced by
adding MISR data. The noise inflation factor may be used
as a quantitative indicator of sampling quality in opera-
tional BRDF inversions and will be carried by the MODIS
BRDF/albedo product.

For the interpolation and extrapolation error study, a
three-dimensional discrete ordinate numerical BRDF for-
ward model by Myneni et al. [1992] was used to create
surface reflectances at the angles sampled by MODIS and
MISR over 16 days. The study was carried out for BRDFs
of six different biome types (grassland, shrubs, broadleaf
crops, savanna, broadleaf forest, conifers) and for red and
near-infrared wavelengths. Upon inversion of the Ambrals
BRDF model, results were compared with those known
from the forward model. At the mean sun zenith angle of
the observations the predicted nadir-view reflectance and
black-sky albedo were found to have a median deviation
from the true value of about 3 to 4 percent. At a sun
zenith angle of 10°, reflectance showed a median deviation
of about 6 percent, whereas black-sky albedo was accurate
to about b percent. This shows that while interpolation
can be carried out with good precision, extrapolation de-
pends more on favorable sampling conditions. White-sky
albedo could be determined with a median accuracy of 6
percent. Since these numbers are the results of model-to-
model comparisons, they should be interpreted with cau-
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tion; problems can be due to either model. In cases with
unfavorable sampling, errors of up to 10 or 20 percent may
occur.

Table 4 summarizes the noise sensitivity and the inter-
polation/extrapolation study results. The results in both
cases are medians over all cases investigated. The ranges
given are chosen to include two thirds of all relevant data.

4. The Algorithm

4.1. BRDF/Albedo in the MODIS Produc-
tion Chain

The MODIS BRDF/albedo product is generated as part
of the surface reflectance processing chain for the MODIS
instrument, which runs from calibration and geolocation
through atmospheric correction, gridding and resampling
to BRDF and albedo retrieval. The latter relies on atmo-
spherically corrected surface reflectance data from both
MODIS and MISR. and atmospheric coupling descriptors
for updating atmospheric corrections where necessary af-
ter the initial BRDF retrievals. Product generation is sup-
ported and gaps are filled by having available current land
cover and topographic information, the BRDF/albedo re-
sults from the previous production cycle and a global data-
base of accumulated BRDF /albedo knowledge that will be
built over time.

MODIS level-2 reflectances that have been cloud cleared
and atmospherically corrected are binned into the MODIS
level-3 grid over a period of 16 days and combined with all
MISR observations acquired during that time. The data
are averaged to a spatial resolution of one kilometer, where
each observation is weighted by the respective overlap be-
tween the grid cell and the observation footprint. Qual-
ity information associated with the data is translated to
quality coefficients that are used to weight individual ob-
servations in the subsequent BRDF inversion. This allows
special consideration of data where, for example, atmo-
spheric correction was difficult or aeroso! information was
taken from standard tables because no aerosol retrievals
were available.

The directional observations thus assembled are then
analyzed by inverting the five mode! variants listed in Ta-
ble 2 to find the Ambrals kernel combination that describes
the observations best. BRDF model inversion is carried
out by straightforward matrix inversion. The four bands
common to MODIS and MISR are inverted first. The
model chosen from this analysis is then applied to the three
remaining bands, in which only MODIS data are available.
The model parameters found are written to output along
with extensive quality control data and other information
necessary for an assessment of the product. Integration of
the BRDF 1s carried out to provide black-sky and white-
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sky albedos. Use of a digital terrain database will allow
correction for BRDF effects created by topographic shad-
ing some time after the launch of AM-1. Initially, the
BRDF derived will characterize the combined BRDF of
vegetation/soil and topography.

The Ambrals model kernel combination that describes
the observations best is selected from among the five model
variants available as follows. Generally, the kernels to be
used will be chosen to provide the fit with the smallest
root band-averaged mean squared error (RMSE) when in-
verting the available multiangular reflectances. The two
cases where an exception is made are if the RMSE found is
large, or angular sampling coverage 1s bad enough to mis-
trust the inversion, either because observations span only
a small angle range or their number is too small. In these
cases information from the supporting ancillary databases
is used to limit the inversion. If angular sampling is good
but the RMSE found is high, the kernel combination sug-
gested by the ancillary data (previous BRDF, BRDF ac-
cumulated database, land cover type, topography) is used
instead of the best-fitting model variant if the resulting
RMSE is not much worse. The model parameters are still
derived from a full inversion of the reflectances.

If angular sampling is bad or the number of reflectances
available is too small, a full inversion cannot be trusted
and gaps in the product would result. In this case, the
BRDF kernel combination and model parameters suggested
by the ancillary databases will be used, but the magni-
tude of the BRDF (the isotropic constant of the model)
will be adjusted to the observed reflectances. Through
this the shape but not the magnitude of the BRDF will be
fixed. This procedure also guarantees that the reflectance
information available in cases not permitting a full BRDF
inversion will not be simply lost but used to the extent
possible.

In each case, the source of the resulting BRDF infor-
mation will be recorded so that users can filter the output
according to their needs. The ancillary database accumu-
lating BRDF knowledge over time, keyed by season, and
the relationships between land cover type and BRDF used
will be established post-launch from the data observed and
updated at intervals.

Since the Ambrals model allows adapting the kernels
used to the specifics of the land cover types viewed by giv-
ing a choice of kernels, the mathematical expressions used
on adjacent pixels may be slightly different. While this is
expected to provide the best BRDF and albedo informa-
tion on a per-pixel basis, it may also cause difficulties in
mapping between pixels and where a much simpler uni-
form approach is desired. As a consequence, the MODIS
BRDF/albedo product will always also provide the full
inversion results for the modified Walthall BRDF model
[Walthall et al., 1985; Nilson and Kuusk, 1989]. This
model is purely empirical and is expected to produce re-

183

sults of reduced accuracy, particularly under conditions of
sparse angular sampling. But the simplicity of the math-
ematical expression used and the fact that it will be the
same for all pixels are attractive to applications where a
reduced accuracy is acceptable.

Product generation rules are the following. If less than
§ observations are available in the 16-day period, or they
are clustered in a small region of angle space, this will be
deemed insufficient for a full inversion. Angular coverage
will be monitored through the determinant of the inver-
sion matrix, which reflects the power of a given sampling
to discriminate the model parameters. If the looks are
all at very high zenith angles, production continues but
the appropriate quality flags are set to indicate this situ-
ation. Similarly, the quality of the product will be lower
if no MISR data are available. If the supporting inputs
of land cover, digital terrain and ancillary accumulated
BRDF database are not available, production continues
with lower quality, since these inputs are supportive only.
No BRDF is derived over oceans or inland water, although
pixels with subresolution water content will be processed.
For snow we expect the Ross kernels to apply, but this will
be investigated. Processing of areas covered by sea ice is
under consideration.

Details about the algorithm, its theoretical basis, and
its dependence on other products may be found in the
NASA Algorithm Technical Basis Document [Strahler et
al., 1995a], available on the internet at http://spso.gsfc.-
nasa.gov/atbd/pgl.html.

4.2. Output Product and Quality Flags

BRDF inversion results will be given in form of identi-
fiers determining the Ambrals model kernel combination
used for each pixel and the list of model parameters found
for each band for the Ambrals and the modified Walthall
model. Black-sky albedo at any solar zenith angle and
white-sky albedo for both models can be constructed with
almost no computational effort directly from the model
parameters using a small look-up table of precomputed
kernel integrals that will be provided to users with the
product. Broadband albedos will be given in a similarly
parameterized form.

Quality and product information will be comprised of
the following: an overall quality indicator; a flag detail-
ing the source of the BRDF given (new full inversion,
limited inversion or taken from ancillary database); the
quality of the fit over wavelengths; view and sun angle
coverage; the mean sun angle of the observations; flags in-
dicating whether topographic effects are expected in the
BRDF, whether MISR data was available and whether
atmospheric correction was updated; and the land/water
and data availability mask. The RMSE of the inversions,
a quantitative descriptor of the quality of the angular sam-
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pling found, and a parameter describing the relative con-
tribution of surface and volume scattering to the scene are
also recorded.

In addition to this one-kilometer BRDF /albedo prod-
uct, a product spatially degraded to a quarter-degree res-
olution will be produced for direct use in climate models.
This product will also carry information on the subgrid
variability of albedo.

4.3. The Ambrals BRDF Inversion and
Modeling Tool

The production algorithm has been programmed to pro-
vide maximum efficiency through avoiding multiple evalu-
ation of expressions shared by several kernels, and through
look-up table approaches to kernel value retrieval and albedo
calculations. One 16-day BRDF /albedo product at full
resolution and in all seven bands will have a total file size
of approximately 35 GByte. This size also applies to the
BRDF knowledge database to be created. The process-
ing power required to produce the 16-day product in real-
time is currently estimated at about 300 million floating
point operations per second. Preparing the input data for
BRDF /albedo processing requires additional resources.

A user working with the product will need to be able to
reconstruct the BRDF from the parametrization provided
by the MODIS BRDF /albedo product. For this, an al-
gorithm is required that allows forward modeling of each
of the models used in the inversion. The Ambrals code
will be provided in a form that allows forward and inverse
BRDF modeling of kernel-driven models, provides a selec-
tion of science options, numerical BRDF integration, and
permits easy adding of new models. This code can also be
used to degrade the product to coarser spatial resolutions
and derive the corresponding albedos. The Ambrals code,
together with a user guide, is presently available from the
authors upon request for BRDF modeling work and prepa-
ration of BRDF-dependent algorithms.

5. Validation

5.1. Validation Outline

Validation of the BRDF/albedo product will be performed
in three respects. First, the semiempirical BRDF models
need to be validated for as many types of land cover as pos-
sible to assure that they provide adequate mathematical
descriptions of occurring BRDF shapes. This is done us-
ing field-measured, laboratory-measured and numerically
simulated BRDFs.

Second, large-scale BRDF and albedo retrievals need
to be demonstrated given the constraints of sampling, at-
mospheric correction and temporal composition of data
occurring in a remote sensing situation. This is done
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using multiangular data from airborne sensors and from
AVHRR.

Third, the quality and accuracy of the product need
to be monitored during post-launch product generation.
This validation will be part of a MODIS-wide and EOS-
wide validation and quality assurance effort based on tower
measurements, aircraft campaigns and intercomparisons
with the results obtained from other space-based sensors.

5.2. Model Validation

Basic model validation was carried out by applying the
Ambrals BRDF model to multiangle reflectance data mea-
sured in the field for a variety of land cover types. Here
we demonstrate this work by giving a few examples, se-
lected to represent four distinct categories of land cover
types: forests; barren or sparsely vegetated lands; grasses
and grasslike crops; and broadleaf crops. The data sets
used include two soybean data sets observed by Ranson et
al. [1985] using an Exotech Model 100 radiometer. They
represent canopy coverages of 72 and 99 percent and solar
zenith angle ranges from 20° to 49° and 31° to 61°, re-
spectively. Inversion was carried out using all four bands
observed, including the red and near-infrared. An aspen
and a spruce forest data set were selected from measure-
ments by Deering et al. [1995] using a PARABOLA instru-
ment, and the red and near-infrared channel were used for
inversions. The solar zenith angle range was 45° to 59°
and 36° to 59°, respectively. All other data were acquired
by Kimes [1983] and Kimes et al. [1985, 1986] at solar
zenith angles ranging from 25° to 79°, varying from one
data set to another. The whole of the viewing hemisphere
was sampled for all data sets.

Evaluations were carried out for the red and near-
infrared (NIR) channels. Table 5 lists the data sets, gives
the model with the lowest root of the band-averaged squared

deviation between modeled and observed reflectances (RMSE),

and the coefficients of linear correlation between the mod-
eled and observed reflectances in the red and in the NIR
band. The RMSEs are found to be between 1.1 and 4.6
percent, which is satisfactory, and the correlation coeffi-
cients commonly are larger than 0.8 or even 0.9. These
results are typical for those found for a number other data
sets (including AVHRR, airborne POLDER, ASAS and
field-measured data) using variants of the Ambrals model
used here [Privette and Vermote, 1995; Hu et al., 1996;
White et al., 1996]. The corn data set has rather large
irregular variations in the observed reflectance, which ex-
plains the low red band correlation coefficient for this one
data set.

Figure 3 shows the correlation between observed and
modeled reflectances for one example from each of the four
land cover groups. Even though there are some deviations,
the modeled reflectances generally follow the observed val-
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ues. It is interesting that the unvegetated plowed field
data set is described well by the geometric-optical theory
of shadowing provided by the Li-sparse kernel. This is not
unexpected. Geometric-optical theories are based on rela-
tive geometric proportions and thus scale, and the plowed
field consists of shadow-casting clumps of earth sitting on
the ground. Note that in the cases of irrigated wheat and
the plowed field there are some reflectances that are no-
ticeably larger than the others, and that these are modeled
correctly.

Figure 4 shows the RMSE for each of five BRDF mod-
els tested for three examples of each land cover group (the
Cox-Munk/Li-sparse model was not used since it is only
applicable to scenes involving a water component). Obvi-
ously, all data sets are fit well by at least one of the models.
In a number of cases, one type of model fits the data better
than another. Examples include the models containing the
Li-sparse kernel for the barren or sparsely vegetated land
cover types, the Li-dense kernel for the hardwood forest,
and the Ross-thick kernel for the orchard grass and the
second soybean data set. In some other cases, all models
provide good fits, as for the aspen data set, the grass lawn,
and the corn. This may be explained by a low variance
of reflectances in the particular angular ranges sampled,
which places a large emphasis on the isotropic constant
of the models. The empirical modified Walthall model
performs fairly well in some cases, showing a lower RMSE
than the best semiempirical model. But this result is valid
for the relatively good angular sampling that characterizes
these validation data sets. Remotely sensed data will be
much sparser in angle space, which is when the physical
basis of the semiempirical models will give them an im-
portant advantage.

An important question is whether the differences in
the RMSE found between model variants translate to no-
ticeable differences in derived reflectances and albedos. If
this were not the case, all model variants could be consid-
ered equally capable of modeling the BRDF of different
land cover types, and using only one of them would be
sufficient. But there is indeed a difference between kernel
combinations. Figure 5 shows this for two examples, the
hardwood forest data and one of the soybean datasets. In
the forest case, the models containing the Li-dense kernel
clearly have a smaller RMSE. But the white-sky albedo is
nearly the same for all model variants. This may be caused
by the term cos 8, sin #, cos #; sin &; that occurs in the bi-
hemispherical albedo integral. Values of the BRDF at very
small and very large zenith angles, where the dependence
of the BRDF on angle is strongest, have only a weak effect
on the albedo. In the case of the soy dataset, however, the
opposite effect occurs. There is a noticeable difference in
albedo between models based on the Ross-thin and those
based on the Ross-thick kernel even though the RMSEs of
all model variants are similar.
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The isotropic model constant f; (nadir sun and view
reflectance) shows, in this example, large differences be-
tween model variants for the case where the albedo varies
little, but only small variation in the case where the albedo
differs across kernel combinations. These and similar find-
ings for other datasets lead to the conclusion that choosing
the correct model is important for generating accurate re-
sults. Using just one BRDF model or model variant will
lead to results of varying quality for different land cover
types. This situation will be aggravated under conditions
of more limited sampling than is the case for these well-
sampled field-measured data sets.

The feasibility of using kernel-based semiempirical mod-
els for modeling bidirectional reflectance data has also
been shown by several authors using a model similar to
the Ambrals model, employing the Ross-thick kernel and
a geometric-optical kernel by Roujean et al. [1992]. Leroy
and Roujean [1994] were able to correct noise-like tempo-
ral variations in AVHRR data that were due to varying
angles of observations. Wu et al. [1995] successfully mod-
eled AVHRR data for several different land cover types.
Li et al. [1996] are able to remove mosaicking borders
from an AVHRR NDVI image of Canada that were due to
directional differences between overpasses. Privette and
Vermote [1995] conclude that kernel-based models of the
Ambrals model type perform satisfactorily for atmospheric
correction purposes on an AVHRR desert scene. Barnsley
et al. {1996b] apply the Roujean model and the modified
Walthall model to multiangle images obtained by ASAS
during the HAPEX-Sahel campaign. They show that the
first parameter of the semiempirical model, which is the
reflectance for nadir view and sun, is the most stable pa-
rameter in the retrieval and matches spatially with the
nadir-view images acquired. Maps of albedo are produced
from the model inversions. Inversions of a soybean and
a nasturtium dataset observed in a Chinese laboratory
that acquires rapid multiangle reflectance measurements
has produced satisfactory results both when angular sam-
pling was dense and when it was sparse [Strahler et al.,
1995¢].

The conclusions to be drawn from these validation
investigations are the following. First of all, the kernel-
driven semiempirical Ambrals BRDF model to be used in
the MODIS BRDF/albedo algorithm is capable of fitting
bidirectional reflectance data sets well. Second, different
kernel combinations fit different data sets best. Using a
small number of distinct kernel variants is therefore ad-
visable if both albedo and the BRDF are to be derived
with low errors. And finally, the modified Walthall model,
to be used as a uniform model parallel to the Ambrals
model, is capable of fitting the data sets tested here as
well, but it is expected to perform less well for inversion
of the more limited angular sampling encountered from
MODIS/MISR.
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Additional field-measured BRDF data sets are expected
to be available for continued model validation. The BRDF
laboratory in Changchun, China, [Strakler et al., 1995¢;
Liang et al., 1996] will provide additional BRDF measure-
ments in the future. Data acquired during the BOREAS
campaigns are beginning to be available, such as the PARA-
BOLA data sets by Deering et al. [1995], two of which
were used in this paper. Artificial data sets have been
created by Soffer et al. {1995] using model trees in a labo-
ratory, and by Lewis and Muller [1992] using Monte Carlo
ray-tracing. BRDF data sets generated numerically for
several different biome types from a 3D-radiative transfer
code by Myneni et al. [1992] are being employed for a
detailed study of model properties that will be reported
elsewhere.

5.3. Relationship of BRDF to Land Cover

In Figure 4, there is an indication of distinctive patterns
characterizing each land cover type group. In the case of
the hardwood forest, clearly the two models involving the
Li-dense kernel are much favored over those involving the
Li-sparse kernel. This corresponds to the fact that the
forest observed was indeed dense in nature. There is little
difference between the model using the Ross-thick kernel
and the model using the Ross-thin kernel. This may be
explained by the fact that scattering is dominated by geo-
metric optics, leading to a small weight given to the volume
scattering kernel. It does not matter which one is chosen.
The case 1s less clear for the pine and the aspen data sets,
but the aspen does show a slight improvement of fits if
the Ross-thick kernel is used. Although it might well be
expected from the scene type, this data set lacks a distinct
hotspot, perhaps due to instrument characteristics.

All the examples given for barren or sparsely vege-
tated covers show a distinct preference for the Li-sparse
kernel, which is driven by shadowing. The plowed field
consisted of clumps of earth on the ground, leading to
strong surface scattering effects. The annual grass data
set was acquired at a site with less than 5 percent of veg-
etation cover, where 40 percent of the surface was covered
by stones and pebbles [Kimes and Sellers, 1985]. The
steppe grass site had clumps of grass, and the total cover
was 18 percent. Obviously, the structured surface of these
land covers is best represented by strong shadow-driven
geometric-optical scattering.

Two of the three data sets given for dense grasses and
grasslike crops show a preference for models containing
the Ross-thick kernel, as might be expected for dense hor-
izontally layered canopies that show little shadowing. In
the broadleaf crops group, two of the three examples given
are modeled well by all models. They lack angular varia-
tion in the angle intervals sampled, resulting in a strong
isotropic contribution to overall fitting that renders the
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contributions from the respective kernels less important.
One set, however, shows the influence of both shadowing
and volume scattering in being modeled best by the Ross-
thick /Li-dense model.

We think that there is an indication in this data that
where mutual shadowing of crowns plays a role, as in
most forests, models containing the Li-dense kernel will be
chosen, whereas in scenes where shadows are dominant,
models using the Li-sparse kernel are preferred. These
scenes would then be sparse forests or brushlands, and
rock-strewn deserts, rough (plowed) terrain or clumped
vegetation, respectively. When the Ross-thick kernel is
chosen over the Ross-thin kernel, or all models perform
well, a dense layered canopy with no individual crowns is
observed. The Ross-thin kernel is expected to be applica-
ble to scenes with a thin but horizontally continuous layer
of leaves over a rather solid background, which can be the
ground or dense underlying vegetation.

Table 6 summarizes these correspondences in a tenta-
tive list of land covers likely to be associated with mod-
els containing specific kernels. Whether the relationships
speculated upon here hold with any consistency, and whether
the differences are distinct enough to allow reliable infer-
ence of surface structural properties, remains to be seen
when much more extensive data sets than are now avail-
able can be studied. But the fact that surface structure
determines the angular dependence of the reflectance, as is
known from physical reflectance forward modeling, should
make a retrieval of at least general structural informa-
tion of the type discussed here possible [Goel, 1989; Pinty
and Versiraete, 1991]. If the classes obtained from such
an analysis are not congruent with the classes derived
from spectral land cover classifications, the combination
of directional and spectral information should allow for
more accuracy in land cover classification. An example is
the distinction between dense and sparse forests, or be-
tween dense brush and sparse forest, which may have sim-
ilar spectral properties but distinct bidirectional charac-
teristics. A study by Barnsley et al. [1996a] shows that
while the spectral information content of a scene of arable
farmland obtained with the airborne multispectral scanner
Daedalus is greater than the directional information con-
tent, the multiangle properties of the data nevertheless
provide an important means of distinguishing between the
occurring land cover types. For this reason, the MODIS
land cover product will make use of BRDF-derived infor-
mation where feasible [Strahler at al., 1995b].

5.4. Pre-Launch Product Prototyping

Several projects are close to completion that apply the
Ambrals BRDF model to AVHRR data over large regions,
demonstrating and testing the MODIS algorithm. It is be-
yond the scope of this paper to report this work in detail.
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A study led by d’Entremont [d’Entremont et al., 1995,
1996] is targeted at inversions of AVHRR multiangle im-
agery for the whole of New England. Maps of albedo and
kernel combinations chosen have been derived. A project
conducted by Lewis includes large-area AVHRR data in-
versions for different times of the year for the Sahel region
of Africa. A similar investigation, led by X. Li, is under
way for a large area surrounding the site of Three Gorges
dam project on the Yangtse river in China. These sci-
entific studies, which also serve to prototype the MODIS
BRDF /albedo product, demonstrate the feasibility of the
approach and have been successful in generating BRDF
and albedo images of large areas. Validation of the re-
sults obtained is the next step. In the Sahel region, for
example, both ground-measured and airborne sensor mul-
tiangular data have also been evaluated for comparison.

Other sources of large-area data that will be used when
they become available are data from the POLDER instru-
ment, launched in August 1996, and the SPOT-VEGE-
TATION sensor, also to be launched before the AM-1
platform. These data sets, observed from space, will be
complemented by more limited datasets acquired from air-
borne sensors. Here, several campaigns have been car-
ried out and will be carried out in the future with the
ASAS, the MODIS airborne simulator (MAS), the com-
pact airborne spectrographic imager (CASI) and the air-
borne POLDER sensors over a variety of sites, Work on
processing these data is under way. Semiempirical models
will be and are being applied to these data sets to opti-
mize the algorithm for deriving BRDF and albedo from
MODIS/MISR. AirMISR is a MISR-like instrument that
will be very relevant to BRDF studies once it is operational
mn 1997.

5.5. Post-Launch Product Validation

In the post-launch phase, a coordinated effort for validat-
ing the radiometric products of MODIS and EOS as a
whole will be undertaken. Validation of BRDF and albedo
is tied into validation of calibration, atmospheric correc-
tion, and several higher-order products. This effort 1s cur-
rently being developed in the EOS project.

A number of tower sites will be equipped with ra-
diometers monitoring upwelling and downwelling radiances
on a continuous basis. At a minimum, these sensors will
record broadband hemispherical fluxes. Spectral measure-
ments will be made whereever possible. A selected num-
ber of sites will also feature directional measurements. The
status of the land cover around the towers and atmospheric
properties over the towers will be measured simultane-
ously. Tower sites will be chosen to represent major land
cover types. One problem with many current sites observ-
ing aerosols, for example, is that little attention is given
to the upward fluxes coming back from the surface (e.g.,
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rooftop instruments will not do).

The observations obtained at a tower site will be scaled
to the footprint size of the space-based sensor through oc-
casional aircraft overflights that relate site properties to
surrounding areas. Additionally, sites will be chosen to
be homogeneous in land cover type. Scaling may also be
inferred from using data from sensors with different reso-
lutions.

An important part of post-launch product monitoring
will also be cross-comparing the MODIS BRDF /albedo
product with the corresponding MISR surface product and
the POLDER BRDF and albedo product. Use of data
comparable data from meteorological satellites for valida-
tion purposes will also be investigated.

6. Conclusions

Surface reflectance is a key quantity in optical remote sens-
ing. A multitude of derived parameters and estimates are
based on surface reflectance, for example land cover clas-
sifications, snow and ice maps, and vegetation state pa-
rameters. However, since the reflectance of the land sur-
face is anisotropic in nature, retrieval of the bidirectional
reflectance distribution function is essential for an exact
interpretation of the data, and for characterizing average
reflectance in form of albedo measures. In addition, BRDF
and albedo are required for accurate computations of ra-
diative transport in the atmosphere, providing the direc-
tional characteristics and the magnitude of scattering at
the lower boundary. This is of importance in atmospheric
correction and in the radiation transfer schemes of climate
and weather models.

The MODIS BRDF/albedo product will provide this
information to a wide variety of users as part of the EOS-
MODIS standard product catalogue. The expected uses
comprise correction of images for directional effects; stan-
dardizing images to common viewing and illumination ge-
ometries; deriving vegetation indexes free of directional
effects; providing lower boundaries for atmospheric cor-
rection and radiation budget investigations; retrieving pre-
cise measures of land surface albedo; inferring land surface
structural characteristics, especially of vegetation and to-
pography; and as an input to land cover classification. A
possible future application 1s in cloud detection.

The MODIS BRDF/albedo product will employ the
Ampbrals kernel-based semiempirical BRDF model, mak-
ing use of a total of five different available kernel functions,
and the modified Walthall model for modeling the multi-
angle data. These models have been shown to fit a variety
of observed multiangular data sets well. Besides possess-
ing beneficial computational qualities, such as analytical
inversion, direct spatial scaling and generic accommoda-
tion of mixed pixels, their physical basis allows for credible
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extrapolation of the BRDF to angles not covered by the
observations. The BRDFs found will be integrated to pro-
vide integral measures of albedo that do not depend on
atmospheric state.

The combination of these activities, it is hoped, will
contribute to the goal of EOQS, to further the understand-
ing of the earth system in a time of potentially large changes
induced by human activity. The production of a routine
global BRDF and albedo product will lead to an increased
understanding of the role that directional anisotropy in
the reflectance of the earth’s surface plays in the global
energy system.
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Table 1: Percent RMS Error Ranges in BRDF and Bihemispherical Albedo Retrieval Using Lambertian and
Non-Lambertian Assumptions in Atmospheric Correction and Different Optical Depths 7.

7=20.15 7=10.30 7 =10.50
Band Lambertian non-Lamb. Lambertian non-Lamb. Lambertian non-Lamb.
BRDF  red 2.3-5.2 0.4-1.3 5.9-10.6 0.7-2.9 7.4-16.2 1.6-5.9
NIR 1.5-5.7 0.1-0.7 2.7-1.7 0.4-2.5 4.1-14.2 1.2-6.2
Bihem. red 1.8-7.1 0.2-1.4 0.8-9.5 0.3-1.7 1.8-14.6 0.3-3.6
Albedo NIR 1.0-1.9 0.2-0.8 1.0-3.0 0.3-0.6 0.5-5.1 0.5-1.5

The ranges given correspond to three different shapes of the BRDF: one that is dominated by volume scattering,
one that is dominated by surface scattering, and one that is a mix of the two.

Table 2: Ambrals Model Kernel Combinations to be Used in Generating the MODIS BRDF /Albedo Product.

Model Applicable Scene Type LAI bjr  h/b

1. Ross-thin/Li-sparse  scenes dominated by weak volume low or 1.0 2.0
scattering and simultaneous very high
shadowing

2.  Ross-thin/Li-dense scenes dominated by weak volume low or 25 20
scattering and simultaneous very high
mutual shadowing

3. Ross-thick/Li-sparse scenes dominated by volume moderate 1.0 2.0
scattering and simultaneous
shadowing

4.  Ross-thick/Li-dense  scenes dominated by volume moderate 2.5 2.0

scattering and simultaneous
mutual shadowing
5. Cox-Munk/Li-sparse  scenes dominated by shadowing N/A 1.0 2.0
and simultaneous forward
scattering

Note that for each model, the weights attributed to the individual kernels can still range from making volume scatter-
ing dominant over surface scattering or vice versa. This may be due to the respective areal proportions of the scene
components, or to a mix of the two scattering types in a homogeneous scene.
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Table 3: Spectral-to-Broadband Albedo Conversion: Accuracy of Results Based on 7-Band Splines as Com-
pared to Exact Results.

Exact Results

Band-Based, Deviations

Cover total vis IR total vis IR
Type 04-22pm 0.4-0.7pm 0.7-2.2pm 0.4-2.2pm 0.4-07pm 0.7-2.2um
grass 0.22 0.058 0.34 -0.9% +0.5% -1.2%
soil 0.18 0.10 0.24 -0.4% -3.2% +0.4%
SNOwW 0.84 0.99 0.72 -2.1% -0.2% -4.0%

Table 4: Expected BRDF/Albedo Product Accuracy: Median Values and Ranges for 16-Day MODIS and
MISR Sampling at Different Latitudes and Times of Year.

Quantity Investigated

Noise Inflation
Factor

Interpolation/Extrapolation
Error (percent)

Interpolation
(sun zenith =
mean of obs.)

Extrapolation
(sun zenith =
nadir/10°)

Combined
(all sun zeniths)

nadir reflectance

black-sky albedo

nadir reflectance

black-sky albedo

white-sky albedo

0.21 (0.18-0.28)
0.17 (0.15-0.20)

0.45 (0.17-1.08)
0.23 (0.18-0.49)

0.31 (0.17-0.82)

3.3 (0.7-8.1)
3.1 (0.5-9.6)

5.9 (0.8-28.7)
4.8 (0.8-16.0)

6.0 (1.4-14.2)
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Table 5: Sample Ambrals Model Fit Accuracies Using Field-Measured BRDFs of Several Different Land
Cover Types in the Red and NIR Bands.

Cover Type Source  Best-fit Kernels RMSE (%) r (red,%) » (NIR,%)
Needleleaf and Broadleaf Forests
Dense hardwood forest Kimes Ross-thick/Li-dense 3.0 0.90 0.89
Dense pine forest Kimes Ross-thin/Li-dense 4.1 0.78 0.72
Aspen forest Deering  Ross-thick/Li-sparse 2.5 0.92 0.88
Spruce forest Deering  Ross-thick/Li-sparse 1.1 0.95 0.94
Barren, Soil, Sparse Vegetation
Plowed Field Kimes  Ross-thick/Li-sparse 1.6 0.98 0.98
Annual grass (cover. 5%) Kimes  Ross-thick/Li-sparse 2.3 0.95 0.88
Steppe grass (coverage Kimes Ross-thick/Li-sparse 2.4 0.89 0.92
18%)
Grasses, Grasslike Crops
Grass lawn Kimes Ross-thin/Li-dense 4.6 0.72 0.84
Irrigated wheat Kimes  Ross-thick 3.7 0.91 0.92
Orchard grass Kimes Ross-thick/Li-sparse 3.1 0.84 0.91
Broadleaf Crops
Soybeans (coverage 72%)  Ranson  Ross-thick/Li-sparse 1.7 0.75 0.89
Soybeans {coverage 99%) Ranson  Ross-thick 1.1 0.91 0.93
Soybeans (coverage 90%)  Kimes Ross-thick/Li-sparse 4.3 0.78 0.81
Corn (coverage 25%) Kimes  Ross-thin/Li-dense 2.8 0.47 0.75

Sources: Deering = Deering et al. {1995]; Ranson = Ranson ef al [1985]; Kimes = Kimes [1983), Kimes et al.
[1985, 1986].



Global BRDF and Albedo Retrieval Over Land

Table 6: Expected Relationship Matrix of Ambrals Kernels to Land Cover Types.

Models composed of
the following two
kernels (left+-down):

Li-sparse kernel:
sparse distinct
crowns/objects

Li-dense kernel:
dense distinct
crowns/objects

low weight for
Li-kernels:
no distinct crowns

low weight for
Ross-kernels: no
leaf-level scattering

Ross-thin kernel:
thin layer of leaves

Ross-thick kernel:
thick layer of leaves

Cox-Munk kernel:

specular reflectance

plowed fields,
rock-strewn lands,
rugged topography;
mosaics of these with
sparse woodlands

sparse woodlands or
brush, no
understory,
deciduous forests in
winter,

young broadleaf
crops

sparse woodlands or
brush with wunder-
story,

broadleaf crops,
clumps of vegetation;
mosaic of grasses or
other dense layered
vegetation and trees

subpixel water, ice,
irrigated fields with
sparse forest, brush
or rugged
topography

dense buildings

forests, dense brush;
mosaics of these with
sparse grass

grasses,
dense vegetation;
mosaics of these with
forests

N/A

Lambertian surface

sparse grass

grasses,
grasslike crops

water, ice
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Figure 1: Distribution of observations from MODIS and MISR in the viewing hemisphere. The time period
is 12 March to 28 March (16 days). The left plot is for the equator; MODIS observations are close to the
principal plane, MISR observations are on the cross-principal plane. The right plot is for a latitude of 35°
north; both MODIS and MISR are sampling away from the principal plane, with MISR a little closer to it.
Further north MISR is closer to the principal plane. The solar zenith angle range in both cases is about 15
degrees. Data and plots produced by the Xsatview software (M. Barnsley and K. Morris, University College
London) from approximate representations of the satellite orbits.
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Figure 2: Principal plane values of the kernels for three different solar zenith angles. Dash-dot pattern,
Ross-thin; dash pattern, Ross-thick; short dash pattern, specular; solid, Li-dense; long dash-dot, Li-sparse.
The Li-sparse kernel is calculated for &/r = 1 and h/b = 2 (round, low crown), the Li-dense kernel for
b/r = 2.5 and h/b = 2 (prolate, high crown).
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Figure 3: Observed versus modeled reflectances in the red and near-infrared bands for four distinct types of
land cover. Forests are represented by a dense hardwood forest (coverage 79 percent), barren terrain by a
plowed field, grasslike vegetation by dense (irrigated) wheat (coverage 70 percent, leaf area index 4.0), and
broadleaf non-forest vegetation by a soybean data set (coverage 99 percent, leaf area index 2.9). The first
three data sets were observed by Kimes et al. [1985, 1986], the latter by Ranson et al. [1985]. In the first
data set, the Li-dense kernel is predominant, in the second the Li-sparse kernel. In the third and fourth
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Figure 4: Root band averaged mean square errors (RMSE) of fitting five kernel-based BRDF model variants
to bidirectional reflectance data measured by Kimes [1983], Kimes et al. [1985, 1986], Deering et al. [1995]
and Ranson et al. [1985] for 4 different land cover types: top, forests; second row, barren or sparsely
vegetated; third row, grasses and grasslike crops; bottom, broadleaf crops. Model codes are: N, Ross-thin;
K, Ross-thick; S, Li-sparse; D, Li-dense; MW, modified Walthall.
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Figure 5: Root band-averaged mean square errors (RMSE), white-sky albedo (WSA) and the isotropic
model constant f; (nadir sun and view reflectances, R-ISO) of five kernel-based BRDF model variants to
bidirectional reflectance data measured by Kimes et al. [1986], and Ranson et al. [1985] for two different
land cover types: forest and broadleaf crop. Model codes are: N, Ross-thin; K, Ross-thick; S, Li-sparse; D,
Li-dense; MW, modified Walthall.



