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Abstract—We explore a synergistic approach to use the com-
plementary angular samplings from the Multi-angle Imaging
SpectroRadiometer (MISR) and Moderate Resolution Imaging
Spectroradiometer (MODIS) to improve MODIS surface bidi-
rectional reflectance distribution function (BRDF) and albedo
retrieval. Preliminary case studies show that MODIS and MISR
surface bidirectional reflectance factors (BRFs) are generally
comparable in the green, red, and near infrared. An information
index is introduced to characterize the information content
of directional samplings, and it is found that MISR angular
observations can bring additional information to the MODIS
retrieval, especially when the MISR observations are close to
the principal plane. We use the BRDF parameters derived from
the MISR surface BRFs asa priori information and derive a
posterioriestimates of surface BRDF parameters with the MODIS
observations. Results show that adding MISR angular samplings
can reduce the relative BRF prediction error by up to 10% in
the red and green, compared to the retrievals from MODIS-only
observations which are close to the cross-principal plane.

Index Terms—Albedo, Earth Observing System (EOS), Mod-
erate Resolution Imaging Spectroradiometer (MODIS), Multi-
angle Imaging SpectroRadiometer (MISR), remote sensing,
surface bidirectional reflectance.

I. INTRODUCTION

T HE bidirectional reflectance distribution function (BRDF)
characterizes the anisotropy of surface reflectivity [1],

[2]. It has been used to normalize satellite measurements
into a common sun–view geometry [3], to perform coupled
atmospheric correction [4], and to derive canopy structure
and other biogeophysical parameters [5]–[7]. The operational
Moderate Resolution Imaging Spectroradiometer (MODIS)
BRDF/albedo retrieval algorithm [8], [9] uses a three-param-
eter semiempirical RossThick–LiSparse–Reciprocal (RTLSR)
BRDF model to capture the directionality of surface reflectance.
The RTLSR model consists of two kernel-driven terms and a
constant term. The volumetric kernel represents the scattering
properties of turbid medium [10], and the geometric-optical
kernel captures the shadowing effect of sparse vegetation [11],
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[12]. The constant term is added to represent the isotropic scat-
tering. Validation with both field measurements and satellite
observations has shown the capability of the RTLSR model
to represent the shapes of naturally occurring BRDFs and its
accuracy of predicting the reflectances [13]–[15].

One major concern in performing the BRDF inversion is the
sparse angular sampling available from an individual sensor
[16]. Remote sensing signals are usually correlated to some
degree [17], and therefore not only the number of directions but
also the diversity of angular samples should be large enough
to ensure an overdetermined inversion. The volumetric and
geometric kernels of the RTLSR model may not be completely
orthogonal under some sampling conditions [18], which affects
the stability of BRDF retrieval and its noise magnification
[19], [20]. The analysis with field measurements of directional
reflectances [13] has demonstrated that most empirical and
semiempirical BRDF models can be inverted very well with
sufficient and well-distributed measurements, but problems
occur in situations of sparse sampling.

The acquisition of angular measurements from an indi-
vidual sensor is limited by its scanning configuration and the
platform’s orbital characteristics [21]. Moreover, cloud con-
tamination reduces the number of clear-sky observations and
makes the angular distribution hard to predict. However, more
complete angular samplings can be obtained by combining
the observations from various sensors with complementary
sampling characteristics. MODIS–Terra and MISR, both on
board the Earth Observing System (EOS) Terra platform, for
example, complement each other in the azimuth dimension.
Using surface directional reflectances simulated by a canopy
radiative transfer model [10], Lucht and Lewis [22] found
that combining MODIS and MISR angular samplings can
reduce the uncertainty and random noise amplification of
BRDF/albedo retrievals [18]. However, we must recognize that
the specific satellite spatial scale and noise must be accounted
for when using actual remotely sensed data [13].

The high calibration quality and geolocation accuracy of
both MODIS and MISR instruments [23], [24] and the sim-
ilarity of their spectral bands in the visible and near infrared
enhance the ability to perform data fusion of surface bidirec-
tional reflectance factors (BRFs) from these two sensors [25],
[26]. Operationally, however, additional noise may still be
introduced due to the differences in spectral response functions,
atmospheric correction schemes, and geometric coregistration
of data from these two sensors. This study investigates a method
of using MISR angular observations to supplement available
MODIS observations and to improve the quality of the MODIS
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TABLE I
MODIS AND MISR SPECTRAL BAND SPECIFICATIONS

BRDF/albedo product. The organization of this paper is as
follows. We provide a brief description of the instruments
and data in Section II. The mathematical formulation of the
inverse problem is given in Section III. Section IV examines
the additional information content of MISR observations,
and Section V presents a preliminary comparison between
MODIS and MISR BRFs. A synergistic method is developed in
Section VI, which uses the BRDF parameters derived from the
MISR observations asa priori information. Discussions and
summary are given in Sections VII and VIII.

II. I NSTRUMENTS ANDDATA

MODIS–Terra is a cross-track imager with nearly daily
global coverage [25]. Multiple directional samplings are accu-
mulated during each 16-day period [7], [9]. MISR, however,
takes a novel approach of imaging the earth almost simulta-
neously in nine different view directions [26]. Its view angles
range from 26.1 to 70.5 in both the forward and aftward
directions, as well as nadir looking. The global repeat cycle
of MISR is nine days around the equator, and three or four
overpasses can be obtained in higher latitudes over a 16-day
period. MISR’s view angles are arrayed along-track, and hence
its observations are almost perpendicular to those of MODIS in
the azimuth dimension. Both instruments have similar spectral
bands in the visible and near infrared, as shown in Table I. The
differences of the band centers are less than 25 nm.

The main data used for our analysis are MODIS cloud-free
surface bidirectional reflectances [4] and MISR level 2 BRFs
[27]. Both are atmospherically corrected. The MODIS BRF
product uses the integerized sinusoidal grid (ISG) projection
and has a spatial resolution of 1 km [4], [28], whereas the
MISR BRF product uses the space oblique mercator (SOM)
projection and has a spatial scale of 1.1 km. The MODIS
atmospheric-correction algorithm relies on the simulation of
atmospheric effects by 6S radiative transfer code to obtain
the surface directional reflectance from the top-of-atmosphere
(TOA) reflectance. Both the adjacency effects of environment
and the directional effects of surface reflectivity can be con-
sidered [4], although at present these corrections have not yet
been implemented [28]. In the MISR algorithm, the surface
hemispheric directional reflectance factor (HDRF) and the
bihemispheric reflectance (BHR) are first retrieved from TOA
radiances, and then a parametric BRDF model [29] is used to
derive surface bidirectional reflectances [27], [30].

We extracted four ISG tiles of MODIS data acquired from
May to October 2001 and chose eight corresponding MISR
swath segments to represent different angular sampling patterns

and land cover types (Table II). These cases represent the
provisional products from the reprocessing of MODIS data and
the beta products from the MISR team. The main vegetation
types are forests and crop/vegetation mixtures in the north-
eastern and central U.S. (h12v04 and h10v05). The dominant
land cover types are desert and semidesert shrublands in the
Sahara region (h18v07) and savannas and shrubs in southern
Africa (h20v10). We reprojected the MISR level 2 BRFs and
the angular parameters from the space oblique mercator to the
integerized sinusoidal grid. The nearest-neighbor technique was
then used to resample them to 1-km resolution. By overlaying
color composite images of reprojected MISR reflectances on
those of MODIS, we find the geometric registration difference
is generally within half a pixel. Fig. 1 shows an example tile
of the false color images of MODIS surface BRFs acquired on
May 26, 2001 and the reprojected MISR surface BRFs acquired
by its nadir camera on the same day.

III. FORMULATION OF THE INVERSEPROBLEM

MODIS derives surface BRDF/albedo through the inversion
of a semiempirical kernel-driven bidirectional reflectance dis-
tribution model [7], [8]. The RossThick–LiSparse–Reciprocal
model is a linear combination of two kernels which represent
the basic turbid medium scattering and sparse vegetation
scattering

(1)

where and denote the illuminating and viewing direc-
tion; is the wavelength; are BRDF parameters; and

is the surface bidirectional reflectance. Detailed ex-
pressions of the above two kernels are listed in [7] and [12].

The inverse problem of the BRDF retrieval with the RTLSR
model can be written as the following matrix form:

(2)

where is the measurement vector indifferent viewing and
illuminating geometry; is the kernel matrix; represents
the kernel coefficients to be derived; andis the measurement
noise vector. With a general assumption of random noise with
equal expectations of zero, the BRDF parameters can be solved
with an ordinary least square method [31] as

(3)

where is the transpose of the kernel matrix and is the
covariance matrix of measurement errors [8]. The covariance of
the parameters is

(4)

In the ideal case of independent errors with equal variances,
the solution can be simplified as

(5)

and its covariance matrix is

(6)
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TABLE II
STUDY AREAS REPRESENTED BYMODIS ISG TILE NUMBER AND MISR PATH/ORBIT AS WELL AS ACQUISITION DATES

Fig. 1. False color images of surface bidirectional reflectances acquired by
MODIS and MISR on May 26, 2001. (a) MODIS BRFs (ISG tile h20v10).
(b) MISR nadir-view BRFs (path 172, orbit 7645) reprojected to ISG.

IV. MODIS AND MISR SURFACE

DIRECTIONAL REFLECTANCES

A. Angular Signatures

Fig. 2 shows three typical angular sampling patterns of
MODIS and MISR under clear sky over the study areas.
MODIS samplings cover a similar range of viewing zenith an-
gles, when accumulated over a 16-day period, as those obtained
by MISR on a single day. The range of solar zenith angles varies
from 10 to 20 . In the azimuth dimension, MODIS and MISR
samplings are perpendicular to each other. The observations
from both sensors are in between the principal plane (PP) and
the cross-principal plane (CPP) over the New England area
in August 2001 (Fig. 2, left). MODIS angular samplings are
closer to the PP in the Sahelian region in late September 2001
while those of MISR are closer to the CPP (Fig. 2, middle).
MISR observations are closer to the PP over southern Africa in
May and June 2001 (Fig. 2, right). Cloud obscuration is found
to affect the number and the distribution of available MODIS
observations, as well as the number of available MISR orbits.

The anisotropy of land surface directional reflectance is a
result of the radiative interaction between photons and the
soil–vegetation system [10]. The soil–vegetation proportion,
vegetation structure, and element optical properties are primary
factors governing the angular distribution of the canopy-leaving
radiation. Three examples of surface BRFs are displayed in
Fig. 3. The angular signatures of surface directional reflectances

as observed from MODIS and MISR are very similar in tile
h12v04, where both viewing azimuths are between the PP and
CPP (Fig. 3, left panel). The backward scattering is obviously
stronger than the forward scattering. In tile h20v10 (Fig. 3,
right panel), the surface reflectances observed from MISR show
larger angular variations than those from MODIS due to the fact
that MISR observations are closer to the PP in May/June. The
opposite case is observed in tile h18v07 in September (Fig. 3,
middle panel). The well-knownhot spotphenomenon is shown
in both the MISR PP case and MODIS PP case. Generally, the
MODIS sequentially accumulated observations and the MISR
simultaneously acquired multiangle observations capture the
primary directional characteristics of vegetation reflectance,
such as the stronger backward scattering in all azimuth planes
and the hot spot effect in the principal plane.

B. Additional Information Content of MISR Multiangle
Observations

The basic rationale for exploring synergistic retrievals is that
MISR multiangle observations can bring extra information and
constraints to characterize the surface anisotropy and hence
albedo. Theoretically, no additional information is added if
one data source can be used to perfectly predict the other or
if there is no significant difference between surface albedos,
as well as their quality assessments individually derived from
MODIS or MISR observations. Increasing the number and
the diversity of angular samplings should bring additional
information, but extra noise from the measurements may also
be introduced. These two factors affect the total information
gain of introducing additional samplings, as shown by the
covariances of retrieved BRDF parameters in (6).

The covariance matrix of BRDF parameters consists of two
terms: merely depends on angular sampling structure,
and depends on the noise level in measurements. The less
the uncertainty, the larger the information. The inverse of the
covariance matrix can be taken as a simple measure of the joint
information gain of three BRDF parameters through inversion

(7)

Unfortunately, the uncertainty of observations is currently un-
known. Assuming the BRDF model is correct, we here approxi-
mate the variance of the measurements by the mean square error
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Fig. 2. Angular samplings of MODIS and MISR observations for a pixel in New England in August (left panel, tile h12v04, path 015), a pixel in Sahel in
September (middle panel, tile h18v07, path 188), and a pixel in Botswana in May/June (right panel, tile h20v10, path 172). Radius of circles represents zenith
angle with 10 increment (zero zenith angle is in the center), and polar angle represents azimuth (zero azimuth, North, is on the top). Solid dot and open square:
MODIS and MISR viewing directions; open circle and solid square: sun locations of MODIS and MISR overpass.

Fig. 3. Surface directional reflectances observed from MODIS (solid dot) and MISR (solid square, solid line) and the predicted surface reflectancesat MISR
angular geometries (open square, dashed line) using MODIS observations for three pixels shown in Fig. 2. The represented land cover types are broadleaf forest
(left panel), sparse shrubs on bare soil (middle panel), and savannas (right panel).

(MSE) between the measurements and the predictions from the
inverted RTLSR model. In the above equation, can be de-
composed as

(8)

where is the eigenvalue diagonal matrix, andis the eigen-
vectors of . According to the widely used Entropy concept
in information theory [32], we define an information indexas

(9)
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TABLE III
INFORMATION INDEX (MEAN AND STANDARD DEVIATION) FOR VARIOUS

MODIS AND MISR SAMPLING SCHEMES AND NET INFORMATION

GAIN BY ADDING MISR OBSERVATIONS TOTHOSE OFMODIS FOR

BRDF/ALBEDO RETRIEVALS

where are diagonal elements of the matrix. Based
on the information index , the net information gain of
adding MISR observations to the retrieval with MODIS-only
observations is defined as

(10)

It is the balance of the information gain from additional samples
and the information loss from extra noise.

Paths 015, 188, and 172 represent the three typical sampling
patterns, as shown in Fig. 2. We calculated the information
index of MISR-only observations, MODIS-only observations,
and MODIS plus MISR observations, respectively, and then
derive the net information gain for each pixel in these three
swath segments. Table III shows the mean values and standard
deviations of the information index when MODIS has more
than six angular samples. When MISR sampling is closer
to the principal plane than that of MODIS (path 172), the
combined sampling is shown to bring net information gain
to MODIS-only observations. The net information gain from
MISR sampling is increased when the number of MODIS
observations closer to CPP is further reduced. The net infor-
mation gain is less significant when both MODIS and MISR
observations are between PP and CPP (path 015). Generally,
adding MISR CPP sampling to MODIS PP observations (path
188) does not result in a net information gain due to the smaller
information/noise ratio in the CPP, except for a small number
of cases when MODIS acquires less than three clear-sky
observations. Table III also shows that the net information gain
also depends on the wavelength and that the information gain
is higher in the red and near infrared than in the green and blue.

V. SYNERGISM BETWEEN MODIS AND MISR SURFACE

DIRECTIONAL REFLECTANCES

Theoretically, MODIS and MISR should produce com-
parable surface BRF products after accounting for possible

Fig. 4. Scatter plots of MODIS- versus MISR-observed near-nadir surface
reflectances over eight swath segments listed in Table II in the near infrared,
red, green, and blue. The solid line is 1:1 line. Note that no spectral adjustment
was performed for the intercomparison analysis.

spectral differences and could be combined directly for a syner-
gistic retrieval. The actual surface BRF products, however, are
affected by both TOA inputs and prerequisite aerosol retrieval.
The significant difference between MODIS and MISR angular
sampling geometries (Fig. 2) further makes the comparison
of surface bidirectional reflectances derived from these two
instruments a challenge. To compare the off-nadir directional
reflectances, a BRDF model must be inverted with the ob-
servations from individual instruments, and then the derived
parameters can be used to predict reflectances at common
view angles. This method potentially includes any uncertainty
issues confronted by the BRDF model and its inversion, as
well as the reflectance prediction. It complicates our goal of
investigating the compatibility of the actual MODIS and MISR
BRF products. However, we observe the possibility that the
similar angular samplings appear close to the nadir, where a
direct comparison can be made.

A. Surface BRFs

To ensure the similarity of sun–view geometry, we extracted
near-nadir observations (both viewing zenith angles and the
relative azimuth difference less than 5) acquired on the same
day from MODIS and MISR. The scatter plots of MODIS
BRFs versus MISR BRFs at near-nadir show that almost all
pixels are located along a 1:1 line (Fig. 4). Two clusters are
apparent, since desert and semidesert have much higher visible
reflectances than vegetated land surface.

The relative difference is calculated as
. Fig. 5 indicates a nearly normal distribution of the rel-

ative differences between the MODIS and MISR BRFs in the
near infrared, red, and green. The distribution is relatively flatter
in the blue. Table IV summarizes the mean values and standard
deviations for each swath segment. It shows that the mean rela-
tive difference depends more or less on the specific swath, espe-
cially for the blue band. In the near infrared, the mean relative
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Fig. 5. Distributions of relative differences between MISR and MODIS
near-nadir surface reflectances in the near infrared (solid), red (dotted), green
(dashed), and blue (dashed-dotted) over study areas.

difference ranges from 1.5 to 7.1% among various swath
segments of the vegetated land areas (the first five swath seg-
ments in Table IV), and its standard deviations are less than 7%.
In the red, the relative difference is more variable. The MODIS
reflectance is higher than that of MISR by 7% in the red in
tile h12v04, but lower than that of MISR by around 5% for
other vegetated areas. The largest differences are found in the
blue band, particularly where the MODIS BRFs are higher in
desert/semidesert tile h18v07 but lower in other vegetated tiles.
The relative difference in the green is roughly between those in
the red and blue. The variation of relative differences is gener-
ally less than 10% in the near infrared and green and higher in
the red and blue.

Surface BRF products depend on atmospheric corrections.
Aerosol retrieval plays a critical role, since aerosol scattering
has a large impact on the visible and near infrared signals.
MISR aerosol products at 17.6-km resolution [30] are used
in the processing of its surface radiative properties. MODIS
level 2 aerosol product at 10-km resolution, however, is not
directly used in the MODIS atmospheric correction scheme. A
new version of the aerosol algorithm was developed specifically
for the MODIS surface reflectance algorithm to extend the
aerosol retrieval to brighter targets and obtain retrievals at a
much higher spatial resolution (1 km) [28]. Unfortunately, this
updated intermediate 1-km aerosol product is not currently
output as a product and not available to us. Therefore, a
quantified analysis of the contribution of aerosol retrieval and
atmospheric correction to surface BRF differences cannot be
undertaken in this study.

B. Top-of-Atmosphere BRFs

Surface BRFs are derived from the TOA reflectance through
atmospheric correction. A comparison of the MODIS and
MISR TOA near-nadir directional reflectance factor is essential
for understanding the effect of instrument calibration, spectral
specification, and georegistration on the surface BRF products.
Bruegge et al.[24] found that the effect of MODIS and MISR
spectral response differences on TOA radiances was significant
in the blue. The TOA radiance scale factor—the ratio of the
integral of the TOA upwelling spectral radiance convoluted
with MISR spectral response functions over that with MODIS
spectral response functions—was also shown to depend on

surface type, such as 0.906 for Lunar Lake desert scenes and
1.054 for ocean scenes in the blue [24]. Validation of MISR
TOA radiance [24] over the calibration sites demonstrated that
the MISR and MODIS TOA radiance products agree within an
uncertainty of 3% after a spectral adjustment, indicating a good
agreement between the calibrations of both instruments.

We examine here the overall comparability between MODIS
and MISR TOA nadir reflectances over our study areas.
For those pixels extracted for the near-nadir surface BRF
comparison, we calculated MODIS and MISR TOA BRFs
from a MODIS-aggregated 1-km TOA radiance product
(MOD021KM) and a MISR L1B2 nadir-camera radiance
product with 275-m resolution, respectively. The reflectance
scale factor and offset contained in MOD021KM metadata are
directly applied to convert MODIS radiance to reflectance.
MISR TOA reflectance is calculated with

(11)

where is the TOA radiance; is the earth–sun dis-
tance in astronomical units (AU) contained in the MISR geo-
metric product; and is the exoatmospheric irradiance which
is contained in the MISR ancillary radiometric product [33].

Table IV shows that the agreement of the MODIS and MISR
TOA BRFs are better than that of the surface BRFs. There is
no significant bias in the TOA BRFs observed by the two in-
struments, with the mean relative differences mostly less than
6% in the near infrared, red, and green. The difference of varia-
tion is also very small. Note that no spectral adjustment was at-
tempted, and therefore our results here include all possible noise
from spectral differences, geometric coregistration, and spatial
aggregation. In the blue band, MODIS TOA BRFs are system-
atically lower than that of MISR by 7% in the desert and by 16%
in the vegetated land, which is possibly due to the different spec-
tral response functions of the two instruments.

The residual of surface BRF differences from TOA BRF dif-
ferences most likely indicates the effect of different atmospheric
corrections on surface BRF differences. Table IV shows that
the additional systematic differences introduced by atmospheric
correction are generally less than 5% for the vegetated land, ex-
cept in the blue where the reflectance signal is very sensitive to
aerosol scattering. In the desert area, atmospheric correction has
a larger effect.

C. Implication for Data Fusion

Ideally, observations from MODIS and MISR can be directly
combined together for BRDF and albedo retrievals, hereafter
referred as direct synergism, if there is no systematic bias be-
tween two datasets or if validated radiometric adjustment coef-
ficients are available. The analysis from the above case studies
shows that the MODIS surface near-nadir BRFs generally agree
well with those of MISR except in the blue, but atmospheric
correction may bring systematic differences, depending on the
aerosol retrievals. For a direct synergism with original or ad-
justed MODIS and MISR BRFs, it is necessary to perform de-
tailed accuracy assessments and uncertainty analyses of both
MODIS and MISR surface BRF products. Various efforts are
underway to analyze the TOA radiometric difference due to
MODIS and MISR spectral specifications [24] and to validate
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TABLE IV
RELATIVE DIFFERENCES(MEAN AND STANDARD DEVIATION) BETWEENMODIS AND MISR SURFACE (AND TOA) NEAR-NADIR BRFS IN PERCENTAGE. NOTE

THAT NO SPECTRALADJUSTMENTWAS PERFORMED. NO TOA COMPARISONWAS MADE OVER P176AND P192 DUE TO DATA LIMITATIONS

MODIS and MISR surface BRFs and characterize their accu-
racy [28], [34]. Further study of direct synergism can be under-
taken after these evaluation and validation efforts are completed.
In Section VI, we explore ana priori synergistic approach to
combine the observations from the two instruments in a flexible
way. Given the large differences exhibited in the blue, the syn-
ergism in the blue will not be included in Section VI.

VI. A PRIORI SYNERGISM

A. Using A Priori Knowledge

One major concern in combining multisource data is the pos-
sibility of introducing more noise than new information. As one
of the major land products of MODIS, consistency is a critical
issue when attempting to add information from MISR observa-
tions to improve MODIS BRDF/albedo retrievals. Our objec-
tive is to incorporate the directional information of MISR BRFs
and at the same time to minimize the effect of any possible sys-
tematic discrepancy in magnitude due to spectral specification,
geometric coregistration, and atmospheric correction.

The anisotropic shape information is contained in the BRDF
parameters. The unique property of the simultaneous multiangle
observations of MISR guarantees that we either get a sufficient
number of looks covering both forward and backward directions
under clear sky or obtain nothing at all due to clouds. Therefore,
when MISR observations are available and MODIS sampling is
poor, we can use the BRDF parameters derived from the original
MISR observations asa priori knowledge and couple these with
the available MODIS observations during a 16-day period to
get a posteriori estimates of the BRDF parameters. The cost
function is written as

(12)

where is the a priori parameter vector derived from
MISR observations, and is the weight with whicha priori in-
formation is incorporated [17], [19]. The first term is the cost of
data misfit and the second term the deviation from ana priori
guess. In this way, the retrieval is a balance of the data fitting
anda priori information. The solution is given by [19]

(13)

where is a 3-by-3 unit matrix.

B. Sensitivity Analysis

The question arises as how to select an appropriate weight
. Conceptually, it depends on the information content in

the MISR sampling and the noise level in the MISR surface
BRF product relative to those of the MODIS product. We
first examine howa priori synergistic retrieval performs with
values of . Using the data from our case studies, we derived
corresponding albedos and predicted surface reflectances by
changing the relative weight, according to (13). We took the
retrieval from a direct synergism with the MODIS and MISR
BRFs adjusted by the nadir BRF as a reference. Note that for
the sensitivity analysis here we emphasize the trend of retrieval
errors with instead of the absolute values of actual errors. The
relative retrieval errors in white sky albedo and surface BRFs
under MODIS and MISR sun–view geometries are plotted
against the value of in Fig. 6 (solid line) for the pixel shown
in the right panel of Fig. 3. To investigate the effect of variable
MODIS sampling, we also subsetted the MODIS observations
to represent the cases that MODIS samplings cover backward
only (dotted line), backward plus one near-nadir forward
(dashed line), and backward plus one far-off-nadir forward
(dash dot line) scattering.

The relative retrieval errors of BRFs decrease rapidly as the
weight of thea priori information increases, especially in the
cases where the MODIS samples are mainly distributed in the
backward direction. This indicates that the injection ofa priori
knowledge can improve the retrieval accuracy even with a small
weight. The retrieval errors of both albedo and BRFs for var-
ious MODIS sampling schemes become stable with an increase
of the weight and converge when the weight is around 5.0. For
comparison, Fig. 6 also plots the results from the direct syn-
ergism with the original MISR observations and four types of
MODIS samplings as symbols over the line. Clearly, the
direct synergism results in much larger relative errors of albedo
retrievals thana priori synergism.

In an attempt to investigate the effect of any possible sys-
tematic differences between the MODIS and MISR BRFs ona
priori synergism, we intentionally changed the magnitude of the
MISR BRFs in our case study while keeping the reference un-
changed, and we found that the sensitivity to the weight stays
the same. When MISR BRFs are increased by 10% as a severe
test (see Fig. 7), the relative error of BRF prediction increases
from 9 to 13% in the red and from 6 to 9% in the near infrared.
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Fig. 6. Sensitivity of relative retrieval errors for white sky albedo (left panel)
and BRF retrievals (right panels) in the red to the weight ofa priori knowledge of
BRDF parameters derived from MISR observations close to the principal plane.
MODIS samplings used for thea priori synergism scheme are: all (solid line),
backward (dotted line), backward plus one near-nadir forward (dashed line), and
backward plus one far-off-nadir forward (dashed-dotted line). Results from the
direct synergism approach with the original MODIS and MISR observations are
plotted with plus, open triangle, open circle, and open diamond for the above
MODIS samplings, respectively.

Fig. 7. Same as Fig. 6, but the MISR BRFs used to derive thea priori
knowledge are intentionally increased by 10%.

The relative errors of white sky albedo are very stable. Com-
pared toa priori synergism, the direct synergistic method, how-
ever, is more sensitive to the magnitude shift ofa priori obser-
vations and has much lower retrieval accuracies, especially for
white sky albedo retrieval (Fig. 7). This implies that thea priori
synergism is a better choice than direct synergism in the case
when a systematic bias between MODIS and MISR BRFs may
be present or is uncertain.

When MISR observations are close to the cross-principal
plane and those of MODIS are close to the principal plane (the
pixel shown in the middle panel of Fig. 3), the relative retrieval
errors of albedo and BRFs froma priori synergism reach the
minimum when the weight is between 0.1 and 0.3 and then
increase with the weight. This low value of relative weight
is probably due to the reduced information contained in the
CPP observations. Moreover, the retrieval in this case is more
dependent on the sampling geometry of MODIS. In particular,
relative retrieval errors are smaller if the MODIS PP samplings
include both the forward and backward directions and are less
sensitive to the weight ofa priori knowledge.

C. Weight of A Priori Knowledge

The information index as shown in Section IV captures the
information content from a particular sampling through inver-
sion. We rely on the net information gain as a criterion as
to whether to include MISR observations or not. When there
is net information gain, adding MISR observations brings more
information than noise to MODIS BRDF/albedo retrievals. The

larger the information content of MISR observations relative to
those of MODIS, the larger the weightof a priori knowledge
from MISR should be taken in a synergistic retrieval. Here, we
take the ratio of the information index for MISR observations
over that for MODIS observations as an approximation for the
weight of a priori knowledge. In path 172, the mean value of
the information ratio is 1.65, 1.68, and 1.60, respectively, for
the near infrared, red, and green. Note that these values are in
the range of values where retrieval is relatively insensitive to

compared to the most sensitive region whenis less than 1.0.
To examine how this method performs, we use the

PARABOLA BRF measurements of old jack pine over boreal
forests [35] as an example, due to the current lack of analyzed
ground-based validation information associated with MODIS
and MISR observations. We extracted measurements with the
angular sampling patterns similar to those of the MODIS CPP
and MISR PP case. The white sky albedo from the retrieval with
all observations is 0.0328 in the red. The retrieval with the PP
measurements alone is 0.0358, and the retrieval with the CPP
measurements alone is 0.0177. When using BRDF parameters
from the PP measurements asa priori, the information ratio
is 1.81, and the white sky albedo retrieved througha priori
synergism is 0.0333, which is very close to the true value.
The improvement is less obvious in the near infrared where
only slight improvement is found. When we add a bias of 10%
to the PP measurements, the white sky albedo froma priori
synergism is only increased to 0.0337. However, the white sky
albedo from a direct synergism is rapidly increased to 0.0362.

D. Results From A Priori Synergism Applied to MODIS and
MISR Case Studies

Using the BRDF parameters derived from the original MISR
BRFs asa priori, we injected the MODIS observations and
obtained new BRDF parameters. As an example, Fig. 8 presents
the predicted BRFs at MODIS and MISR sun–view geometries
through a priori synergistic retrieval for the pixel shown in
the right panel of Fig. 3. It is clear that the derived BRDF
can capture the shape of angular reflectances of both MODIS
and MISR, and the magnitude is between the MODIS- and
MISR-observed reflectances. Generally, the predicted BRFs at
the MISR angular geometries are lower than the MISR BRFs,
and the predicted BRFs at MODIS geometries are very similar
to the MODIS BRFs. It should also be noted that the near-nadir
reflectances are better preserved than the off-nadir reflectances.

For the May–June case in tile h20v10, the MISR observa-
tions are closer to the principal plane and were shown to bring
significant net information gain (Section IV). We did three sets
of inversions with the MISR-only observations, MODIS-only
observations, and thea priori retrieval. The correlation between
the MISR-observed BRFs and those predicted through inver-
sion of MODIS observations for each pixel was chosen as a
measure of the similarity between the observed and predicted
BRDF shapes, since it is not affected by any systematic magni-
tude differences between two products. On the average, the cor-
relation coefficient between the observed and predicted MISR
surface BRFs increases from 0.89 to 0.97 in the near infrared,
0.65 to 0.94 in the red, 0.47 to 0.89 in the green, when usinga
priori synergism, compared to using the MODIS-only observa-
tions for retrieval. For surface BRFs at the MODIS sampling ge-
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Fig. 8. Surface directional reflectances at MODIS (open circle) and MISR (open square, dashed line) sampling geometries derived froma priori synergism with
the original MODIS and MISR surface reflectances for the pixel shown in the right panel of Fig. 3. The MODIS BRFs (solid circle) and MISR BRFs (solid square,
solid line) are also plotted for comparison. The relative weight used fora priori knowledge is 1.7, calculated as the ratio of MISR information index over MODIS
information index.

TABLE V
MEAN RELATIVE PREDICTION ERRORS(PERCENT) IN THE NEAR INFRARED,
RED, AND GREEN FORRETRIEVALS WITH MODIS OBSERVATIONSALONE,
MISR OBSERVATIONSALONE, AND A PRIORI SYNERGISM OVER ISG TILE

H20V10 (PATH 172AND 176). IGBP LAND COVER TYPES: 2. EVERGREEN

BROADLEAF FOREST; 8. WOODY SAVANNAS; 9. SAVANNAS; 10.
GRASSLANDS; 12. CROPLANDS

ometries, the correlation coefficient between observations and
the prediction in this case only decreases slightly by 0.1 in the
red and green. Overall, this indicates thata priori synergism can
improve the representation of the surface BRDF shape in com-
parison with the inversion from the MODIS CPP observations
alone.

For various land cover types, the relative prediction errors
through different retrievals are summarized in Table V for the
red, green, and near infrared for the May–June case. In the red
band, the error of predicting all combined MODIS and MISR
observations is reduced to 14.3% witha priori synergism, com-

pared to 21.5% with the inversion from MODIS-only CPP ob-
servations, but is similar to that of using MISR-only BRFs ac-
quired close to the PP. Thea priori synergistic retrieval predicts
MODIS BRFs with the mean relative error of 10.6% and MISR
BRFs with 18.7%. However, the mean relative error is as high
as 21.7% for the prediction of the MODIS BRFs with the MISR
PP observations alone and 35.4% for the prediction of the MISR
BRFs with the MODIS CPP observations alone, respectively.
Similar results are found for the green band. The prediction of
MODIS BRFs witha priori synergism has lower errors than the
prediction of MISR BRFs, indicating that the magnitude of the
MODIS surface BRFs is better preserved. This is a great benefit
for the consistency of MODIS products. Table V also demon-
strates that the accuracy improvement is more significant for
savannas, grasslands, and croplands than for broadleaf forests
and woody savannas. The improvement in the near infrared is
not so significant.

The above analysis indicates that the total inversion error is
basically determined by the overall information content and
noise level in the individual or combined observations. The
retrievals with data from individual instruments tend to mini-
mize the error of the BRF prediction over their own sampling
schemes, but the prediction error at the angular geometries of
the other instrument is higher. On the contrary, the synergistic
retrieval takes into account the angular signatures of both
observations, and the BRDF is hence better constrained.

VII. D ISCUSSION

The inverted BRDF model from a finite set of observations
provides a practical and efficient way to characterize the
anisotropy of surface reflectivity. An issue confronting the
accuracy and hence the application of the BRDF inversion is
the sparse or not well-distributed directional sampling avail-
able from an individual satellite [13]. MODIS BRDF/albedo
retrieval uses the“sequential” multiangle concept to obtain
directional information from space, while the MISR instrument
and its land products use the“simultaneous” observation
concept [36]. In the growing and senescent seasons, the
surface radiative property changes, which may cause a higher
noise in the sequential observations than in the simultaneous
observations. The choice of time period is a trade-off between
the stability of surface reflectivity and the ability to obtain
sufficient angular samples due to cloud cover.
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During a 16-day period, the number and distribution of
MODIS viewing zenith angles are variable due to cloudiness.
MISR directional samplings, however, are symmetric in the
viewing hemisphere, and only the azimuth component changes
significantly with the latitude and season. The MISR obser-
vations usually cover a smaller range of solar zenith angles
than those of MODIS during a 16-day period though. In the
azimuth dimension, MODIS and MISR observations are almost
perpendicular to each other. This study takes advantage of
such complementary samplings to improve the MODIS BRDF
and albedo retrieval. The MISR PP case was shown to bring
significant net information gain to MODIS CPP observations
and was further explored witha priori synergism. The net
information gain decreases as MISR observations are far from
the principal plane. In particular, the net information gain is
negative in the MISR CPP case, and thusa priori synergism
was not performed.

Compatibility is crucial in utilizing multisource data. Sur-
face BRF is a high-level product, and any uncertainties asso-
ciated with the TOA reflectance and the prerequisite aerosol re-
trieval will be transferred down through the processing stream.
The intercomparison of surface BRF products from different in-
struments thus becomes a very complicated task. Contemporary
observations from space instruments andin situ field measure-
ments are of vital importance to validate the retrieved surface
BRFs and to quantify the contributions of various sources to any
surface BRF differences. Cooperative validation efforts are cur-
rently underway within the EOS instrument, atmosphere, sur-
face, and validation teams, and further refinements to the surface
products can be expected as a result of these validation studies.
Note that MODIS completed reprocessing a consistent one-year
product in January 2002 and that the MISR surface retrievals
will be further improved in early 2002 [37]. Thus, the compar-
ison case studies shown in this paper are preliminary and meant
to capture the compatibility of these particular datasets.

VIII. SUMMARY

Both MODIS-accumulated and MISR simultaneously
obtained observations are found able to capture the primary
characteristics of surface anisotropic reflectance. Our prelim-
inary case studies show that MODIS and MISR near-nadir
surface BRFs are generally comparable in the near infrared, red,
and green. Also shown is that MISR observations bring extra
information to the MODIS BRDF/albedo retrievals, especially
when MISR acquires observations closer to the principal plane.
By taking the BRDF parameters derived from the original
MISR observations asa priori information,a priori synergism
appears to improve the representation of the surface BRDF
shape and the surface BRDF/albedo retrieval particularly by
10% in the red and green band. Future efforts will be devoted
to work with MODIS BRDF/albedo validation scientists to
evaluate thea priori synergistic method.
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