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Hemispherical reflectance and albedo estimates from the
accumulation of across-track sun-synchronous satellite data

Marie Weiss,! Frédéric Baret ,! Marc Leroy ,2 Agnés Bégué,3 Olivier Hautecoeur,?

and Richard Santer,4

Abstract. The estimation of the hemispherical reflectance and the instantaneous albedo of
canopies from top of canopy satellite reflectance data was investigated. The study was
designed to approximate the specifications of generic sensors aboard satellites like NOAA,
VEGETATION, MERIS, MISR, MODIS, and PRISM. These sensors acquire reflectance
data in two to six wave bands distributed along the visible, near-infrared, and middle infrared
domains. Five great biomes (grassland, sparse vegetation, tropical forest, boreal forest, and
bare soil) were approximated, simulating the corresponding top of canopy reflectances as
observed from the satellites using well-known leaf, soil, and canopy radiative transfer
models, including the effect of cloud cover that limits the actual data acquisition scheme.
Albedo was accurately derived from the hemispherical reflectance observed in only a few
wave bands. When using six wave bands, albedo was estimated within 1% relative accuracy.
The MRPYV bidirectional reflectance distribution function (BRDF) model was tested to derive
the hemispherical reflectance from the top of canopy bidirectional data as sampled by the
generic sensors during a 32 day orbit cycle. Results showed that this is the main source of
error, with a relative accuracy around 6%. This showed the importance of the directional
sampling scheme and possible improvements that may be made to the model and the way it is
fitted to the observed data. The algorithm developed produced a relative accuracy less than
7% for the albedo estimation, when using the six wave bands and a +45° across-track
directional scanning capacity. The results were discussed with particular emphasis on the
optimization of sensors and algorithms dedicated to albedo estimation and to the use of
hemispherical reflectance as a potential normalized geophysical product for monitoring

vegetation.

1. Introduction

Albedo is one of the most important variables required as a
primary input for global circulation models used to forecast
short-term weather and long-term climatic change [Dickinson,
1983]. It is also mandatory for local and regional estimates of
energy and mass exchanges between the earth surface and the
atmosphere, as described by soil- vegetation-atmosphere-
transfer models [Olioso et al., 1999]. Albedo is the amount of
solar energy reflected by a surface. It provides information on
the radiative balance and thus on temperature and water
balance also. Instantaneous albedo is a dimensionless
biophysical characteristic of the canopy. It is expressed as the
ratio of the radiant energy scattered upward by a surface in all
directions, compared to that received from all directions
(direct and scattered by the atmosphere solar radiation),
integrated over wavelengths of the solar spectrum [Pinty and
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Verstraete, 1992]. Albedo depends on the irradiance
conditions and thus varies constantly throughout the day
[Kimes et al., 1987]. Two types of albedo can be estimated:
black sky albedo, corresponding only to the direct radiation
coming from the Sun, and a white sky albedo corresponding
roughly to the diffuse radiation assumed isotropic [Strahler et
al., 1996]. Henderson-Sellers and Wilson [1983]
demonstrated from a sensitivity analysis that, for climate
modeling, a relative accuracy of +5% is required for albedo
values for all types of cover.

Satellite data provide a very convenient way to monitor
albedo values at local to regional scales. Over the next few
years, several satellites, POLDER, MERIS, VEGETATION,
SEAWIFS, MODIS, MISR, PRISM and MSG, will have
pertinent spatial, temporal, directional, and spectral capacities
for obtaining accurate albedo estimates. Dedicated algorithms
for albedo estimation are thus required.

Single, bidirectional measurement of reflectance in a
selection of wave bands is not usually representative of the
actual instantaneous albedo of a surface since albedo is the
integration of the bidirectional reflectance over the whole
upward hemisphere (hemispherical reflectance or spectral
albedo) and over the whole optical spectral domain (300-3000
nm). Obtaining this requires the observation of the same
surface under all directions and all wave bands. This is not
possible with wusual satellite-borne systems. Thus a
multiplicity of models describing the bidirectional reflectance
distribution function (BRDF) have been developed to
interpolate or extrapolate between the actual view and solar
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directions sampled by the satellite to derive the full BRDF.
Similarly, algorithms for extrapolating the spectral response
in bands not sampled by the satellite have to be developed.

Several linear or semilinear models have been proposed in
recent years to describe reflectance as a function of
illumination and viewing conditions [Strahler et al., 1996].
They range from empirical ones [Shibayama and Wiegand,
1985; Shibayama et al., 1985; Walthall et al., 1985] to
semiphysical models [Roujean et al., 1992; Wanner et al.,
1995; Engelsen et al., 1996].

For a view zenith angle 6,, a solar zenith angle 6,, and a
relative azimuth angle (¢ =¢, - ¢,), the BRDF can be
expressed as

m=M
p,.6,.0)= Y B, k,(,.0,.0), 1)
m=1
where M is the number of kemels k,(6, 6,, @) of the model,
each being associated with a weight B,. The kemels are
particular functions of the Sun and view directions.

These BRDF models must be analytically or numerically
inverted over satellite reflectance data corresponding to a
restricted number of view directions. The inversion process
consists of tuning parameters such as the simulated
reflectance matching the reflectance values measured in the
selection of satellite view directions. The adjusted parameters
of the model are later used to estimate the whole BRDF, thus
the hemispherical reflectance and finally the albedo. Model
inversion is a complex process. To reduce ambiguities and
local minimum, only a limited number of parameters should
be adjusted. That is the reason why only semiempirical and
empirical models are used in this context, since physically
based models require too many input variables or parameters
and are demanding computer time.

Several studies have been conducted to estimate the albedo
of a range of surfaces from remote sensing data. Earlier
studies assumed terrestrial surfaces to be lambertian. Kimes
and Sellers [1985] estimated the errors induced by this
assumption on a variety of canopies and concluded that
significant error was introduced. Thus they recommended
using off-nadir reflectances to improve the accuracy of
hemispherical reflectance estimates. This was performed by
Pinty and Ramond [1986] who developed a simple
semiempirical model to estimate the spectral albedo of land
and desert from the Nimbus7 Earth radiation budget
experiment. In the same way, Wanner et al. [1997] developed
an algorithm for albedo estimation combining registered,
multidate and multiband reflectance data from the EOS
MODIS and MISR instruments, using the AMBRALS

. (Algorithm for MODIS bidirectional reflectance anisotropy of
the land surface) BRDF model. -Privette et al. [1997] and
Lucht [1998] have already compared the ability of such
models to extrapolate the BRDF in solar directions different
from that corresponding to the observation.

The objective of this study was to develop an algorithm for
the estimation of hemispherical reflectances and albedo from
the next generation of satellite sensors that accumulate
reflectance data in short time periods and in a range of view
directions, using a few, well-distributed wave bands.
Currently, this is achieved through across-track directional
sampling, either for the large swath sensors, or for sensors
with across-track depointing capacities. However, other
directional sampling schemes could be used, such as those of
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POLDER [Deschamps et al., 1994] and MISR [Diner et al.,
1998]. In this study, we focused on Sun-synchronous sensors
with a 32 day cycle and considered across-track sampling up
to £30°, +45°, +50° at the satellite level. Six wave bands
roughly corresponding to Landsat thematic mapper bands:
blue (445 nm), green (560 nm), red (665 nm), near infrared
(855 nm), and middle infrared (1650 nm and 2200 nm) were
considered. We focused on the ability of a BRDF model to
extrapolate the BRDF in viewing directions, allowing the
computation of the hemispherical reflectance. We then
developed a method, based on linear regression, to derive
estimates of albedo from the hemispherical reflectance values
observed in a selection of the wave bands considered.

Almost no measurements presenting the spatial, temporal,
directional, and spectral characteristics considered above are
currently available over a large range of cover types. Thus we
created a “synthetic database” that represented a large
variation of vegetation characteristics. This data set was
obtained by using radiative transfer models based on a
physical description of the processes governing light
propagation. No accounting was made for the noise due to
atmosphere, instrument  characteristics, or images
coregistration, which could be important.

2. Database Description

Five types of biomes that largely represent the Earth's
surface were simulated: grassland, sparse vegetation
(savanna), tropical forest, boreal forest and bare soil
(clay/calcareous brown dry soil with three different
roughness, sand, crust, litter and peat).

2.1. Description of the Canopy Radiative Transfer Model

The top of canopy BRDF simulations were performed with
Mpyneni’s radiative transfer model [Myneni et al., 1992]. It is
one of the most powerful models since it takes into account
heterogeneous canopies, non-Lambertian properties of leaves,
specular effect, and hot spot feature. It is based on a
numerical solution of the 3D radiative transfer equation by the
method of discrete ordinates [Myneni et al., 1991]. The
canopy is divided into layers of cubic cells defined by a leaf
area density and the optical properties of the leaves. A leaf
inclination distribution and a hot spot parameter define each
horizontal layer. There is, however, no explicit description of
the clumping within a cell or among cells that are close
together. The soil background is also considered. The BRDF
is discretized into 8x6 ‘directions and is interpolated
afterwards into a 24x24 Gaussian quadrature. The four
submodels used in Myneni's reflectance model are the
following (1) Leaf optical model, PROSPECT [Jacquemoud
and Baret, 1990]: This provides the spectral variation (400-
2500 nm) of the leaf hemispherical reflectance and
transmittance as a function of chlorophyll and water contents,
and a parameter characterizing the mesophyll structure. (2)
Leaf specular model, Nilson's specular model [Nilson and
Kuusk, 1989] : This model assumes that the leaves are flat
mirrors and the specular component of the canopy originates
from their surface. The specular reflectance depends thus on
leaf inclination distribution in the canopy and an attenuation
coefficient used to simulate the effects of hairs or roughness
of the leaf surface. This specular component is assumed to
contribute only to the single scattering. (3) Soil reflectance
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model, SOILSPECT [Jacquemoud et al., 1992]: This model
simulates the spectral and bidirectional reflectance of a soil. It
is derived from Hapke's [Hapke., 1981, 1984, 1986] model
and requires six parameters: a single-scattering albedo
depending on the wavelength, four parameters describing the
phase function, and a roughness parameter that describes the
hot spot feature. (4) Hot spot model, Verstraete et al. [1990]:
The hot spot effect induces an increase of reflectance, as no
shadow is visible in that direction. It depends on the structure
of the canopy and particularly on the size of the gaps between
leaves. This model requires the "average radius of the gap, r:
(2rLAD) is the ratio between the mean horizontal distance
between leaves and the mean vertical distance between layers
of leaves.

Myneni’s model requires one additional input variable, the
fraction of direct radiation. It was computed using an
atmosphere radiative transfer model 5S [Tanré et al., 1990],
considering an average value of atmosphere characteristics
(23 km visibility for aerosol scattering) coupled to the canopy
radiative transfer.

2.2. Canopies Simulated

The above described models have been used to simulate a
range of canopies corresponding to the biomes that
predominate over the Earth's surface. We chose a combination
of five canopy types (grassland, sparse vegetation, tropical
forest, boreal forest, and bare soil) with three latitudes (0°,
30°, 60°). Obviously, all the combinations were not possible.
For each canopy type, two or three soils were simulated with,
high, medium, and low vegetation development, for three
dates (Julian days 80, 172, and 355) corresponding to the
evolution of the canopy during the year and from place to
place. Table 1 presents the 77 canopy simulations. The choice
of the model input parameters was driven mainly by results of
several experiments such as HAPEX-SAHEL [Goutorbe et
al., 1994] for sparse vegetation and BOREAS [Sellers et al.,
1994] for boreal forests.

2.3. Directional Sampling Used

The directional sampling of a satellite is mainly driven by
its orbitography, the swath, and the depointing capabilities of
the instrument. We chose the orbital characteristics of the
future PRISM sensor [Del Bello et al., 1995] which is very
similar to several other satellites (MERIS, VEGETATION,
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MSG, NOAA, MISR, and MCDIS). PRISM will have a
circular orbit at an altitude of 786 km, an inclination angle of
98°47, a 32 day repeat cycle, and an equatorial node crossing
time of 10:00 LT. Orbitography simulations provided high-
frequency observations performed by across-track viewing
according to three possible scenarios: + 30°, + 45°, and + 50°
view zenith angle at satellite level. Considering the altitude of
the satellite and the Earth's rotundity, the maximum view
angles actually increase from 30° to 34.5°, from 45° to 53°,
and from 50° to 60° at the canopy level. The directional
sampling was performed during the whole orbital cycle,
centered at the date of the simulation (Figure 1). For a given
latitude we notice a rotation of the diagram from date to date
as the Sun azimuth changes, while the view directions remain
the same: for example, at 30° latitude, we observe about 30°
rotation of the diagram from March to June. The number of
data available increases with the range of view angles (Figure
2). It increases also with the latitude, since for latitudes higher
than 30°, the same point can be observed twice a day from
two consecutive orbits. That explains the discontinuity
observed at latitude 60° in the directional sampling scheme.

Due to cloud cover, the potential directional sampling
scheme previously defined must be restricted to a selection of
view directions. To take this effect into account, we simulated
five image acquisition scenarios: we randomly selected 20%,
50%, 80%, 100% and International Satellite Cioud
Climatology Project (ISCCP) percentage (Table 2) of the
directional data to simulate the cloud cover. ISCCP cata
[Rossow et al., 1988] provides the average cloudiness value at
a given latitude and longitude, date, and time.

A catalogue of the top of canopy BRDF and the associa:ed
hemispherical reflectance of 77 land covers was available.
The BRDF in six wave bands was computed for 24 x 24
directions and interpolated into the view angles that
correspond to PRISM directional sampling, taking into
account five cloud occurrence scenarios. This resulted in 1155
satellite simulations corresponding to 77 biomes x 3
directional sampling scenarios x 5 cloud cover scenarios.

3. Estimation of the Hemispherical Reflectance
and Instantaneous Albedo

The simulated BRDF catalogue as sampled by the satellite
was then used to develop a method of estimating
hemispherical reflectance and thus albedo from the top of

Table 1. Combination of Latitudes, Day of the Year, Soil Types, and Total Leaf Area Index Values
(Grass+Trees) of the Canopies Used for the Simulations

Canopy Composition 0° 30° Latitude 60 ° Latitude
Latitude @ DOY DOY DOY DOY DOY
DOY 172 80 172 355 80 172
Grassland (clay) - - 1-2-4 - 2-4 5-4-8
Sparse vegetation 20% grass - 0.2-0.5 0.1-02 - - -
40% grass, 20% trees - 14-1.8 1.2-14 - - -
(sand, crust, litter) 60% grass, 40% trees - 2227 2021 - - -
20% trees - - - 1.05 - -
40% trees - - - 1.83 - -
Tropical forest 3.5-6.3 - - - - -
(peat)
Boreal forest - - - - .- 3.37
(moss)

Soil types are in parentheses. DOY, day of the year
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Figure 1. Polar representation of the directional sampling used for the simulations for the three across-track
scanning capacities at satellite level: £30°, +45°, and +50°. The observations were accumulated during the
PRISM orbital cycle (date of the simulation + 16 days). The plane 0°-180° is the principle plane. The Sun
position is represented by a star, and the satellite position is represented by solid circles.

canopy reflectance data. The instantaneous albedo of the
canopy corresponds to the integration of the bidirectional
reflectance over the view directions and over the whole 300-
3000 nm spectral domain. These two issues are addressed
separately, starting with the spectral integration issue.

3.1. Instantaneous Albedo Estimation From
Hemispherical Reflectance in Few Wave Bands

The instantaneous albedo (a) corresponds to the spectrally
integrated value between 300 and 3000 nm of the
hemispherical reflectance py(A) weighted according to the
incoming solar radiation at the top of canopy level E(A) :

3000nm

o= 3000m1 [EQp, A, @
_[E(A).dl 300mm
300nm

As instruments usually acquire data in a limited number of
wave bands, we estimated canopy hemispherical reflectance

values in each wave band using a multiple linear regression
process, with the hemispherical reflectances values in the
selected wave bands considered as independent variables.
This approach is similar to that of Price [1990]. The six wave
bands are similar to those of several Earth observation
satellites (445, 560, 665, 855, 1650, and 2200 nm). We
developed the relationship over 48 of the 77 canopies
(grassland, sparse vegetation, and bare soil) for which
Myneni's program was running fast enough to minimize the
already important computation time. For these 48 canopies, in
addition to the hemispherical reflectance values already
computed in the six selected wave bands, we computed the
hemispherical reflectance in 40 contiguous 50 nm width wave
bands covering the 400-2500 nm spectral domain. As input
data for the leaf and soil optical properties models are
available only in the 400-2500 nm range, the 300-3000 nm
spectral domain was reduced to 400-2500 nm. The error
associated with this approximation is small since there is very
little energy reaching the canopy in the 300-400 nm and 2500-
3000 nm as compared to the 400-2500 nm range. A linear
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Figure 2. Number of data points acquired during the 32 day PRISM orbital cycle as a function of the
scanning range at satellite level corresponding to the three across-track directional sampling capacities of the
satellite (£30°, +45°, and +50°). Computations were performed for the three latitudes of observation

(diamonds, 0°; squares, 30°; triangles, 60°).

regression was then developed between the hemispherical
reflectance of each of the 40 wave bands and the
hemispherical reflectances corresponding to the n (2 < n < 6)
selected wavelengths of the sensor:

Pr(A) = Y (A, 4)p,(A), 3)

i=1

Thus combining (2) and (3) allows evaluation of the albedo
from the hemispherical reflectances observed in the n wave
bands:

a = [EQp,R)ar
[EQ)dp 00
300nm
1 2500nm
4 = [EM)p,Ada
[EQyda ©om
400nm
1 40
a =~——— Y E4&)p,4,) i @)
ZE(A'[) 1=1
I=1
40
a m—{})m )[Za(/l,,x )04 (A )H
ZE(A'[) 1=1 i=1
a =——Y Pk )Za(l,,/l VE(4,)

1=1

ZE(/'{ ) i=1

The incoming solar radiation at the top of canopy level was
computed using the 5S model with typical atmosphere
characteristics. For each of the 40 wave bands, the
performance of the regression is evaluated using root mean
square error (RMSE) and relative RMSE (RRMSE):

k
RMSE = ’%z(x -%? RRMSE=
i=1

where k is the size of the sample, X is the actual value, X is
the average actual value, and X is the estimated value.

When the linear regression is based on the six selected
wave bands (PRISM or MODIS instruments), the results
show that the hemispherical reflectance is accurately
estimated in any 50 nm wave band with a RMSE lower than
0.015 (Figure 3). The estimation is slightly poorer in the near
infrared region (higher values of RMSE) mostly because of
the lack of selected wave bands between 900 and 1300 nm.
This effect could be minimized by using the MODIS wave
band centered at 1240 nm or additional bands present on the
PRISM instrument. An increase of the RMSE is also observed
when the number of wave bands used for the regression is
decreased (Figure 3). In the visible range, estimation was
poorer when using only NOAA red and infrared bands
(RMSE = 0.024). The estimation improved up to that of
MERIS and PRISM (RMSE=0.007). Since NOAA, MSG,
MERIS, and MISR have no wave band in the middle infrared
region around 1650 nm, higher RMSE values were found than
for VEGETATION in the near infrared and middle infrared

RN{SE , )

Table 2. Cloud Cover Derived From ISCCP Database.

Tropical Forest Grassland Grassland/  Sparse Vegetation
Boreal Forest
Latitude/Longitude 4°/55°W 37°/95°W  65°/100°E 13°/5°E
DOY 80 - - 32 46
DOY 172 45 50 68 56
DOY 355 - - - 19

Cloud cover in percent. For each case, latitude and longitude were chosen to
correspond most closely to the simulations. DOY, day of the year
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Figure 3. RMSE values associated with the estimation of hemispherical reflectance at a particular wavelength
using the linear regression (equation (3)) and various sets of wave bands as presented in table 3. The vertical
solid lines correspond to the six wavelengths alternatively used for the regression. The RMSE was computed

over 48 canopy types.

regions. Estimates were better with more wavelengths and
when they were placed more evenly along the spectrum.

" Table 3 reports the contribution of each wave band to the
albedo estimation. The visible bands always made the highest
contribution. Also noted was a high contribution of the blue
band for VEGETATION and PRISM or MODIS sensors. This
could lead to significant errors, because the blue band usually
has significant noise resulting from the atmospheric
correction.

Because the algorithm does not consider the influence of
the Sun position (since the regression is applied for the Sun
angles determined by the latitude, the date, and the time of
each simulation), complementary computations were
performed to evaluate this possible influence. A large range of
grassland types, with different soil background reflectance,
was simulated for various Sun positions. We compared the
fitting for the linear regression for each Sun zenith angle to
that for all the Sun positions when using the six wave bands
together. Results showed that albedo estimates for all
positions were only slightly less accurate (RMSE=0.0042)
than the estimates when considering each position explicitly
(RMSE=0.0036). Thus the regression was almost completely
insensitive to the Sun position.

3.2. Hemispherical Reflectance and Albedo Estimates
From Top of Canopy Bidirectional Reflectance

To this point we have assumed that the hemispherical
reflectance in the six selected wave bands was known. This is
not the case, however, since most instruments do not sample
fully the entire hemisphere. Thus this section describes using
a BRDF model to derive hemispherical reflectance from
bidirectional reflectance data observed in only a few
directions by the satellite sensors. Top of canopy reflectance
data from the six wave bands previously selected were used,
assuming no contamination by atmospheric effects.

3.2.1. Choice of the BRDF model. The choice of the
BRDF model was based on several criteria.

1. The model should have no more than three to four
parameters to be tuned. This is consistent with the relatively
simple BRDF patterns and with the restricted number of
directional observations generally available.

2. The model should be linear. This eases the adjustment
process that resumes to a pseudo matrix inversion and makes
the result independent on the spatial scale. However,
nonlinear models that could be linearized for inversion are
acceptable.

Table 3. Coefficients of Each Wave Band Used in Equation (4) for Albedo Estimation From the Top of Canopy

Hemispherical Reflectances Observed for.a Few Wave Bands.

Blue -

Green Red NIR MIR, MIR, RMSE RRMSE,
(445nm) (560nm) (665 nm) (855 nm) (1650 nm) (2200 nm) %
NOAA 0.570 0.46 0.0104 3.1
MSG 0.68 0.080 0.35 0.0093 2.8
MISR/MERIS 0.06 0.69 0.001 0.35 0.0088 2.7
VEGETATION 0.25 0.130 0.32 0.24 0.0047 14
MODIS/PRISM 0.57 0.11 -0.310 0.32 0.13 0.04 0.0042 1.3

The set of wave bands used were those available on several earth observation instruments. The RMSE and relative RMSE
(RRMSE) values were associated with the estimation of the albedo from the hemispherical reflectance data observed in the
few corresponding wave bands are also presented. The coefficients used in Equation (4) are Z,0((A;, A)E(L).
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Figure 4. Polar representation of the RRMSE between actual and estimated BRDF values by inversion of the
MRPV model over the whole BRDF. This error was computed over the 77 canopies for the six wave bands.
The stars correspond to the Sun position for the different latitudes and dates of simulations.

3. The model does not need to be based on physics but BRDF with Sun position: hemispherical reflectance is often
should be flexible enough to accurately describe most used for normalization processes that allow comparison of
situations. data acquired with the same sensor from one latitude (or date)

4. The model should be reciprocal, that is, (0, 6, @) = to another and are therefore acquired at different solar angles.
(6, 6, @). This will allow description of the variation of the =~ Moreover, general circulation models often require albedo
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Figure 5. RRMSE values associated with the estimation of the BRDF in the 24 x 24 directions from
reflectance data as sampled by the generic satellites for the three ranges of across-track viewing (+30°, +45°,
or £50°), using the MRPV model. Results are provided for the 77 canopies for the six wave bands, as a
function of cloud cover (0%, 20%, 50%, and 80%). The diamonds line corresponds to the RRMSE value
when the model was inverted over the whole BRDF (24 x 24 directions).
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Figure 6. Polar representation of the RRMSE between actual and estimated BRDF values by inversion of the
MRPV model over reflectance data as sampled by the generic satellites for the +30° across-track viewing,
considering 80% of clouds. This error was computed over the 77 canopies for the six wave bands. The stars
correspond to the Sun position for the different latitudes and dates of simulations.

values integrated over the whole day, instead of instantaneous  extrapolate the BRDF throughout the hemisphere when
estimates. inverted in a selection of viewing directions, for a given solar

Since hemispherical reflectance will be derived from a  position. Baret et al. [1997] demonstrated that the Modified
selection of viewing angles, the model must be able to  Rahman Pinty Verstracte (MRPV) [Engelsen et al., 1996] and
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Figure 7. Polar representation of the RRMSE between actual and estimated BRDF values by inversion of the
MRPV model over reflectance data as sampled by the generic satellites for the £50° across-track viewing,
considering 80% of clouds. This error was computed over the 77 canopies for the six wave bands. The stars
correspond to the Sun position for the different latitudes and dates of simulations.
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the modified Walthall's [Walthall et al.,1985; Nilson and
Kuusk, 1989] models performed the best over most situations,
as compared to Shibayama's [Shibayama and Wiegand, 1985]
and Roujean's [Roujean et al.,1992] models. Wanner et al.
[1997] also used the modified Walthall’s model as a
secondary product for the MODIS BRDF/albedo product,
since it is very flexible in terms of describing the BRDF and
can be used as a “universal model”. This may produce higher
RMSE values in many cases, however, when compared to
models adapted to particular canopy types. The choice
between MRPV and Walthall’s models is driven by the results
obtained by Privette et al. [1997] on measured data sets, and
Lucht [1998] on a simulated database. They both compared
the performances of the AMBRALS (Algorithm for MODIS
bidirectional reflectance anisotropies of the land surface),
MRPV, and Walthall’s models [Wanner et al., 1997] to
estimate hemispherical reflectance from a given solar zenith
angle at other solar positions. Results showed that both
MRPV and AMBRALS models performed satisfactorily. We
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therefore chose the MRPV model (three parameters) derived
from Rahman et al. [1993]. It can be written in a
semilinearized version:

lnM = B, + B, In[cos 8, cosb, (cosh, +cosh,)]
Ho B; cosé - (6)
1-p ’

H=1+
1~1—\/tan2 6, +tan’ @, —2tan 6, tan@, cos

H is the hot spot function, p is the average measured
reflectance, and & is the phase angle. The hemispherical
reflectance is computed by numerical integration of the
MRPV model over the 24 x 24 quadrature directions.

3.2.2. Evaluation of MRPV model interpolation
performances when fitting over the whole hemisphere.
First, the flexibility of the model was evaluated, that is its
capacity to accurately fit the whole BRDF when inverted over
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4~ BRDF2424 g
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Figure 8. RRMSE values associated with the estimation of the (a) hemispherical reflectance and (b) albedo
from the top of canopy bidirectional reflectance data as sampled by the generic satellites, for the three range
of across-track viewing (£30°, £45°, or £50°), using the MRPV model. Results are provided for the 77
canopies for the six wave bands, as a function of cloud cover (0%, 20%, 50%, and 80%). The diamonds line
correspond to the RRMSE value when the model was inverted over the whole BRDF (24 x 24 directions).
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the whole BRDF. For each of the 77 canopies simulated, and
each of the six wave bands, the model was inverted on the top
of canopy BRDF in the 24 x 24 directions. The resulting
coefficients of the model were then used to compute the
BRDF in the Gaussian quadrature.

Results showed a good match between the BRDF
computed with Myneni's radiative transfer model and the one
derived from the model inversion. The RRMSE was 11% for
MRPV when computed for all the six wave bands, the 77
canopies, and the 24x24 directions. The distribution of the
RMSE between the estimated BRDF and Myneni’s one as a
function of the view angles showed good performances of the
model except for large zenith angles and hot spot direction,
demonstrating that the MRPV hot spot function is not well
designed (Figure 4).

3.2.3. Evaluation of the MRPV model extrapolation
performances when fitted over a selection of view
directions. After demonstrating good interpolation capacities
of the MRPV model, it was necessary to evaluate the
extrapolation capacities for estimating the hemispherical

WEISS ET AL.: HEMISPHERICAL REFLECTANCE AND ALBEDO ESTIMATES

reflectance and the albedo, when only part of the BRDF was
sampled by the satellite. Three scenarios were chosen for
across-track view angles (£30°, +45° and +50° at satellite
level) and five cloud cover values (0%, 20%, 50%, 80% and
ISCCP). To get a proper comparison of the three directional
sampling capacities tested, all the data selected for £30° were
also selected for +45° and all the data selected for +45° were
also selected for £50°.

The goodness of the fit between Myneni's BRDF and that
obtained using the model inverted over the sampled BRDF
was slightly lower than that obtained when the model is
inverted over the 24 x 24 Gauss quadrature directions (Figure
5). This demonstrated the generally good extrapolation
performance of the MRPV model. However, for 80% cloud
cover, there was a sharp increase in RRMSE values,
particularly for the restricted directional sampling range
(+30°). Figures 6 and 7 show the distribution of the RRMSE
between the estimated BRDF and Myneni’s one as a function
of the view angles, when considering a *30° or #50°
directional sampling, for 80% cloud cover. The MRPV model

B Hemispherical Reflectance

8% B Albedo

7%

6% —

5% —

4% —

RRMSE

3%—

2% —

1%—

0%—
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canopy hemispherical
reflectance in the six
wavelengths

whole top of canopy BRDF

MRPV model fitted over the MRPV model fitted over top of MRPV model fitted over top of

canopy BRDF sampled for canopy BRDF sampled for
PRISM 45° and no clouds PRISM 45° and ISCCP
cloudiness

Figure 9. Error budget (RRMSE) of the estimation of the top of canopy hemispherical and albedo values at
various stages of the process. The 77 canopies, the six wave bands, the +45° across-track directional sampling
scenario, and the ISCCP cloud percentage were considered.
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provided good interpolation performances for zenith angles
less than 30° (or 50°). Conversely, the RRMSE value
increased drasticdlly when extrapolating to larger zenith
angles. For the +50° scanning range we observed higher
RRMSE values in the hot spot direction.

The goodness of the fit thus depend not only on the range
of viewing angles but also on the number of data available to
invert the BRDF model. For low latitudes this can be critical
since there might be almost the same number of view
directions as the number of parameters to be adjusted. This
would lead to inconsistent estimates of the parameter values
and thus to large errors in the simulated BRDF.

3.2.4. Hemispherical reflectance and albedo estimates.
MRPV model provided good estimates of the hemispherical
reflectance (RRMSE = 3.4%) when fitted over the whole
BRDF. The fitting between estimated and actual albedo
values, computed using the six wave bands was also very
good, with a RRMSE of 2.9%. Estimates of hemispherical
reflectance and albedo derived from the MRPV model
adjusted to the selected view directions are significantly
poorer than when adjusted over the 24 x 24 directions. This
confirms that the integration of the BRDF, over the
hemisphere, and then over the spectrum reduced the error
between actual and estimated values by smoothing local
errors of the model fitting.

For cloud cover values higher than 50%, increasing the
range of view directions significantly improved the accuracy
of hemispherical reflectance estimation (Figure 8a). In the
case of the £30° directional sampling scenario, the RRMSE
was increasing with the cloud occurrence because the number
of directions available became too few. Conversely, the
higher ranges of directional.sampling capabilities (+45° or
+50°) always provided enough data to allow a correct fit of
the: BRDF model. All the results presented for the
hemispherical reflectance were very similar for albedo
(Figure 8b), with slightly better performance due to the
spectral integration that smoothes part of the inaccuracies of
the model.

These results allowed presenting a budget error for the
hemispherical reflectance estimation, showing that the main
source of inaccuracy comes from the directional sampling
scheme provided by the satellite and the capacity of the
MRPV model to extrapolate the BRDF outside the range of
observations (Figure 9). When considering the albedo
estimation, spectral integration does not appear to be a major
problem. Here again the main source of error lies in the
directional sampling capacity of the satellite and the
extrapolation performances of the BRDF model. Observations
at the lower latitudes, where cloud cover could be quite high,
would result in poorer estimates of hemispherical reflectance
and albedo.

4. Conclusion

This study was based on a simulated data set of BRDF and
hemispherical reflectance of a wide variety of land cover
types representing the predominate biomes of the Earth's
vegetated surface. Well-known and validated radiative
transfer models were used for leaves, canopy, and soil
background. The estimation of the hemispherical reflectance
and albedo from generic Earth observation satellite data (such
as those provided by NOAA, VEGETATION, MSG, MERIS,
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MISR, MODIS, and PRISM) was divided in two steps using a
bottom up approach.
1. The first step addressed the spectral integration issue at

- the top of canopy level. With few wave bands well distributed

along the spectrum, it was possible to estimate the albedo
with a relative accuracy of approximately 1%. This suggests
that the minimum optimal set of wave bands should be a red
and a near-infrared band. Great improvements were observed
when a middle infrared wave band was used. This was not
actually investigated in the recent studies dedicated to albedo
estimation where only the spectral albedo was considered
[Privette et al., 1997; Lucht, 1998].

2. The second step addressed the directional integration
issue. This appears to be the main source of error introduced
in the estimation of the hemispherical reflectance and albedo.
This is partly due to the limited range of directions sampled
combined with the limited capacity of the BRDF model to
extrapolate outside the range of directions sampled. The high
view zenith angles appear to be quite critical because of their
important contribution to the hemispherical reflectance. Thus
research is needed for improving both the BRDF model and
the way it is inverted/fitted over the observed view directions.
Results are very consistent with those found by Privette et al.
[1997] and Lucht [1998].

In the budget error presented we did not consider the
atmospheric effects, instrumental errors, or the inaccuracies
induced by the nonperfect coregistration of pixels between the
several bands, and between the several directions and dates of
observation. These factors can be quite important, particularly
when using high spatial resolution data.

The derivation of hemispherical reflectance and albedo is
based on the accumulation of observations along the 32 days
orbit cycle, implicitly assuming no significant changes of the
vegetation during this period. In many cases the vegetation
will vary significantly within this 32 day period. It should
thus be very interesting to investigate the degradation of the
estimation when the accumulation period is shortened.
Sensors such as POLDER or MISR are of great interest for
this kind of application since they provide multiangle data
acquired at the same time. Efforts should also focus on the
combined use of data coming from several satellites,
providing improved temporal, directional, and spectral
sampling capacities.
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