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[1] Surface albedo, which quantifies the amount of solar radiation reflected by the
ground, is an important component of climate models. However, it can be highly
heterogeneous, so obtaining adequate measurements are challenging. Global
measurements require orbital observations, such as those provided by the Moderate
Resolution Imaging Spectroradiometer (MODIS). Satellites estimate the surface
bidirectional reflectance distribution function (BRDF), a surface inherent optical
property, by correcting observed radiances for atmospheric effects and accumulating
measurements at many viewing and solar geometries. The BRDF is then used to estimate
albedo, an apparent optical property utilized by climate models. Satellite observations are
often validated with ground radiometer measurements. However, spatial and temporal
sampling differences mean that direct comparisons are subject to substantial uncertainties.
We attempt to bridge the resolution gap using an airborne radiometer, the Research
Scanning Polarimeter (RSP). RSP was flown at low altitude in the vicinity of the
Department of Energy’s Southern Great Plains Central Facility (SGP CF) in Oklahoma
during the Aerosol Lidar Validation Experiment (ALIVE) in September, 2005. The RSP’s
scanning radiometers estimate the BRDF in seconds, rather than days required by MODIS,
and utilize the Ames Airborne Tracking Sunphotometer (AATS-14) for atmospheric
correction. Our comparison indicates that surface albedo estimates from RSP and MODIS
agree with Best Estimate Radiation Flux (BEFLUX) ground radiometer observations
at the SGP CF. Since the RSP is an airborne prototype of the Aerosol Polarimetery Sensor
(APS), due to be launched into orbit in 2009, these techniques could form the basis
for routine BRDF validation.
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1. Introduction

[2] A proper understanding of surface albedo has been a
priority of the remote sensing community since its origins.
Besides providing information about the nature of the
surface itself, remote-sensing retrievals of atmospheric
properties must often account for the effects of the surface
reflectance. Albedo is also an important determinant of
where radiation is absorbed in climate models, yet it is
spatially and temporally heterogeneous, and thus difficult to

include realistically in those models. In addition, anthropo-
genic surface albedo changes can alter the global climate,
but quantification of this process is dependent upon the data
that are used by models [Myhre and Myhre, 2003]. Global
albedo estimates from sensors on satellite platforms are now
being compiled into climatologies appropriate for modeling
[Lucht et al., 2000b; Schaaf et al., 2002; Luo et al., 2005]. It
is important, then, to verify the validity and accuracy of
these global albedo products, and to identify any features of
these products that would improve the reality of global
models without introducing unnecessary complexity.
[3] Albedo is complex and highly variable. It is a

function of the surface material and its topography, which
is spatially and temporally heterogeneous, and the angle at
which the surface is illuminated and observed. Low earth
orbit satellite platforms with instruments such as the Mod-
erate-Resolution Imaging Spectrometer (MODIS) and the
Multi-angle Imaging SpectroRadiometer (MISR), as well as
instruments on geostationary satellites [Martonchik et al.,
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2002; Pinty et al., 2005] are well suited to building
climatologies for modeling purposes, as they have a spatial
coverage and measurement repeat cycle that is impossible to
achieve from ground or aircraft measurements. However,
significant analysis is required to reduce the apparent optical
properties (AOP’s), as seen at a satellite, to inherent optical
properties (IOP’s) suitable for use in a climate model.
Surface AOP’s depend on the solar and viewing geometry
and on the atmospheric state through extinction of the direct
solar beam before and after it reaches the surface and
scattering of radiation on its way to and from the surface.
For example, the measurement that is closest to a direct
estimate of albedo is the ratio of upwelling and downwel-
ling fluxes, which is nonetheless an AOP since it depends
on the atmospheric state. Since the atmospheric state varies
within a climate model, the albedo must be described in an
independent manner as an IOP of the surface, that is then
used in a coupled calculation of the radiative transfer in the
surface-atmosphere system. The bidirectional reflectance
distribution function (BRDF) is an IOP that describes the
reflectance of a surface when illuminated by an infinitesi-
mally narrow beam of radiation and viewed through an
equally infinitesimally narrow beam, and is a function of the
geometry of those two beams. Because of this, the BRDF is a
theoretical property that can only be estimated [Schaepman-
Strub et al., 2006]. Although several approaches have been
developed for the estimation of the BRDF over a wide
angular range [Bruegge et al., 2000; Gatebe et al., 2003] a
more common BRDF estimation approach is to fit an
atmospherically corrected and geometrically variable set of
measurements to semi-empirical BRDF models [Engelsen et
al., 1998; Lucht et al., 2000b]. The semi-empirical BRDF
model can then be used to derive quantities that are not
readily observable, such as the variation of the albedo as a
function of solar zenith angle that is the function of
relevance to most current climate models.
[4] BRDF estimation from orbit is subject to several

hurdles. First, atmospheric effects must be removed, which
is complicated by multiple surface-atmosphere interactions.
Second, a sufficient angular range of measurements must be
accumulated to provide a robust estimate of the semi-
empirical BRDF model. In the case of fixed angle instru-
ments such as MODIS, this accumulation requires several
days, over which albedo characteristics may have changed.
Multi-angle instruments such as MISR and the Research
Scanning Polarimeter (RSP, described below) sample a
much larger angular range nearly instantly, but this is at the
expense of spatial coverage. Third, in order to be effective for
global evaluation of albedo, the semi-empirical BRDF mod-
els must encompass a sufficient range of surface BRDF’s that
their marginal integrals, such as albedo, are not biased by the
choice of model. Finally the data-model fitting method
should be resistant to noise and methodological errors.
[5] Because of the difficulties of BRDF estimation from

orbit, a robust validation effort is required to have sufficient
confidence to apply satellite derived climatologies to cli-
mate models. As we noted above, ground radiometers make
a measurement that is more directly related to albedo than
remote sensing measurements and they make that measure-
ment as the solar zenith angle varies over the course of the
day. Correctly modeling this energy input to the surface as a
function of solar zenith angle is important for general

circulation models. These measurements therefore provide
the appropriate validation of the albedo derived from
satellite, or aircraft measurements. However, care needs to
be taken when comparing with the ground radiometers to
properly account for the atmospheric state and the spectral
sampling provided by the remote sensing measurements as
compared to the total fluxes measured at the surface.
[6] Recently, there have been several efforts to compare

MODIS albedo products to ground radiometer data from the
Department of Energy’s (DOE) Southern Great Plains
Central Facility (SGP CF) in North-Central Oklahoma,
USA [Luo et al., 2003; Yang, 2006; Schaaf et al., 2006],
and to other ground radiometers [Liang et al., 2002; Jin et
al., 2003]. For example, Yang [2006], compared parameter-
izations of MODIS albedo [Liang et al., 2005; Wang et al.,
2007] to Best Estimate Radiation Flux (BEFLUX) radio-
meters [Shi and Long, 2002] and found some differences in
the shape of the albedo as a function of solar zenith angle.
Since the the BEFLUX radiometers provide the direct
estimate of the energy input to the surface that we are
interested in for global applications it is important to
understand whether these differences were due to inadequa-
cies in the MODIS data itself, its parameterizations, or
problems with the comparison method.
[7] Albedo data measured from aircraft utilizing multi-

angle and multi-spectral radiometers at the SGP CF offer the
possibility to investigate and resolve this issue. The Aerosol
Lidar Validation Experiment (ALIVE) was in September of
2005 in the vicinity of the SGP CF in northern Oklahoma.
During ALIVE, a Jetstream-31 (J-31) turboprop aircraft
flew several low altitude transects about 200 m above the
SGP CF. The J-31 carried several instruments. The principal
instrument used here is the Research Scanning Polarimeter
(RSP), a scanning polarimeter that is intended for aerosol
and cloud research and is a prototype for the Aerosol
Polarimetery Sensor (APS). The APS is due to be launched
as part of the NASA Glory mission in 2008 [Mishchenko et
al., 2007b]. RSP was flown at low altitudes to collect data
for the best possible estimate of the surface reflectance and
BRDF.More details about the RSP are given in section 2.3.1.
The Ames Airborne Tracking Sunphotometer (AATS-14)
was also on the J-31. The AATS-14 is a fourteen spectral
channel sun tracking sun-photometer [Schmid et al., 2006]
that provides accurate measurements of aerosol optical
depth above the aircraft. The AATS-14 measurements of
aerosol above the aircraft in conjunction with measurements
from AErosol RObotic NETwork (AERONET) [Holben et
al., 1998] ground-based sun-photometers allows us to
perform an extremely accurate atmospheric correction of
the RSP measurements. The atmospherically corrected RSP
surface measurements were fit to BRDF models from which
albedos were derived and compared to MODIS and
BEFLUX results. In addition, a land cover based approach,
similar to that used in Liang et al. [2002], was used to
evaluate the differences in spatial scale between MODIS,
RSP and BEFLUX data.
[8] The purpose of this paper is to evaluate the MODIS

BRDF retrievals that use semi-empirical kernel models to
derive albedos and surface albedo parameterizations. As
part of this evaluation, we also investigate previous valida-
tion efforts at the SGP CF. RSP data provide a unique
opportunity to bridge the spatial and temporal resolution
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differences between MODIS and ground radiometers in a
well characterized atmospheric regime at the SGP CF.

2. Background

2.1. Albedo, BRDF, and Other Definitions

[9] Instruments observe many forms of what we call
reflectance, which can have a somewhat complicated and
ambiguous terminology. We use nomenclature of Nicodemus
et al. [1977], reviewed in Schaepman-Strub et al. [2006],
which is briefly described here.
[10] Reflectance, as it is most generally described, is the

ratio of radiant exitance from a surface to the irradiance, E,
incident upon that surface. Both radiant exitance and
irradiance have units of [W m�2], so reflectance, r, is
unitless, and is constrained to the interval [0, 1]. The
reflectance factor, R, is the ratio of the radiant exitance
from a surface to the radiant exitance leaving a perfectly
reflective, Lambertian (isotropic) surface under the same
irradiance. Occasionally, such as the case of strong forward
reflectance, the reflectance factor can exceed one. Both are
functions of solar zenith angle, qs, view zenith angle, qv,
solar azimuth angle, fs, view azimuth angle fv, and wave-
length, l. We define wavelength for the narrow band
instruments of interest here (RSP and MODIS) as the solar
spectrum weighted center, L, of the spectral band of a
particular instrument.
[11] The bidirectional reflectance distribution function

(BRDF) describes the scattering of a parallel beam of
incident light from one direction into another direction,
defined as the ratio of the radiance observed through an
infinitesimally small solid angle cone to the irradiance
illuminating that surface within an infinitesimal solid angle.

BRDF qs; qv;fs;fv;lð Þ ¼ dL qs; qv;fs;fv;lð Þ
dE qs;f;lð Þ sr�1

� �
ð1Þ

[12] The radiance, L, is the quantity of radiant flux per
unit solid angle per unit wavelength and has units of
[W m�2 sr�1]. The BRDF is an inherent optical property
(IOP) and thus represents the intrinsic properties of the
surface. Since it is defined with infinitesimal quantities it
can not be directly measured. Its estimation, however, is
important since apparent optical properties (AOP’s) can be
derived from the BRDF in a consistent fashion appropriate
for validation. Moreover, given the typical scale of angular
BRDF variations, it can be sampled and accurately estimated.
[13] Schaepman-Strub et al. [2006] cites several AOP’s

that can be derived from the BRDF, but we use only two.
The directional-hemispherical reflectance (DHR), called the
‘‘black-sky’’ albedo in MODIS terminology, is the view
geometry integrated, total radiant exitance when the surface
is irradiated by a plane parallel beam. This is also known as
the planetary albedo in the astronomical literature.

DHR qs;fs;lð Þ ¼
Z 2p

0

Z p
2

0

BRDF qs; qv;fs;fv;lð Þ cos qvð Þ

� sin qvð Þdqvdfv ð2Þ

[14] Many publications assume DHR is independent of
the solar azimuth angle (fs) which is the case if the BRDF
only depends on the difference between view and solar
azimuth angles. If surface properties have no preferred
direction this is a reasonable assumption. In our case in
central Oklahoma, many of the surfaces are plowed fields or
otherwise human influenced, so the DHR will not neces-
sarily be invariant with respect to solar azimuth angle and
the BRDF will depend on both the view and solar azimuth
angles independently. The magnitude of this azimuth angle
dependence is unknown. To maintain consistency with
previous literature and MODIS and BEFLUX products,
we assume solar azimuth angle independence, but comment
further on this issue in section 4.5.
[15] Another albedo related quantity is the bihemispher-

ical reflectance (BHR), which represents the solar and view
geometry integration of the BRDF (or the solar geometry
integration of the DHR). When the solar downwelling is
assumed isotropic, BHR is the ‘‘white-sky’’ albedo in
MODIS terminology. This is also known as the spherical
albedo in the astronomical literature.

BHR lð Þ ¼
Z p

2

0

Z 2p

0

Z p
2

0

Z 2p

0

BRDF qs; qv;fs;fv;lð Þ

� cos qvð Þ sin qvð Þ cos qsð Þ sin qsð Þdqvdfvdqsdfs ð3Þ

[16] A function that we will define is the normalized DHR
(nDHR). Many climate models assume that the shape of the
DHR is spectrally invariant, and thus take as inputs that
shape and some scaling factor as a function of wavelength
and surface type. The nDHR is defined to be

nDHR qsð Þ ¼ DHR qs;lð Þ
DHR 60�;lð Þ ð4Þ

[17] The nDHR will be used to compare different albedo
related measurements and to provide a direct comparison
with the previous work of Yang [2006].

2.2. Ross-Li BRDF Kernel Models

[18] The BRDF is a theoretical parameter impossible to
measure directly, even with the large number of view angles
available with the RSP. BRDF estimation is aided with the
use of surface reflectance models, where available measure-
ments are fit with a combination of kernels, each represent-
ing the geometric reflectance behavior a particular surface
type. In this work, we use the kernel models employed in
MODIS BRDF products, as described in Lucht et al.
[2000b], and hereafter referred to as the Ross-Li BRDF
model. Previous work has identified these kernels as pro-
viding a robust and efficient framework for BRDF estima-
tion [Schaaf et al., 2002] on a global scale, even when only
a limited geometric range of measurements are available.
Our assessment of the use of these particular kernels here is
therefore limited to how well they represent the dense
angular sampling of the RSP measurements. An assessment
of the BRDF model validity for use in the evaluation of the
surface albedo in global climate models is provided by
comparisons to BEFLUX data.
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[19] The Ross-Li BRDF model decomposes surface re-
flectance into three types of scattering, and combines them
in the following form:

BRDF qs; qv;f;lð Þ ’ R qs; qv;f;Lð Þ
¼ fiso Lð Þ þ fvol Lð ÞKvol qs; qv;fð Þ
þ fgeo Lð ÞKgeo qs; qv;fð Þ ð5Þ

where Kvol and Kgeo are the volumetric and geometric
scattering kernels, respectively, and fiso, fvol and fgeo, are the
isotropic, volumetric and geometric kernel scaling para-
meters.f is the relative view-sun azimuth angle (f =fv�fs).
In practice, an optimization is used to find the best kernel
scaling parameters (f) to a set of measured reflectances (R).
The result is an estimation of the BRDF.
[20] The first scaling parameter, fiso, represents isotropic

scattering, which has no dependence on incidence or view
angle and thus does not have a geometrically dependent
kernel. Volumetric scattering represents the scattering with-
in a dense vegetation canopy, and is based on a radiative
transfer approximation of single scattering due to small,
uniformly distributed and non-absorbing leaves. The angu-
lar behavior of this kernel is to have a minimum near the
backscatter direction and bright limbs. As described in
Roujean et al. [1992] and Ross [1981], the volumetric
kernel, normalized to zero for qv = qs = 0, is:

Kvol ¼
p=2� xð Þ cos x þ sin x

cos qs þ cos qv
� p

4
ð6Þ

where x is the scattering angle, defined to be cos x = cos qv
cos qs + sin qv sin qs cos f.
[21] Geometric scattering represents surfaces with larger

gaps between objects, and thus accounts for self shadowing.
The angular behavior of this kernel is therefore to have a
maximum at backscattering where there are no shadows.
Kgeo is based on the work of Wanner et al. [1995] and Li
and Strahler [1992], but is used in the reciprocal form given
in [Lucht et al., 2000a]. This reciprocal form, in the special
case that the ratio of the height of the tree at the center of the
crown to the vertical crown radius (h/b in Luo et al. [2005])
is two and the ratio of the vertical crown radius to the
horizontal crown radius is one (spherical, or compact
crowns, b/r in Luo et al. [2005]) as is used in the MODIS
data processing, is

Kgeo ¼ O qs; qv;fð Þ � sec qs � sec qv þ
1

2
1þ cos xð Þ sec qs sec qv

O ¼ 1

p
t � sin t cos tð Þ sec qs þ sec qvð Þ

cos t ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ tan qs tan qv sinfð Þ2

q
sec qs þ sec qv

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2 qs þ tan2 qv � 2 tan qs tan qv cosf

p
ð7Þ

2.3. Instrument Description

2.3.1. RSP
[22] The Research Scanning Polarimeter is an airborne

prototype for the Aerosol Polarimetery Sensor (APS), due to
be launched in 2008 as part of the NASA Glory Project

[Mishchenko et al., 2007b]. The main goals of RSP/APS are
to retrieve a complete suite of aerosol and cloud micro-
physical parameters together with the vertical distribution
and integrated number concentration of particles from orbit
[Mishchenko et al., 2004, 2007a]. The RSP has nine optical
channels with center wavelengths of 410, 470, 555, 670,
865, 960, 1590, 1880 and 2250 nm. This work utilizes all of
these bands except for the 960 and 1880 nm channels,
which are used to estimate water vapor column amounts and
detect thin cirrus clouds respectively. Details about the RSP/
APS aerosol retrieval using polarimetry can be found in
Cairns [2003] and Chowdhary et al. [2002].
[23] In addition to measuring the polarized reflectance

beneath the RSP with each scan, the instrument also
measures the total (unpolarized) reflectance. While this
information is not currently utilized to retrieve aerosol
parameters over land, it is useful to independently validate
surface albedo values retrieved by MODIS or other orbital
platforms. Each RSP scan begins about 60� forward of nadir
in the direction of aircraft motion, and samples at 0.8�
intervals to about 60� aft of nadir. Thus each scan contains
about 150 instantaneous samples at a variety of sensor
viewing geometries. A BRDF estimation is therefore pos-
sible with a larger set of surface anisotropic reflectances, as
opposed to fixed viewing angle instruments, such as
MODIS, which require an accumulation of observations
over several days (16 in case of the MODIS MCD43B
product) before the BRDF can be estimated [Lucht et al.,
2000b]. The instantaneous field of view (IFOV) of the RSP
is fourteen milliradians, which corresponds to a 2.8 m
ground pixel size assuming an altitude of 200m above the
ground. RSP measurements were made over a period of two
weeks during the ALIVE campaign in September, 2005.
Two flights, labeled JRF03 and JRF04 in ALIVE terminol-
ogy, were on September 16th and were chosen for this
analysis for the clear, cloudless conditions at that time, and
the low altitude segments of those flights that were made in
the vicinity of the SGP CF. More details about data
selection for the RSP are in section 3.1.1.
[24] The RSP performed two types of flights during

ALIVE. The first type was to collect data at an altitude
above the majority of the atmospheric aerosols, generally
4–5 km above ground on September 16th, 2005. An
indication of the required altitude was provided by the
AATS-14, see section 2.3.2. The atmospheric state is
determined from these measurements, which are then ap-
plied in the atmospheric correction of data from the second
type of measurements, collected at as low an altitude as
possible. These low altitude data (about 200 m above the
ground) were used for BRDF estimation. The low altitude
was key to minimize the atmospheric effect between the
RSP and the ground, maximize spatial resolution, and
minimize the effect of aircraft motion on efforts to combine
views from different scans into a multi-angle observation of
a single surface location.
2.3.2. AATS-14, Ancillary Data, and the Radiative
Transfer Model
[25] RSP surface reflectance retrievals utilized several

types of ancillary data. These data were used in the
atmospheric correction of the observed radiances to remove
atmospheric effects. An important component of the RSP
atmospheric correction was the Ames Airborne Tracking
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Sunphotometer (AATS-14), co-located on the J-31 with the
RSP. The AATS-14 provides a continuous record of aerosol
optical depth above the aircraft in fourteen channels from
354 to 2139 nm [Schmid et al., 2006]. These data were used
in three ways. First, AATS-14 measured the vertical extent
and distribution of aerosols during aircraft ascent and
descent. This identified the required altitude for ‘‘high
altitude’’ RSP measurements where aerosol parameters are
retrieved. Second, information about the aerosols, such as
the nature of their vertical distribution and the presence of
very large coarse mode aerosols helped constrain the RSP
aerosol retrievals. Finally, AATS-14 measurements during
‘‘low altitude’’ flights identified where in the aerosol layer
the aircraft was located. This is particularly useful when
AATS-14 data are compared to AERONET ground sun-
photometers, which thus indicates the aerosol optical depth
between the instrument and the ground.
[26] Several other sources of data provide ancillary infor-

mation necessary to remove the effect of various compo-
nents of the atmosphere. Ozone absorption, which is
greatest in the 470 and 555 nm bands, is based on the daily
1� 	 1� values from the Total Ozone Mapping Spectrometer
(TOMS) [McPeters and Center, 1998]. Absorption due to
NO2, greatest at the shortest wavelength channels, is esti-
mated using Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography (SCIAMACHY) data
[Bovensmann et al., 1999]. Water vapor content was
measured by the Microwave Radiometer (MWR) located
at the SGP CF [Morris, 2006].
2.3.3. MODIS
[27] The MODerate resolution Imaging SpectroRadiom-

eter (MODIS) is a multispectral remote sensing satellite in a
polar orbit. There are actually two MODIS instruments, on
the morning equator crossing NASA Terra (EOS-AM) and
afternoon equator crossing NASA Aqua (EOS-PM) space-
craft. Terra was launched in 1999, and Aqua in 2002. Since
ALIVE was in September of 2005, we used a combination
of data from both instruments. MODIS produces a large
number of atmospheric and surface products, but we have
focused our attention on the surface albedo retrievals,
referred to as product ID MCD43 in MODIS terminology.
We used the ‘‘collection five’’ processing version, which
has a 500 m ground resolution. MODIS measures surface
reflectance at a single view zenith angle with each scan, so
albedos are determined by fitting several days worth of data
(containing a variety of view and solar zenith angles) to a
set of BRDF models (described in section 2.2). The meth-
odology for doing so is described in Lucht et al. [2000b]
and Strahler et al. [1999], and first operational results are
presented in Schaaf et al. [2002].
[28] A number of efforts have been made to validate

MODIS albedo products. Often, this takes the form of a
comparison of satellite MODIS results to measurements
from ground based radiometers. However, care must be
taken to ensure that this comparison accounts for the spatial
and temporal resolution differences between remote sensing
instruments and ground radiometers. MODIS (and RSP)
measurements represent a combination of all reflectances
within a pixel, which may include a variety of surface types,
while ground radiometers measure albedo with a smaller
spatial scale that is dependent on the height of the tower on
which the upwelling flux measurement is made and the

observed portion of the radiative spectrum. In addition, the
multi-day data aggregation required with the MODIS data-
set could be problematic if that aggregation period includes
changes to surface properties. It is therefore difficult to
determine if comparisons represent purely instrumental
differences, or are also affected by resolution.
[29] Prior to the launch of Terra, Lucht et al. [2000a]

attempted to validate the BRDF kernel fitting method by
comparing ground radiometer measurements to reflectances
from other remote sensing platforms. Spatial resolution
differences were controlled by doing this comparison in a
region of low albedo variability (grass and scrubland in
New Mexico, USA), and BHR results were close enough for
accurate climate modeling. Liang et al. [2002] validated
MODIS albedo by ‘‘upscaling’’ ground radiometer meas-
urements from an agricultural region in Maryland, USA.
They report less than 5% absolute error. Jin et al. [2003]
compared MODIS albedo to field measurements from the
Surface Radiation Budget Network (SURFRAD) and found
results that met an accuracy requirement of 0.02 for meas-
urements between April and September. Winter measure-
ments failed to meet requirements, most likely due to the
influence of rapid albedo changes from snow. With the
launch of Aqua, Salomon et al. [2006] updated MODIS
albedo validation for the combined Terra/Aqua product
using SURFRAD and radiometers at the SGP CF. He found
that, while wintertime albedo remain uncertain as described
in Jin et al. [2003], overall coverage improved while total
data averages remained consistent with previous results.
[30] Validation efforts described above are generally

restricted to comparisons of BHR, whereas for climate
modeling a DHR parameterization is also needed. Several
attempts have been made to parameterize MODIS results for
application in climate models. Liang et al. [2005] created a
parameterization using DHR and BHR from MODIS, soil
moisture from the North American and Global Land Data
Assimilation System (LDAS), fractional vegetation cover,
and leaf and stem area index. Wang et al. [2007] used a
simplification of MODIS DHR and a measure of vegetation
type to create another type of parameterization. Yang [2006]
investigated the validity of these parameterizations of DHR
by comparing them to BEFLUX radiometer values at the
SGP CF. While both parameterizations agreed well with
each other at this site, Yang [2006] found differences in
comparison to ground radiometers. Parameterization values
were much smaller than BEFLUX values at high solar
zenith angles and larger than BEFLUX values at very small
solar zenith angles. While the former is perhaps to be
expected considering the lack of MODIS data at high solar
zenith angles, the latter is unexpected and troubling. Our
work was initiated as an attempt to further investigate and
possibly resolve the differences found in Yang [2006] with
regards to how well MODIS surface albedo data products
can predict surface albedo.
2.3.4. BEFLUX
[31] Ground radiometer data were supplied by the Best

Estimate Flux (BEFLUX) value-added procedure (VAP),
which is created from several radiometers at the Department
of Energy’s Atmospheric Radiation Measurement (ARM)
Southern Great Plains Central Facility (SGP CF). BEFLUX
radiometers measure diffuse and total hemispherical
downwelling irradiance and total hemispherical upwelling
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irradiance in one minute intervals [Shi and Long, 2002].
These values were combined according to the methodology
of Yang [2006] to compute a BHR and DHR representing
the rural pasture at the SGP CF in North-central Oklahoma,
USA. This was done in two steps. First, the BHR for the
entire month of September, 2007 was determined by finding
the average ratio of total upwelling to total downwelling
irradiance from cloudy measurements. These cloudy meas-
urements were identified by the ratio of direct to total
hemispherical downwelling irradiance. The BHR was then
utilized to find the DHR on the day of the measurement.

3. Method

3.1. RSP Data Preparation

3.1.1. Data Selection
[32] The Aerosol LIdar Validation Experiment (ALIVE)

was a field campaign performed in North-central Oklahoma
in September of 2005. This is the location of the Southern
Great Plains Central Facility (SGP CF) of the Atmospheric
Radiation Measurement (ARM) Program (Department of
Energy). While the primary goals of the ALIVE campaign
were not to investigate RSP surface characterization, the
proximity to the suite of ground based instruments at the
SGP site, simultaneous measurements of the aerosol profile
from AATS-14, and a series of low altitude flights, provide
an ideal data-set with which to investigate the surface
characterization.
[33] Several short, low altitude flight segments were

made in the vicinity of the SGP site, typically preceded or
followed by a spiral maneuver used by the AATS-14 to
determine an aerosol optical thickness altitude profile.
Surface characteristics were typical for the rural mid-west
of the United States in the fall. The ground was relatively
flat, and covered by a patchwork of late-season crops, bare
soil exposed by recent harvesting, and mixtures of trees and
shrubs [Luo et al., 2003]. There are few buildings and the
occasional paved road.
[34] Data from two flights were used. Table 1 presents

these flight times, along with geometry, aerosol and weather
conditions. Aerosol optical thickness at 500nm from an
AERONET Project [Holben et al., 1998] sun photometer at
the SGP site is also included to provide an understanding of
aerosol properties from that day.
[35] In Table 1, the tags in the first row (JRFx) identify

the research flight. Start time for a data file within that flight
is listed in UTC. Local time was five hours earlier. Scans
were selected from a particular data file so that they

included only low altitude, constant heading segments.
Altitude is listed as meters above sea level. Ground height
at the SGP site is about 315 m, so flights had an above
ground height between 160 and 195 m. The (relative)
azimuth is the instrument heading minus solar azimuth, in
degrees. Aerosol optical thickness at 500 nm (ta) was
measured by the AERONET Project with a ground sun
photometer at the SGP site. Values from the time of flight
are provided for comparison. AATS-14 optical thickness
was measured on the J-31. Thus differences between AATS-
14 and AERONET represent the optical thickness between
the aircraft and the ground, a value which is well within the
AERONET and AATS-14 uncertainty. The last row contains
a visual description of the cloud scenario from the instru-
ment operator.
[36] There were a total of twelve research flights as part

of ALIVE, but only flights JRF3 and JRF4, listed above,
were suitable for BRDF estimation. JRF3 and JRF4 were
the only flights with low altitude segments when the sky
was completely devoid of clouds. As we shall see later (see
section 3.1.3), some effort was put into determining the
diffuse downwelling irradiance while estimating the BRDF.
This determination is only accurate, with our models, for
clear skies. Including the effects of clouds under partially
cloudy skies, even if implemented with a three dimensional
radiative transfer code, would introduce large uncertainties,
as there is limited informational to specify the vertical and
horizontal cloud distribution.
3.1.2. Classification and Mixed Pixel Removal
[37] Before the Ross-Li BRDF models were fit to the

data, we separated it into similar classes, and performed our
fitting on each class individually. This was done to limit the
dependence on data coverage differences from flight to
flight, and also to facilitate comparisons with other lower
spatial resolution data sets. Prior to image classification,
gaseous absorption effects were removed as described
above, and a metric describing the amount of vegetation
(a vegetation index, see Appendix B) was calculated for
each data point. Data were then split into ‘‘soil’’ and
‘‘vegetation’’ classes and extreme vegetation index values
were removed. Boundary or mixed surfaces were also
removed using an edge detection convolution kernel on
the spatial image of vegetation index. In addition, analyses
were performed on an ‘‘all’’ class which contains the entire
data-set except for data that were removed as part of the
quality control process. For each of these classes the data
were then fit with the Ross-Li BRDF model.
[38] Simple thresholding of the Aerosol Resistant Vege-

tation Index (ARVI, see Appendix B for details on how it is
computed) was used to split the data into a ‘‘soil’’ and
‘‘vegetation’’ class. ARVI values between �0.25 and 0.075
were classified as ‘‘soil’’, while ARVI values between 0.375
and 0.775 were classified as ‘‘vegetation’’. Such narrow
ARVI regions centered on the modes of each surface type
were chosen to avoid mixed pixel data and focus on the
properties of generic ‘‘soil’’ and ‘‘vegetation’’. Figure 1 is a
histogram of the ARVI for each flight. Peaks for both
classes are pronounced, and vertical dashed lines show the
regions used for each class. The histogram computed using
different small segments of the view angle range (not
pictured here) is similar to the one shown here indicating
an absence of significant BRDF effects on this index. Each

Table 1. Low Altitude ALIVE Flight Segments Used for Surface

Characterization

JRF3 JRF4

Date 09/16/2005 09/16/2005
Start time, UTC 16:32:25 22:09:32
Number of RSP scans 270 41
J-31 Altitude above sea level 510 m 475 m
Relative sensor-solar azimuth �45� 156�
Solar zenith angle 43� 62�
AERONET ta(l = 500 nm) 0.07 0.05
AATS-14 ta(l = 499 nm) 0.06 0.05
sky conditions clear clear
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flight flew over slightly different areas in the region of the
SGP CF, so there are some differences between the histo-
grams of each flight. In particular, JRF03 has a third peak at
about an ARVI of 0.25, possibly indicating post-harvest,
sparsely vegetated, fields that were not observed during
JRF04. Since that surface type is not present in JRF04 data,
it was omitted in the study. Furthermore, JRF04 contains
less data than JRF03, as the length of flight time dedicated
to the low altitude segment was less in JRF04. Few
measurements passed the ‘‘soil’’ class criteria. After addi-
tional screening, described below, only the ‘‘vegetation’’
class remained from JRF04. Finally, a third, ‘‘all’’ class was
created for ARVI values between �0.25 and 0.775. For
consistency, additional screening procedures described
below were applied to this class as well.
[39] To further restrict our data to generic land types, the

ARVI spatial image is used to identify data that is in the
middle of a patch of soil or vegetation. An edge detection
algorithm was applied that uses a discrete convolution with
a 3 	 3 spatial kernel. This kernel is applied as a multiplier
to each pixel and its neighbors in the image, and the
summed result of each multiplication forms the value of
that pixel in the resulting image. This is a discrete version of
the gradient and the technique (when this mask is added to
the original image to enhance boundaries) is also called
unsharp masking [Gonzalez and Woods, 1992]. The gradi-
ent image is used to remove boundary and mixed pixels. A
threshold, h = 0.1, was chosen such that pixels satisfying
jr(ARVI)j > h are excluded. h was selected arbitrarily, but it
is of the same magnitude as the ARVI range for the soil

class, thus adjacent pixels containing as much variability as
the narrowest class (or more) are removed. Figure 2
illustrates the classification and imagery from flight JRF3.
Classification results (in part 2d) compare favorably with
intuition from the imagery (part 2a), and take boundary and
edge pixels (part 2c) into account. Note also the small
quantity of data available for analysis. For safety reasons,
the aircraft was flown at low altitude for only short seg-
ments near the SGP site.
[40] Several geometric screening criteria were also ap-

plied. Data with view zenith angles greater than 65� were
removed. This was done to avoid view angles at the
extremes of measurement capability. Since the RSP is
scanning in the direction of aircraft motion, data from turns
were excluded because those scans may not represent a
single ground location. Thus, data from aircraft headings 3�
greater or less than an average heading were removed. The
effects of both of these geometric screening criteria are
evident in Figure 2d, where data at the right of the image
have been removed because their zenith angle was too large,
and data at the top removed because this is were the aircraft
began banking into its spiral ascent for the next segment of
the flight.
[41] Image data were rearranged so that each scan repre-

sents a set of view angles about a single ground location,
rather than the actual order of measurements (which repre-
sent a set of view angles about an airborne location). While
this has no effect on the actual data, classification results for
each scan were checked for consistency. This final screen-
ing criteria (which is not displayed in Figure 2) required that

Figure 1. Histograms of the Atmospherically Resistant Vegetation Index (ARVI) for each flight.
Vertical dotted lines represent the boundaries of the ‘‘soil’’ and ‘‘vegetation’’ class thresholds.
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