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Abstract. The ground-based Portable Apparatus for Rapid Acquisition of Bidirectional
Observations of Land and Atmosphere (PARABOLA), version 3, provides multiangle
measurements of sky and ground radiances on a spherical grid of 58 in the zenith-to-nadir
and azimuthal planes in eight spectral channels. The hemispherical directional reflectance
factor (HDRF) can be measured directly by comparing the radiance reflected by the
surface in given direction to that reflected from a reference surface simultaneously
observed by the PARABOLA 3. The surface bidirectional reflectance factor (BRF) cannot
be measured directly, however, because of the presence of the sky diffuse illumination.
The contribution of the diffuse sky radiance to the radiance reflected by the natural target
surface is computed, and removed, using an iterative technique. Two approaches are
employed: the first requires knowledge of the atmospheric optical depth, and the second
requires the simultaneous measurements of the radiance reflected by a standard surface
panel under the same atmospheric and illumination conditions. Ground measurements of
the BRF and HDRF for dry lake surfaces were obtained from the PARABOLA 3
observations with better than 610% accuracy. The results described in this work are used
primarily for the vicarious calibration of the Multiangle Imaging Spectroradiometer
(MISR) onboard the Earth Observing System (EOS) Terra platform and for validation of
MISR BRF retrievals of selected Earth surface targets.

1. Introduction

Surface-atmosphere radiative coupling is dominated by the
reflectance properties of the surface. All natural surfaces ex-
hibit anisotropic reflection which is described by the bidirec-
tional reflectance factor (BRF) and the hemispherical direc-
tional reflectance factor (HDRF). Knowledge of the surface
BRF, on global scale, is crucial to the assessment of the Earth
radiation budget and to the ongoing research effort on climate
and global changes [e.g., Dickinson et al., 1990; Mintz, 1984;
Charney et al., 1977]. Theoretical models have been developed
to calculate the surface BRF [e.g., Liang and Strahler, 1993;
Verstraete et al., 1990; Pinty and Verstraete, 1992; Pinty et al.,
1989] using a number of parameters to provide the physical
and optical properties of the surface.

Estimates of the surface directional reflectance properties,
on global and regional scales, can best be achieved using ob-
servations of spaceborne and airborne multiangle spectroradi-
ometers, such as the multiangle imaging spectroradiometer
(MISR) [Diner et al., 1998a] and its airborne simulator
AirMISR [Diner et al., 1998b] and the airborne advanced solid-
state array spectroradiometer (ASAS) [Irons et al., 1991], after
applying the appropriate atmospheric correction algorithm to
the observed top-of-atmosphere data [Liang and Strahler, 1994;
Martonchik et al., 1998].

Ground measurements are required to support, supplement,
and validate spaceborne and airborne observations. The Por-
table Apparatus for the Rapid Acquisition of Bidirectional
Observations of Land and Atmosphere (PARABOLA 3)

[Bruegge et al., 2000a] is a sphere-scanning radiometer that
provides complete hemispherical measurements of sky and
surface radiances in a 58 field of view and in eight spectral
channels (444, 551, 650, 860, 944.0, 1028, 1650, and 400–700
nm). Ground measurements made with the PARABOLA 3 are
used in this work to determine the BRF and HDRF functions
for natural target surfaces. An earlier version that provides
fewer angular observations, in a 158 field of view in three
spectral bands, has also been described and used [Deering,
1988; Deering and Leone, 1986].

The PARABOLA 3 ground measurements described here
are used primarily for the validation and vicarious calibration
of MISR and AirMISR [Abdou et al., 2000]. MISR and
AirMISR provide images of Earth at nadir and along-track
angles of 6268, 6458, 6608, and 6708 relative to nadir, in four
bands (446, 558, 672, and 866 nm). Global characterization of
the surface BRF, among other products, is produced from
MISR observations. In this paper the PARABOLA 3 field
measurements from three AirMISR vicarious calibration cam-
paigns at Lunar Lake, Nevada, in June 1997, and at Rogers
Lake, California, in May and December 1998, are presented,
and the techniques used to process the data and retrieve the
surface BRF and HDRF are described.

2. Definitions of the Surface Directional
Reflectance Properties

There are several reflectance functions that are commonly
used by the remote sensing community to describe the direc-
tional reflectance properties of a surface. Complete definitions
of these functions are given by Nicodemus et al. [1977], O’Neill
et al. [1995], and Bruegge et al. [2000b]. Two of these, relevant
to the present work, are briefly defined here.
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2.1. Bidirectional Reflectance Factor

The BRF is an inherent property of the surface, defined as
the ratio of the radiance Lt

r reflected by the target surface in a
specific direction to that reflected in the same direction by a
perfect diffuse (Lambertian) surface under the same parallel
beam illumination. Since the radiance reflected by a perfect
(nonabsorbing) Lambertian surface is uniformly distributed
and is equal to 1/p of the incident irradiance Ei, then the BRF,
R , is given as

R~l , 2m , w , m0, w0! 5
Lt

r~l , 2m, w , m0, w0!

~1/p! Ei~l , m0, w0!
, (1)

where, l is the wavelength, m0 and m are, respectively, the
direction cosines of the zenith angles, u0 and u, of the incident
and reflected radiances, measured with respect to the normal
to the surface (the negative sign indicating upward direction),
and f0 and f are, respectively, the azimuth angles of the
incident and reflected radiances.

2.2. Hemispherical Directional Reflectance Factor

The HDRF r is defined as the ratio of the radiance reflected
by the surface in a specific direction to that reflected, in the
same direction, by a perfect Lambertian surface under the
same ambient illumination. Therefore

r~l , 2m , w , m0, w0!

5

1
p E

0

1 E
0

2p

R~l , 2m , w , m9 , w9!

Li~l , m9 , w9 , m0, w0!m9 dm9 dw9

1
p E

0

1 E
0

2p

Li~l , m9 , w9 , m0, w0!m9 dm9 dw9

, (2)

where Li, the radiance incident on the surface, includes both
direct (parallel) and diffuse illumination. The HDRF is not an
inherent property of the surface but varies according to the
ambient illumination.

Radiative transfer studies usually require knowledge of the
surface BRF to account for the surface-atmosphere radiative
coupling. However, from the above definitions, and as will be
shown later, direct field measurements of the surface HDRF
are much simpler to obtain than those of the BRF. Therefore
knowledge of the HDRF can be valuable in case of clear-sky
conditions, where the ratio of direct solar to hemispherical
irradiance can be more than 10 to 1 and the surface HDRF is
a very good approximation of the surface BRF.

3. PARABOLA 3 Field Experiment and Data
Processing

The PARABOLA (herein the “3” referring to the instru-
ment version, used at the Jet Propulsion Laboratory, will be
omitted for convenience) provides complete hemispherical
scans of the sky downwelling and surface upwelling radiances,
on a 58 spherical grid, in eight spectral channels at 444, 551,
650, 860, 944, 1028, 1650, and 400–700 nm. The first four of
these channels nearly coincide with four MISR channels, both
in center wavelength and band pass, and are used for validation
and vicarious calibration of MISR and AirMISR. The latter
four channels are used for evaluating water vapor, aerosol
optical depth at longer wavelength, and measurements of pho-

tosynthetically active radiation (PAR). A detailed description
of the PARABOLA, its calibration and performance in the
field, are presented by Bruegge et al. [2000a]. In this work,
emphasis is on how the field observations are processed and
used to determine the surface BRF and HDRF.

In the field, PARABOLA is normally set about 2 m above
the ground. The instrument is leveled horizontally such that
the elevation of each of the eight sensor heads is aligned 1808
with respect to nadir. From this initial position the PARAB-
OLA observations start by scanning the sky, in 58 steps in the
azimuthal plane, beginning from an arbitrary reference azi-
muth. These azimuthal scans are repeated 36 times as the
elevations of the sensor heads decrease, in 58 steps, from 1808
to 08. The complete spherical scan is concluded by scanning the
ground with the sensor heads looking in the nadir. Illustrations
of sky and ground projections of the PARABOLA field of view
are given by Bruegge et al. [2000a]. At the end of each spherical
scan, the sensor heads return to the starting position and the
data are written to a file by the instrument computer. A com-
plete spherical scan takes ;3 min and represents one data
record consisting of 37 3 72 values of instrument response per
channel, 37 elevation angles, and 72 azimuthal angles, and the
time (in UT). The latter is usually recorded at the beginning of
each scan.

A Spectralon panel, 25 cm on a side, is placed under the
sensor heads, and on the south side of their trajectory to
remain illuminated for the entire period of the measurements.
This allows direct determination of the surface HDRF from
PARABOLA observations. The radiance reflected by the
Spectralon surface is measured at nadir and from 58 to 158 off
nadir. Spectralon is a diffuse reflector commonly used as a
bright reference standard for reflectance measurements. In
practice, the Spectralon reflectance deviates slightly from that
of a perfect Lambertian surface, and a correction factor equal
to the Spectralon BRF is required to correct for its nonideal
reflectance properties. The BRF of the Spectralon panel was
measured in the laboratory as described by C. J. Bruegge et al.
(A Spectralon BRF database for MISR calibration applica-
tions, submitted to Remote Sensing Environment, 2000c) (here-
inafter referred to as B2000).

3.1. Data Processing

Figure 1 illustrates the unprocessed data from one of the
PARABOLA spherical scans over Rogers Dry Lake, on May
10, 1998. Four major steps are required to prepare the PA-
RABOLA data for the evaluation of the HDRF and the BRF.

3.1.1. Correction of azimuth and zenith angles. The field
observations are measured in the azimuth plane with respect to
an arbitrary reference direction. The Sun elevation, as deter-
mined by the PARABOLA, is correct only within the instru-
ment field of view, i.e., to ;658. The observations are refer-
enced to the Sun ephemeris using least squares fit. Figure 2
compares the solar ephemeris at Rogers Lake, California, on
May 10, 1998, to the Sun positions, as determined by the
PARABOLA before and after corrections. As shown in this
figure, except for a few cases, the agreements between the true
and the corrected Sun angle are better than 618.

3.1.2. Locating the Spectralon panel. The data points
corresponding to the Spectralon-reflected radiances (seen in
bottom left corner of Figure 1) are located, removed, and
saved for later use in the retrieval of the surface parameters.
These data are then replaced by values representative of the
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surface-reflected radiances, by interpolating observations
along the azimuth direction.

3.1.3. Shadow corrections. The PARABOLA is usually
set in the field away from buildings or any large structures. The
instrument shadow, however, always appears in the hemispher-
ical scanning of the surface, as shown in Figure 1, at view
zenith angles equal to or less than the Sun zenith angle and
centered at azimuth angle 1808 from the Sun. Because consec-
utive observations overlap in the azimuthal direction, the
shadow usually dominates a range of data points along that
direction, as shown in Figure 3. An automated shadow correc-
tion procedure locates the center of the instrument shadow
and determines its range along the azimuthal direction. The
data within this range is replaced by interpolating and curve

fitting the data outside and on both sides of the shadow range,
as illustrated by the dotted line in Figure 3.

3.1.4. Restoring the hot spot. The hot spot can be ob-
served in the principal plane in the reverse solar direction. Hot
spots are usually totally or partially masked by the shadow of
the instrument. However, one can detect the presence of a hot
spot by carefully examining the data near the edge of the
shadows and, if any exists, the shadow correction procedure,
described above, automatically restores it. This is an approxi-
mate procedure. However, detailed analysis of the hot spot is
not part of the present work. Figure 4 shows the data of Figure
1, after all the above corrections were applied.

3.1.5. Radiometric calibration. The PARABOLA digital
responses, DN , are converted into radiances according to the
following relation:

DNn 2 DN0,n 5 g0,n 1 g1,nLn 1 g2,nLn
2, (3)

where DN0 is the dark current, g0 is the offset, and g1 and g2

are the gain coefficients for the nth channel and were deter-

Figure 1. Illustration of a PARABOLA scan at Rogers
Lake, May 10, 1998, at 1600 UT. The unprocessed data rep-
resent the instrument response (DN) at 551 nm to the down-
welling sky-radiance (right-hand side of the plot) and the up-
welling surface-reflected radiance (left-hand side) as a function
of the view angles. The latter are measured along the look
direction by the PARABOLA internal compass. The peak rep-
resents the instrument response to radiance coming directly
from the Sun which, at 1600 UT, is at elevation of ;1278 and
at 93.58 with respect to the geographic North.

Figure 2. Solar ephemeris (the solid line) at Rogers Lake,
California (34.978 latitude and 2117.838 longitude), on May
10, 1998. The Sun position as measured by the PARABOLA,
before and after correction (see section 3.1.1) are represented
by the asterisks and the pluses, respectively.

Figure 3. A sample of the data in Figure 1 to illustrate in-
strument shadows and their corrections. The view angles
(along the look direction) are corrected according to the solar
ephemeris. The instrument shadow appears at view zenith an-
gle of 458 and view azimuth angle of ;2758, i.e., 1808 from the
Sun azimuth angle. The data near the shadow are corrected by
interpolation and curve fitting to preserve the backward scat-
tering and/or the hot spot.

Figure 4. PARABOLA scan, shown in Figure 1, after all
corrections described in 3.1 are applied. The view angles are
along the look direction.
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mined in the laboratory for each of the PARABOLA channels
[Bruegge et al., 2000a]; g2 is usually very small (1024 , g2 ,
4 3 1022) and, to a very good approximation, can be ignored.

3.2. Auxiliary Data

Because the PARABOLA is used primarily for validation
and vicarious calibration of MISR and AirMISR, other instru-
ments are simultaneously used to collect additional observa-
tions. These instruments include one or two solar radiometers
to measure the atmospheric optical depth, and a portable spec-
trometer, manufactured by analytical spectral devices (ASDs),
which allows a rapid estimation of the surface spectral HDRF
in the nadir direction between 350 and 2500 nm. The ASD
instrument has been traditionally used to calibrate nadir-
viewing sensors and, in this work, to validate the PARABOLA
observations near nadir. The ASD observations of the radiance
reflected by the natural target surface and the Spectralon stan-
dard surface are obtained in a sequential and fast manner
within 61 hour of solar noon when the change in Sun elevation
is smallest. The nadir-viewing HDRF of the target surface is
given by

rt~ASD!~l , 21, m0, w0!

5
Vt~l , m0! 2 V0~l , m0!

V spect~l , m0! 2 V0~l , m0!
r spect~l , 21, m0, w0! , (4)

where V0 is the dark current, and Vt and Vspect are the ASD
responses to the target and standard surfaces, respectively. The
21 refers to zero view angle in the upward direction. The
Spectralon HDRF, rspect, is needed to correct for the nonideal
Lambertian properties of the Spectralon, as is explained in
section 4.1.

The PARABOLA experiment is conducted under clear sky
and atmospheric conditions so that short-term fluctuations in
illuminating geometry during the PARABOLA scans are neg-
ligible. Also, the surface is chosen to be spatially homogeneous
with surface properties varying minimally (usually less than 1%
in reflectance over the entire experiment site, so observations
of both the PARABOLA and the ASD represent the same
average characteristics of the target.

4. Methods of Retrieving Surface Properties
from PARABOLA Observations

4.1. HDRF Retrieval

From each PARABOLA spherical scan, the surface HDRF
can be directly determined for the atmospheric conditions and
illumination angles specific to the time of that scan. The
HDRF, given by equation (2) can also be expressed as

rt~2m , m0, f 2 w0! 5
Lt

r~2m , m0, f 2 w0!

Lst
r ~m0!

, (5)

where Lt
r and Lst

r refer to the radiances reflected by the target
and the standard perfect Lambertian surfaces, respectively,
and where it is assumed that the azimuth dependence of the
reflected radiance is a function of f 2 f0 only. For simplicity
of notation the spectral dependency is omitted. Since the stan-
dard surface has a perfect Lambertian reflectance, Lst

r is inde-
pendent of m and f 2 f0. However, the reflectance properties
of the Spectralon, used in this work as the standard surface,

deviates slightly from a perfect Lambertian. Since the HDRF
for Spectralon can also be expressed in a form like (5) then

rSpect(21, m0) 5
L spect

r ~21, m0!

Lst
r ~m0!

, (6)

and rt can be written as

rt~2m , m0, f 2 w0! 5
Lt

r~2m , m0, f 2 w0!

LSpect
r ~21, m0!

3 rSpect(21, m0).

(7)

Therefore to evaluate the HDRF of the target surface in any
direction from the PARABOLA data, knowledge of the Spec-
tralon HDRF in the nadir is required. A Spectralon BRF
database (B2000) was substituted for the HDRF after conduct-
ing a sensitivity study to evaluate the expected errors. The
errors were evaluated at all PARABOLA wavelengths, for a
range of solar zenith angles up to 758 and for two atmospheric
conditions, one clear with a visibility of .100 km and the other
relatively hazy with a visibility of ;20 km. The results show
that the errors in using the Spectralon BRF in (7), instead of
the HDRF, generally increase with solar zenith angle, decrease
with wavelengths, and are larger for hazy atmospheric condi-
tions. For clear atmospheric conditions, the errors are always
,1% for all solar angles up to 758. For the hazy conditions,
these errors are ,1% up to solar angles of 508 for all of the
PARABOLA bands, increasing to a maximum of 1% for larger
Sun angles at all wavelengths above 550 nm and to ;2.5% at
450.0 nm. Generally, such errors are insignificant except at
short wavelengths under hazy atmospheric conditions.

Replacing radiance by instrument DN and the Spectralon
HDRF by its BRF, (7) becomes

rt~2m , w , m0, w0! 5
DNt

r~2m , w , m0, w0! 2 g0

DNSpect
r ~21, m0! 2 g0

3 RSpect(21, m0). (8)

Presently, the dark currents are not subtracted from the in-
strument DNs because they were not included in the labora-
tory determination of g0 [Bruegge et al., 2000a] and thus far
have not been determined in the field. Ideally, there should be
good agreement between the ASD and the PARABOLA mea-
surements of the HDRF in the nadir. To minimize errors due
to this dark current issue, the nadir HDRF measured by the
ASD is substituted for rt to evaluate g0 from (8). Errors in the
values of g0 determined with this approach are estimated to be
within 1.5%.

4.2. BRF Retrieval

Since the PARABOLA field observations include the diffuse
component of the incident and reflected radiances, a determi-
nation of the BRF from the PARABOLA or any PARABO-
LA-like observations must include removing the diffuse com-
ponent. This is achieved using an iterative algorithm developed
by Martonchik [1994]. The algorithm is employed in this work
using two approaches: (1) the absolute-radiance approach,
based on an estimation of the absolute value of the radiance
reflected directly by the target surface, and (2) the relative-
radiance approach, based on the estimation of the radiance
reflected directly by the target surface relative to that reflected
directly by the Spectralon panel. The following describes these
two approaches in detail:
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4.2.1. The absolute-radiance approach. This approach
utilizes (1), which can be rewritten as follows:

Rt~2m , m0, w 2 w0!

5
Lt

r~2m , m0, w 2 w0! 2 Lt
r~diff!~2m , m0, w 2 w0!

S 1
pDm0E0e2t /m0

, (9)

where E0 is the band-averaged exoatmospheric irradiance, and
t is the atmospheric optical depth. Lt

r is the radiance reflected
by the target surface, and Lt

r(diff) is its diffuse component, given
by

Lt
r~diff!~2m , m0, w 2 w0! 5

1
p E

0

1 E
0

2p

Rt~2m , m9 , w

2 w9! Li~diff!~m9 , m0, w9 2 w0!m9 dm9 dw9 , (10)

where Li(diff) is the diffuse incident radiance. In (9) and (10),
Lt

r and Li(diff) are measured by PARABOLA.
This approach therefore requires knowledge of the exoat-

mospheric solar irradiance and the atmospheric optical depth.
The first is acquired from a database [Wehrli, 1986], and the
second is simultaneously measured in the field by a solar ra-
diometer. The PARABOLA digital responses are converted
into radiances using (3), before using them in these calcula-
tions. It is important to note that to evaluate Lt

r(diff)(2m, m0,
w 2 w0), the direct Sun must be removed from the incident
radiance observed by the PARABOLA.

The iteration process starts using a first estimate Rt
(1) for the

BRF. This can be obtained by initially assuming that (1) Rt
(1)

5 rt, to calculate the first iteration of Lt
r(diff)(1)(2m, m0, w 2

w0) from equation 10, or (2) Lt
r(diff)(0)(2m, m0, w 2 w0) 5 0,

and calculate the first estimate of Rt from (9), using the up-
welling radiances measured by PARABOLA. These two initial
assumptions produce results within 1% of each other. The nth
estimate of the BRF is then given by

Rt
~n!~2m , m0, w 2 w0!

5
Lt

r~2m , m0, w 2 w0! 2 Lt
r~diff!~n21!~2m , m0, w 2 w0!

S 1
pDm0E0e2t /m0

. (11)

The iteration reaches convergence when the reflected radi-
ance L̂t

r estimated from the nth iteration; that is,

L̂t
r~2m , m0, w 2 w0! 5 S 1

pDm0E0e2t /m0Rt
~n!~2m, m0, w 2 w0!

1 Lt
r~diff!~n!~2m , m0, w 2 w0! (12)

is within a set limit of the PARABOLA observed value, i.e.,
when

Lt
r~2m , m0, w 2 w0! 2 L̂t

r~2m , m0, w 2 w0!

Lt
r~2m , m0, w 2 w0!

# « .

(13)

Generally, this convergence criterion is achieved faster (within
two to three iterations) for smaller Sun and viewing zenith. In
this work, « is set to 0.03.

4.2.2. The relative-radiance approach. This approach
also utilizes (1), which in this case is rewritten as follows:

Rt~2m , m0, w 2 w0!

5
Lt

r~2m , m0, w 2 w0! 2 Lt
r~diff!~2m , m0, w 2 w0!

L spect
r ~21, m0! 2 L spect

r~diff!~21, m0!

3 R spect~21, m0! (14)

where

L spect
r~diff!~21, m0! 5

1
p E

0

1 E
0

2p

R spect~21, m9! Li~diff!~m9 , m0, w9

2 w0!m9 dm9 dw9 . (15)

The denominator of (14) is evaluated once, using (15), the
PARABOLA measurements of Lspect

r , Li(diff), and the values
of Rspect from database. Equation (14) is clearly equivalent to
(11), and Lt

r(diff) is then evaluated using the same iterative
algorithm described in 4.2.1.

The advantage of this approach over the absolute-radiance
approach is that no data other than PARABOLA observations
and the Spectralon BRF database are required. Also, in (14),
because the radiance reflected by the target surface is related
to that reflected by the Spectralon, the gain coefficient g1

cancels out, eliminating a major source of error. Using the
ASD data to estimate g0, as explained above, helps reduce the
remaining source of error.

5. Results
5.1. Site Description

PARABOLA data collected during three AirMISR vicari-
ous calibration experiments were analyzed. The experiments
were conducted at Lunar Lake, Nevada (38.398 latitude, and
2115.998 longitude) in June 1997, and at Rogers Lake, Cali-
fornia (34.978 latitude and 2117.838 longitude), in May 1998
and in December 1998. The dry surfaces are essentially flat and
level, so no correction for surface tilt is required in these cases.
Rogers Lake is contained within Edwards Air Force Base,
California, and is dry except for winter months, when standing
water may be present for short periods. During dry conditions
the silt size of surface material is a uniform, bright diffuse
reflector largely free of loose material. Mud cracks are perva-
sive throughout the test area where contraction of the lake
surface, upon drying from wet conditions, forms polygonal
patterns of average dimension ;20 cm. Cracks give rise to
shadowing on edges facing away from the Sun, and to brighter
strips on opposite-facing edges. Lunar Lake is also subject to
flooding during winter and early spring months. Evaporation of
standing lake waters also produces polygonal, upward concave
(saucer shaped) mud crack surfaces of the order of ;15 cm in
dimension. Individual saucers display specular-like reflection,
best seen at low Sun elevation angles. The specular reflectance
is caused by accumulations of platy minerals at the surface that
settle out of residual waters before evaporation is complete.

During the experiments, AirMISR overflew the site onboard
one of the NASA ER-2 planes. On the ground the PARAB-
OLA is usually set in the field early in the morning, and
measurements are collected from sunrise to sunset. Simulta-
neously, the Sun photometer is used to measure the atmo-
spheric optical depth at various times of the day. The nadir-
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viewing ASD instrument is operated within ;61 hour from
the AirMISR overpass time, usually about 1100–1130 LT.

The experiment sites are located at high desert areas where
the atmosphere is clean and visibility is typically .100 km. The
measured atmospheric optical depths are usually small, rang-
ing from 0.1–0.2 in the visible to less than 0.02 at 1650 nm. At
Rogers Lake, on May 10, 1998, however, the optical thickness
was ;0.2–0.4 in the visible to ;0.05 at 1650 nm. Only data
collected during cloud-free sky conditions are used in the
present analyses.

5.2. HDRF Results

The nadir-view HDRF using ASD observations was calcu-
lated using (4), substituting Rspec for rspec, to correct for the
nonideal Lambertian properties of the Spectralon. The surface
HDRF was also calculated for the nadir view using the PA-
RABOLA data and (8). The PARABOLA data in the nadir
were averaged over all azimuth angles before using them in
these calculations, and the ASD data were convolved spectrally
to the PARABOLA passbands. The PARABOLA and the
ASD results for the Lunar Lake campaign are in good agree-
ment, within ;61%, for most channels, as shown in Figure 5a.
However, a year later at Rogers Lake campaign, this agree-

ment deteriorated, as is illustrated by Figure 5b, indicating a
change in the PARABOLA radiometric calibration. Based on
this, corrected values for the offset factor g0 were estimated, by
substituting rt(ASD) for the nadir viewing in (8) and were then
used to calculate the HDRF from the PARABOLA observa-
tions for all viewing and illuminating geometries.

For the two summer campaigns at Lunar Lake and Rogers
Lake, measurements were collected for a wide solar zenith
angle range of ;188 at solar noon to .808 at dawn and dusk.
In the winter campaign at Rogers Lake the zenith angle at
solar noon was at 588. The results are calculated for all avail-
able viewing and illuminating geometries, in every PARAB-
OLA channel. Only a few samples are presented here to illus-
trate the main features of the surface HDRF at each campaign
site. The plots in Figures 6a and 6b illustrate the surface
HDRF at Lunar Lake at 550 nm for two illumination geome-
tries. The results show a prominent forward scattering, eye
witnessed in the field, which increases as the Sun moves toward
the horizon. Opposite the Sun the surface appears more dif-
fuse with a slight increase in backward scattering as the solar

Figure 6. Samples of the surface HDRF results for Lunar
Lake, Nevada, on June 24, 1997, for various illuminating and
viewing geometries at 551 nm. The view zenith and azimuth
angles are presented along the radiance direction. The solar
ephemeris indicated on each figure represents the Sun position
(in the look direction). The figures indicate a dominant for-
ward scattering which increases as the Sun approaches the
horizon. The shades of gray in this figure are automatically
generated by the plotting routine and have no quantitative
values.

Figure 5. Nadir HDRF determined from the PARABOLA
data (solid lines) and the ASD data (pluses) are shown in (a)
Lunar Lake, Nevada, on June 24, 1997, and (b) for Rogers
Lake, California, on May 10, 1998. The HDRF were calculated
from the ASD using equation (4) and from the PARABOLA
data using equation (8) and the laboratory measured g0. The
disagreement shown in Figure 5b indicates changes in the
PARABOLA radiometric calibration.
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zenith angle increases. The same characteristics are illustrated
in Figure 7, where the HDRF from the Lunar Lake data set is
presented in the principal plane as a function of the viewing
zenith angles. Figure 7 shows the strong forward scattering
(f 2 f0 5 0) which maximizes at angles larger than the solar
zenith angle. The backward scattering (f 2 f0 5 180) is almost
uniformly diffuse, with a slight bump (in some of the channels)
at an angle close to the Sun zenith angle, indicating a weak hot
spot.

At Rogers Lake the surface HDRF behaves very differently
from that at Lunar Lake. As shown in Figure 8, both backward
and forward scattering increase near-horizon viewing, with the
backward scattering becoming increasingly prominent at larger
solar angles. Near solar noon the surfaces at both Lunar Lake
and Rogers Lake appear quasi-Lambertian. However, at the
Lunar Lake site, as shown in Figure 9, there is a gradual
decrease in the HDRF with a viewing angle, in both forward
and backward scattering. The HDRF values determined for
Rogers Lake in December were generally about 5–10% lower
than the values determined in May, when the lake surface was
more dry and bright. However, they have similar angular fea-
tures nonetheless.

The shift of the specular emission angle noticed in Figures 7
and 8, where the peaks in the forward scattering are at angles
larger than the Sun zenith angles, has been reported by previ-
ous work [Shepard et al., 1991] and was qualitatively explained
as due to the distribution of the orientations of the slopes of
the surface facets. Ahmad and Deering [1992] successfully mod-
eled this behavior by combining Hapke’s [1981, 1984] approach
with Cox and Munk’s [1954] formulation to account for the
specular reflection from rough surfaces in addition to an em-
pirical term to explain the hot spot phenomenon.

5.3. BRF Results

The BRF values were evaluated using the iterative tech-
nique discussed in section 4.2. Each iteration requires the
evaluation of Lt

r(diff) by computing the integrand in (10) on a

grid of zenith and azimuth angles for the incident radiance.
The process is repeated to calculate the surface BRF at the
viewing and illuminating directions of interest. Gaussian inte-
gration technique was used in the computations. For efficiency
the computations were made at eight Gaussian integration
points in m and 12 points in f 2 f9. Error analyses, discussed
below, show that eight Gaussian integration points were opti-
mum for combining accuracy and efficiency of the computa-
tions.

Calculations were made using the absolute- and relative-
radiance approaches discussed above. With the absolute-
radiance approach the calibration offset factor g0 (corrected
using the ASD data as explained above) and gain coefficient g1

were used to convert the PARABOLA digital response (DN)
into radiances, according to (3) ( g2 was neglected in these
calculations). The exoatmospheric irradiance E0 was taken
from Wehrli [1986], and the optical thickness t, required by this
approach, was determined from simultaneous field measure-

Figure 7. Samples of the surface HDRF results for Lunar
Lake on June 24, 1997. The results are presented in the prin-
cipal plane. As in Figure 6 the HDRF shows a prominent
forward scattering (f 2 f0 5 0) which peaks at angles larger
than the Sun zenith angle. The backward scattering (f 2 f0 5
180) is almost uniformly diffuse with slight bumps at longer
wavelengths near the Sun zenith angle, indicating weak hot
spots.

Figure 8. Same as in Figure 7 but for Rogers Lake on May
10, 1998. The surface HDRF exhibits the common bowl shape
with the backward scattering becoming more prominent at
longer wavelengths.

Figure 9. Same as in Figure 7 but near solar noon. The
surface is quasi-Lambertian with gradual decrease in the
HDRF in both forward and backward scattering at large view
angles for the longer wavelengths.
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ments. With the relative-radiance approach, only the corrected
offset factor g0 is required to evaluate the ratio on the right-
hand side of (14). In both approaches the process converges
after only a few iterations, especially at longer wavelengths.
Results from the two approaches, shown in Figure 10 for Lu-
nar Lake, are in reasonable agreement only in the wavelength
range corresponding to MISR four channels (446, 558, 672,
and 866 nm). The disagreement at larger wavelengths is attrib-
uted mostly to the uncertainties in the values of the gain
coefficient g1 due to using laboratory detector standards suit-
able specifically for MISR channels [Bruegge et al., 2000a]. The
retrieval of the surface BRF from the PARABOLA observa-
tions is best calculated using only the relative-radiance ap-
proach.

The surface BRF retrieved for all the three campaigns, using
the relative-radiance approach, exhibit the same directional
behavior as the corresponding HDRF presented above. The
percentage relative difference between the two parameters is
within 3–5% for most of the viewing and illuminating geome-
tries. This is expected since the data analyzed here were col-
lected under clear atmospheric conditions. However, these dif-
ferences increase with Sun and/or viewing angles and at shorter
wavelength where diffuse atmospheric scattering becomes rel-
atively more effective. Figure 11 illustrates these differences as
a function of wavelength. Samples of the retrieved BRF are
presented in Figures 12a and 12b.

6. Error Estimation
The techniques used here to calculate the HDRF and the

BRF utilize the ratios of the radiances reflected by the target
surface to those reflected by the standard surface, as given by
(8) and (14), for the determination of the HDRF and BRF
(relative-radiance approach), respectively. As a result, the er-
rors incurred due to uncertainties in the data are greatly di-
minished.

In the case of the HDRF the sources of errors are the

uncertainties in the PARABOLA observations, the value of
g0, and the Spectralon BRF. The latter has been measured in
the laboratory with less than 3% error (B2000). The evaluation
of g0, using the ASD results as standard, is sensitive to uncer-
tainties in the ASD and in the PARABOLA observations. The
former, from numerous field observations and data analyses,
are believed to be known to better than 61.5%. The uncer-
tainties in the PARABOLA data are mostly due to misalign-
ment, data processing techniques, which use interpolation and
smoothing, and noise in the data. The PARABOLA alignment
is known to better than 628. Errors due to misalignment were
evaluated by shifting the data by 628 and estimating the root
mean square of the relative differences between the original
and the shifted data. The combined effects of all known
sources of errors were evaluated at reflectance levels of 0.1,
0.3, and 0.6. The corresponding errors in the HDRF results
were estimated to be about 67.5, 65, and 63%, respectively,
for viewing and Sun zenith angles less than 758. At Sun and
viewing zenith angles larger than 758, these errors almost dou-
ble.

In the case of the BRF there are additional errors due to the
iterative and integration techniques. These errors were evalu-
ated using simulated data. A set of BRF functions, evaluated
using a theoretical model, were used in radiative transfer cal-
culations to simulate the PARABOLA observations for the
atmospheric conditions existing during the experiments. The
simulated data were then used with the retrieval algorithm to
evaluate the BRF. The calculations were repeated using 16, 12,
and 8 Gaussian integration points. The errors were evaluated
by comparing the model calculated (considered the ground
truth) with the retrieved BRF. The results using eight Gaussian
points were not significantly different from those obtained
using 12 or 16 points. This is attributed to the fact that Lt

r(diff),
evaluated by the Gaussian integration, is only about 20–30% of
the total upwelling radiance at the shorter wavelengths and
about 10% or less for the longer wavelengths. The effects of
the above sources of uncertainties were also evaluated at re-
flectance level of 0.1, 0.3, and 0.6. The corresponding uncer-
tainties in the BRF, retrieved using the relative-radiance ap-
proach, were found to be about 68, 64.5, and 63.5%,

Figure 11. Percentage relative difference between surface
HDRF and BRF as a function of wavelength, for the three
PARABOLA experiments. The difference increases with view
and Sun angles and is maximum at 444 nm.

Figure 10. Illustrates the BRF retrieved from the PARAB-
OLA observations at Lunar Lake on June 24, 1997. The dis-
agreement between the two approaches at longer wavelengths
is attributed to the uncertainty in the radiometric calibration
coefficient g1 which is required with the absolute-radiance
retrieval approach. For comparison the surface HDRF, re-
trieved for the same illumination and viewing geometry, is also
shown.
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respectively. For the absolute-radiance approach the errors are
very sensitive to uncertainties in the calibration coefficients g0

and g1. Until these are known to better than 63%, the BRF is
best retrieved using the relative-radiance approach. However,
assuming these coefficients and the optical depth are measured
to better than 63%, the errors in retrieving the BRF using the
absolute-radiance approach are similar to those evaluated for
the relative-radiance approach.

7. Summary
The PARABOLA 3 instrument is a multiangle sphere-

scanning radiometer that provides directional observations of
sky and surface radiances. These observations are suited to
retrieving directional reflectance properties of natural sur-
faces. Ground observations made with the PARABOLA 3 at
two dry lake sites were presented, and two algorithms to re-
trieve the surface BRF and HDRF from these observations
were described. The first requires simultaneous measurements
of the atmospheric optical depth. The second utilizes the ratios
of the radiances reflected by the target surface to those re-
flected by a standard reference surface. The HDRF is retrieved

directly from these ratios, while the BRF retrieval requires the
removal of the diffuse component from the observed radi-
ances. Using the second approach, the surface BRF and
HDRF were retrieved within 68, 64.5, and 63.5% at reflec-
tance levels of 0.1, 0.3, and 0.6, respectively, for Sun and
viewing zenith angles less than 758. These errors almost double
at larger angles. The data described here are used, with other
simultaneous field measurements, for the validation and vicar-
ious calibration of MISR and AirMISR, as described by Abdou
et al. [2000].
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