IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 3, NO. 3, SEPTEMBER 2010 241

The Angular and Spectral Kernel Model for BRDF
and Albedo Retrieval

Sihan Liu, Qiang Liu, Qinhuo Liu, Jianguang Wen, and Xiaowen Li

Abstract—Albedo may be derived from clear-sky remote-sensing
images through inversion of a bidirectional reflectance distribu-
tion function (BRDF) model and angular integration. This paper
proposes a new multi-angular and multi-spectral BRDF model
(ASK Model) based on the kernel-driven conception and gives
an effective algorithm for broadband albedo retrieval. By adding
component spectra into kernels as prior known driven variables,
the new model expresses BRDF as a linear combination of wave-
length-independent kernel coefficients and kernels expressed as
functions of both observation geometry and wavelength. In this
way, the new model brings advantages in two aspects. On the one
hand, for model inversion, the new angular and spectral kernels
allow combination of observations not only at different viewing
and illumination angles, but also at different wavebands, which
give more reliable inversion results especially when the angular
data are limited. On the other hand, different from traditional
narrowband-to-broadband conversion, which gives empirical
weights at several available bands, the new algorithm derives
broadband albedo as a weighted linear combination of kernel
integrations both in angular and wavelength domains. As model
validation, ground-based measurements in Heihe Field Campaign
have been chosen. Results show that the new model can accurately
rebuild BRDF and derive broadband albedo. Furthermore, the
new model and algorithm are demonstrated using CHRIS and
EOS-MODIS data. The retrieved broadband albedos have been
compared with MODIS BRDF/albedo product and the in situ
measurements. Results show that the presented algorithm can be
employed to retrieve broadband albedo from multisource satellite
observations.

Index Terms—Albedo, bidirectional reflectance distribution
function( BRDF), kernel-driven model, multi-angle, multispectra.

NOMENCLATURE
05 Solar zenith angle.
¥s Solar azimuth angle.
6. Sensor zenith angle.
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Sensor azimuth angle.
Relative azimuth.
Wavelength.

Bi-directional reflectance distribution
function.

Bi-directional reflectance.
Geo-optical scattering kernel.
Volumetric scattering kernel.

Kernel coefficients of the original kernel
driven BRDF model.

Kernel coefficients of ASK-1.

Kernel coefficients of ASK-2.

Angular and spectral Lambertian kernel.
Angular and spectral geo-optical kernel.
Angular and spectral volumetric kernel.
Multiscattering reflectance.

Angular and spectral kernels in ASK-2.

Area proportion of geometrical
structured surface.

Area proportion of volumetrically
structured surface.

Density of trees.
Average radius of trees.
Leaf reflectance.

Leaf transmittance.

Soil reflectance.

Facet number density.
Single-scattering albedo.
Soil moisture.

Absorption factor due to the soil
moisture.

Observed reflectance.
Model predicted reflectance.

Weighting factors.
Broadband albedo.
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) Spectral albedo.

G Spectral irradiance.

Qph Broadband black-sky albedo.

by Broadband white-sky albedo.

ha Broadband actual albedo.

p Spectral black-sky albedo.

O Spectral white-sky albedo.

Ep Relative error of actual albedo.

Qo “True” albedo corresponding to the
“ideal” dataset.

o Inverted albedo.

dox Proportions of direct beam.

hi Directional-hemispherical integral.

Hy, Bi-hemispherical integral.

Hhy, Combined hemispherical integral.

R new Broadband directional-hemispherical
integral.

Hy pew Broadband bi-hemispherical integral.

Hhi pew Broadband combined integral.

I. INTRODUCTION

URFACE albedo, the hemisphere reflectivity integrated
S over the entire solar spectrum, is a key forcing param-
eter controlling the planetary radiative energy budget and the
partitioning of radiative energy between the atmosphere and
surface. It is a parameter needed in both global and regional
climate models and is a sensitive indicator of environmental
vulnerability [1]-[4]. Also, it is of critical importance in crop
simulation studies because it defines how much solar radiation
is available for carbon take and photolysis and ultimately
effects productivity and yield [5]. It has been a challenge issue
how to retrieve broadband albedo at regional and global scale
with sufficient accuracy.

Albedo is dependent on the bidirectional reflectance distribu-
tion function (BRDF), which describes how the reflectance de-
pends on view and solar angles [6]-[8]. BRDF and albedo have
recently received much attention in advanced remote-sensing
data analysis [9]-[11]. The Advanced Very High Resolution
Radiometer (AVHRR) Polar Pathfinder group made use of
STREAMER radioactive transfer model [12] and anisotropic
correction factors to convert the directionally dependent
top-of-the-atmosphere (TOA) reflectance to a hemispheric
albedo [13]. Nevertheless, because of the deficient angular
domain, a full harnessing of AVHRR data is jeopardized in
many situations [14]. More accurate estimates can be obtained
by inverting and then integrating mathematical BRDF models
[O]-[11], [15]-[17]. In the context of having to process large
number of satellite data, semiempirical models mirroring
the within-land cover type surface scattering processes were
first investigated more seriously in the 1990s, and now they

are widely used for albedo retrieval [15], [18]. Albedo and
reflectance anisotropy products from remote sensing are now
routinely provided with spatial resolutions of 250 m to 20 km
and temporal frequencies of daily to monthly [19]. On the one
hand, albedo retrievals are based on geostationary satellite data
such as Meteosat [20]-[23] and Meteosat Second Generation
(MSG) [24], [25]; on the other hand, they can be retrieved
from polar orbiting satellite data such as Multiangle Imaging
SpectroRadiometer (MISR) [26]-[28], Clouds and the Earth s
Radiant Energy System (CERES) [29], POLDER [30]-[34],
Medium-Spectral Resolution, Imaging Spectrometer (MERIS)
[35], and Moderate Resolution Imaging Spectroradiometer
(MODIS) [36]-[38]. Their accuracy, consistency over time,
and compatibility with the same or similar products from
different sensors and time periods are investigated by the
literature [1], [4], [19], [39], [40]. Among them, the Algorithm
for MODIS Bidirectional Reflectance Anisotropy of the Land
Surface (AMBRALS) which is fully developed and validated
is most widely used [40]-[43]. It makes use of a semiempirical
kernel-driven BRDF model and multidate, multispectral data
to provide standard global 500-m and 1-km gridded and tiled
products of the land surface BRDF/Albedo every eight days
[15].

Currently, the albedo retrieval method first uses a BRDF
model to compute narrowband albedo corresponding to the
spectral band specifications of the sensor, then the narrowband
albedo is converted to broadband albedo [15]. There are two
shortages in this procedure. First, because satellite sensors
used for the albedo retrieval carry out their measurements in
discrete spectral bands, whereas the surface albedo refers to
reflection of solar radiation integrated over all wavelengths
(350-5000 nm), a narrowband-to-broadband conversion (NTB
conversion) is indispensable which will bring extra errors
[44]. The shortwave albedo is now derived from adding some
converted parameters to narrowband spectral albedos confined
by discrete band set of remote sensor, provided that visible and
near-infrared wave bands are included [45], [46]. Second, since
the inversion is against each available waveband individually
by constructing functions from multi-angular observations, the
result cannot be reliable unless plenty of angular distributed
data are available. This is why the MODIS BRDF/ALBEDO
products are currently provided with a long period of eight days.
Even with such a long period to accumulate data, the quality
of the retrieved albedo data is variable. Take the (MODIS
albedo products (MOD43B3) in North America from 2000 to
2004 as an example: only 31.3% of pixels were retrieved with
fully data-driven inversions while 13.3% did not contain any
valid retrieval [47]. For climate change purposes, products are
especially needed in long time series, so the consistency among
products from satellite missions flown at different times are
of great importance [1], [4], [19], [40], [48]. This indicates
considerable potential for product improvement through the
use of more reliable algorithms.

In this paper, in order to make better use of limited data,
we develop a new Angular &and Spectral Kernel-driven BRDF
Model (ASK Model) which can easily couple the multispectral
information with multi-angular information and outline a new
algorithm for broadband albedo retrieval. On one hand, the spec-
tral and angular data are combined together to inverse a set of
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kernel coefficients independent of waveband, this joint inver-
sion will ease the dilemma of data scarcity. On the other hand,
by pre-integrating kernels both in angular and spectral domain,
broadband albedo can be retrieved directly from the combina-
tion of kernel coefficients and integrated kernels.

There are six main sections included: the first section gives an
introduction about the development of BRDF&Albedo. In the
second and third section, ASK BRDF Model and the new albedo
algorithm are proposed, then model validation is given in the
fourth section, after that sensitivity analysis and some issues are
discussed in the fifth section, finally, conclusion is drawn in the
sixth section. With various validations and sensitivity analysis
at different scale, conclusions can be drawn that the model’s
performance is satisfactory and the retrieval results are reliable.

II. NEwW KERNEL FUNCTIONS AND BRDF MODEL

A. Introduction to Albedo and the Kernel-Driven Model for
AMBRALS

Albedo is defined as the ratio of upwelling to downwelling
radiative flux at the surface. Downwelling flux may be written
as the sum of a collimated component and a diffuse component
[7], [8]. Black-sky albedo (BSA) is defined as albedo in the ab-
sence of a diffuse component and is a function of solar zenith
angle. White-sky albedo (WSA) is defined as albedo in the ab-
sence of collimated component when the diffuse component is
isotropic [36]. The actual albedo derived from in situ measure-
ment includes both direct beam and diffuse skylight and can be
approximately expressed as a linear weighted combination of
WSA and BSA [49]. The weights (proportions of direct beam
dox and diffuse sky-light (1 — dp ) are determined by aerosol
parameters, such as optical depth and aerosol type. It can be ob-
tained from field measurements or be calculated by atmospheric
radiative transfer package such as 6S (Second Simulation of the
Satellite Signal in the Solar Spectrum) [50].

AMBRALS expressed the BRDF as the weighted combina-
tion of kernels with incident and observed geometry as driven
variables, characterizing different scattering modes [15], [51].
In AMBRALS, since the kernels are wavelength-independent,
inversion of model in different waveband will result in different
kernel coefficients. Basic formula of AMBRALS model can be
expressed as

BRDF(HH 0117 (/)7 )‘) = fiso(/\) + fgeo(A)kgtw(ei; 01}7 §b>
+fvol()\>kvol(9i7 01}7 (b) (1)

where BRDF(6;,0,,¢, ) stands for BRDF, kgeo(b;, 0y, )
is the geo-optical scattering kernel, kyo1(6;,6.,,¢) is the vol-
umetric scattering kernel, §; and 6, are the zenith angles of
incident and reflected light, respectively, ¢ is the relative az-
imuth between incident and reflected light, and fiso(A), fgeo(A)
and fyo1(A) are kernel coefficients characterizing the propor-
tion of the isotropic, geo-optical, and volumetric scattering
part. Each kernel has explicit physical significance and stands
for a typical mechanism of surface scattering [52]-[54]. For
example, the RossThick and RossThin kernels represent the
volumetric scattering part, the LiSparse and LiDense kernels
represent the geo-optical scattering part, and the isotropic
kernel represents the Lambertian reflecting part [53], [54].
Different kernel combination will be chosen in terms of the

surface condition. Kernel coefficients will be derived by fitting
the model to observed data. Here, the inverse wave-dependent
coefficients are hard to be directly related with canopy structure
parameters and the retrieved albedos are confined to narrow-
bands corresponding to the observed data. In former studies,
empirical indexes are constructed to connect coefficients and
canopy structure [55]-[57] and a process of NTB conversion is
used to derive broadband albedo [45], [46].

B. Basic Form of the Kernel Functions and ASK-1 BRDF
Model for Mixed Pixel

The basic form of angular and spectral kernel functions and
BRDF model, namely ASK-1 BRDF model, has been developed
in previous work [58]. For the convenience of the reader, we
will brief the formula here. The mixed pixel is modeled as com-
posed of two parts where the geo-optical model is applied to
land covers such as sparse shrubs, trees, or crops with a soil or
soil—grass understory, while the volumetric model treats canopy
as homogeneous layer of isotropic oriented facets [54] Then
BRDF, given as follows, can be expressed as a linear combi-
nation of these two models:

BRDF(6;,0,, 6, \)
= a1 BRDF oo (0;, 0, 6, \) + as BRDFyon(6:,0,, 6, ) (2)

where a1, ay are the weights of the two models, and they can be
regarded as the area proportion of geometrical structured and
volumetrically structured surface. However, in this paper, they
are simply taken as semi-empirical parameters because it is dif-
ficult to divide a pixel clearly.

For the geo-optical part, the model is based on the Li and
Strahler sparse canopy model [54]. It considers a plane with
spheroids which is described by their density » and average
radius 7. BRDFye (65, 0,, ¢, A) is expressed as a simplified
formula with two kernels and three coefficients (the third for
the isotropic portion). For the volumetric scattering part, the
model provided by the literature [59], [60] is used. It is for
an isotropic distribution of facet slops with reflectance p. and
transmission 7. above a soil reflectance of p,. For this model,
the facet number density and canopy height are represented
by a structural constant F' which is related to LAI. Here,
b=1/2- (sech; + sech,) is always approximately replaced by
a constant (1.5) which is derived from averaging typical values
of the angles [53]. BRDF1(6;, 6., ®, \) is also expressed as
a combination of two kernels and three coefficients, details for
BRDF geo (s, 60, ¢, A) and BRDFo1(6;, 0., ¢, A) are given as
[61]

BRDFgco(eh ‘9117 (b)
= b1 koo (05,00, @) 4 b2 - kg (0,00, 4) + b3 (3)

where

1
koo = ;(Secﬂi + sech,)
- (t — cost - sint)
—secl; —sech, +1
c _ 2
kgeo = sectsect, cos™(£/2) — 1
\/D? + (tanf; tand, sin )2

sech; + secl,

cost =
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D? = tan?6; + tan’ 6,
— 2tanf; tan 6, cos

by =nr? - p,

by = gm“z - Pe

1 2
ha= | = — 2 = 2.
3 <7T nr>0g+3m“ Pe

BRDFo1(0;, 0, ) = dy - k2 (0, 0., ¢)
+ d2 ) z;ol(a’h 0'07 ¢) + d3 (4)

where
o (r —&)cos& +siné
kvol = Y
cosb; + cos b, 2
+ _ §rcos{+sing
Vol ™ "¢os#; + cos b,
2pe
d; = 32 (1 — exp(—bF))
27,
dy = —2S(1 — exp(—bF))
372
. -exp(—bF
ds = p—(l —exp(—bF)) + w().
3w s

In the traditional kernel-driven model, component spectra are
integrated into kernel coefficients. In this paper, the component
spectra are integrated into kernel functions from which the ker-
nels are expressed as functions of both the observed geometry
and wavelength, leaving the kernel coefficients universal for all
bands. After substituting (3) (4) into (2) and rearranging the
polynomial, the ASK-1 model can be derived as

BRDF(6;, 0, 6, \)
= COKO(/\) + CgKg(Hia 91)7 ¢7 /\) + C’UKU(Hi7 H’U? QS? /\) (5)

where
Ko()\) = ’;—9
2 c l)g g
K (0;,6;,0,\) = gpc (kgeo + 1) + s kgeo
2pc 2Tc Pe
K,(0;,0;,0,)\) = P kI —
( ¢ ) 32 vol + 32 vol + 3T

Co = a1 - (1 — nnr?) + ag - exp(—bF)
Cy = ay - nur?

Cy, = as - (1 —exp(—bF)).

In this model, the first term as function of soil reflectance
represents the Lambertian reflecting part from the ground. The
second term expressed as a function of the original geo-op-
tical kernels and component spectra is applied to describe the
geo-optical reflecting part. Similarly, the third part represents
the volumetric scattering part.

Here, Cy, Cy, C, are kernel coefficients stand for the weights
of different scattering parts. They are all independent from
wavelength and related to the structure of canopy or mixed
pixel. Although all of the kernel coefficients have clear physical
meaning, they can also be treated as empirical parameters,
given the semi-empirical nature of kernel-driven models.
Ko(X), Kg(65,6,,0,), K,,(6;,0,, ¢, \) are angular and spec-
tral kernels considered as known functions, with component

spectra given typical values acquired from a priori knowledge
database.

Like any other model of the same vein, ASK is semi-empir-
ical in nature and several implications should be pointed out.
First, some variables in ASK model are empirical and their
physical significance can not be specifically defined. For ex-
ample, F' is not equal to LAI (leaf area index), although these
two variables are closely related. Second, ASK can not be op-
erated forwardly because some input variables can not be mea-
sured independently, e.g., a1, a2 and F'. The main objective of
ASK is to be used in inverse mode to estimate a set of param-
eters that best characterize the angular and spectral feature of
land surface BRDF and enable convenient retrieval of albedo.

C. Consideration of Multiple Scattering and Soil Spectral
Variation

1) Correction for Multiple Scattering: ASK-1 model is con-
structed on formulas from former literatures on kernel-driven
model, in which simplifications have been made to the geo-op-
tical scattering and volumetric scattering process. Most of the
simplifications are acceptable tradeoffs for an empirical model,
but there are also several simplifications that should be recon-
sidered when component spectra are into kernel functions.

An issue requiring more attention is the impact of multiple
scattering between soil and vegetation [14]. The volumetric
kernel provided by the literature [60] neglects the contribution
from multiple scattering. It is acceptable in former applications
because the multiple scattering effects can be partly represented
by the isotropic kernel and physical meaning of isotropic kernel
coefficient is not required. However, in the new angular and
spectral model, we need to derive consistent formula for both
the visible band, where multiple scattering is not significant, and
the near-infrared band, where multiple scattering is dominant;
ignoring the multiple scattering is in no way compensatable.
In this paper, we revise the volumetric kernel by adding the
multiple scattering term proposed by the literature [62]. It
expresses bidirectional reflectance of a semi-infinite medium
as a sum of single-scattered rg;,, and multiscattered part 7yt;-
From the resulting expression, the following term is added to
volumetric kernel as a correction for multiscattering:

1-vV1-w
Tmulti =
T4 2cos(6;)V1 —w

where w is the single-scattering albedo. Although it is not di-
rectly measurable with a device, it can always be approximately
expressed as w = p. + Te.

2) Involving Soil-Moisture for Soil Reflectance: In our sen-
sitivity analysis of model parameters, soil reflectance p, illus-
trates the highest sensitivity and shows the strongest correlation
to the canopy reflectance under the sparse assumption. Because
of the significant variation in reflectance of soil, it should be
treated as an unknown variable instead of being given typical
values. There are many factors influence soil spectral. For a cer-
tain pixel in earth surface, some of the soil properties, such soil
type, color, roughness, have less temporal changes and are pos-
sible to be stored in knowledge database, while other properties,
such as moisture, are more unpredictable and can not be treated
as constant. In this paper, we will assume the uncertainty of soil
spectrum comes from its unknown moisture. According to the

(6)
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study of [63], there exists an exponential relationship between
soil moisture in and soil reflectance

pg(m; A) = pg(0,A) - exp(—=Aw(A) - m) @)

where p,(m, A) is the reflectance of the wet soil in the spectral
band A, A,,(\) is the absorption factor in the spectral band A due
to soil moisture m, and p,(0, A) is the theoretical reflectance of
the soils with a soil water content at air dryness. In this paper,
first-order approximation of (7) is made near a reference value
of soil moisture m

Pg(m, A) = pg(mo, A) = pg(mo, A) - Auw(A) - (m —mo) (8)

where mg is the value of soil moisture corresponding to the
state when soil reflectance pg(mo, \) was collected into a priori
knowledge database. The geometric and volumetric part in a
mixed pixel can be of different soil moisture.

3) Final Form of the Kernel Functions and BRDF Model:
By adding (6) into volumetric scattering model and substituting
pg(A) with p,(m, ), the revised kernel model becomes

R(0;,0,,¢,\)
=c1-ki(A) +ca - ka(N) + c3 - k3 (6i, 00,6, ))
+c4'k4(0i79’v7¢7)‘)+c5 'k5(0i70v7¢7A) ©)
where
k() = Lolmo: )
™
Fo(\) = — ) - py(mo, A)

™

2
k3(9i7 0117 ¢7 )‘) = gpc()‘) (kgco )
1
+ _kgeo ) pg(m()? A)
Au(A) - pg(mo, A)

ka(6;,0.,,6,0) = ——kg

geo
2
kc’)(aiv 0'07 d): )‘) = Wpc()‘) ksol
2 - 1
+ 37[__27_6(/\) ’ kvol + gpc()‘)
1-/1-w(A)
(1 4+ 2cos(6;)/1 —w(N))

c1 = ay - (1 —nwr?) + ay - exp(—bF)
co =ay - (1 —nxr?) - (my —mg)
+ ag - exp(—bF) - (tg — my)
c3 = ap -nar’
+ (my —mo)

¢s = ag - (1 — exp(—bF)).

Cq = a7 -n7r7"2

Like ASK-1, the kernels are functions of sun/view angles
and component spectra; and kernel coefficients are wavelength-
independent One may observe that ¢y, cs, c; are much alike
Co, Cy, C, in (5) in their formula. However, we emphasize that
this model should be treated as more empirical than strictly
physical, and the kernel coefficients are simply the result of fit-
ting observation. So we will denote them with different symbols

to avoid confusion. In Section III, the final form (9) of ASK
model will be addressed as “ASK-2.”

III. MODEL PARAMETERS INVERSION AND ALBEDO RETRIEVAL

A. Model Inversion

BRDF is expanded into a linear sum of kernels. This allows
the flexibility and efficiency for bidirectional reflectance inver-
sion and albedo computation be programmed in kernel-oriented,
rather than model-oriented, fashion. Under the assumption that
the spectral variables related to characteristic of land surface are
designated with prior known typical values, all kernels’ values
occurring at the viewing and illumination angles at hand can
be computed in advance and tabulated so that the functions
only need to be processed once for each geometric situation and
every single kernel which allows both rapid computation and
free combination of any number of kernels.

In ASK-2, we will treat c1,...,c; as unknown variables.
M x N equations are constructed for M -band and N -band ob-
servations from satellite image corrected with atmospheric ef-
fects or in situ measurements. In the inversion process, the un-
known variables are determined in the context of least-square
error fitting, i.e., through minimization of a cost function, as

Robs Rsm’lu) 2

soy, o)

=1 j=1

COST = (10)

where M is the number of observations, /N is the number of
wave bands involved in the inversion, R¢"® and R§"™ refer to
the observed and model predicted reflectance for a given set of
geometric angles (6;,60,, ¢), respectively, and W; and W; are
weighting factors that could reflect different weights assigned to
different observations and bands if desired. For example, in this
paper, the weights for data in different MODIS bands are pro-
portional in ratio to the nominal spectral radiance given in the
MODIS bands specification, i.e., [21.8,24.7,35.3,29.0,5.4,7.3,
1] for band 1 to band 7, and weights for different observations
are constant. Since there are five unknown variables and their
corresponding kernel functions are not orthogonal, it is possible
that the inversion will over fit the data and become unstable.
To avoid undesirable inversion result, boundary limitations to
the unknown variables are designated at first. Considering their
physical meaning, c;,c3, and c5 are restricted to [0, 1] while
co and c4 are restricted to [—0.5, 0.5]. Besides solid boundary,
soft constraints such as Bayes constraint are also common resort
to stabilize the multivariant inversion. Since ko and k4 are ad-
ditional terms related to difference of soil spectra between real
scene and that prior given in ASK-2, in order to lower the in-
fluence from the soil background, Here, a term c% + ci is also
added into the cost function as soft constraint and give it a very
small constant weight. As we known, k5 and k, are related to
difference between soil spectra of real scene and that of a priori
value, and the fail-safe value for co and ¢4 should be 0. So, this
soft constraint will ensure that ¢, and ¢4 go to fail-safe value
in ill-posed situation, i.e., the information in observations is not
enough to invert all 5 unknowns; for normal situations, the in-
fluence of this term on the model’s fitting ability is negligible
because the weight is slight.
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The inversion of ASK-1 model is similar, except that the
boundary restrictions are assigned with [0, inf] for Cy, Cy and
C,. As described before, the ASK model is used as semi-empir-
ical model. Under the circumstance that the inversion is stable,
allowing the variables to take value in a wider range would in-
crease the fitting ability of the model.

As a linear model, the ASK BRDF model can be inverted an-
alytically by matrix inversion [64], which avoids costly numer-
ical inversion problems arising in the physical models and gives
much more reliable and robust results than the empirical ones.

B. Retrieval of Spectral Albedo

In order to retrieve spectral albedo, the directional-hemi-
spherical integral hy(6;,A) and bi-hemispherical integral
Hi.(X) of the kernel functions are defined as in (14)—(15). Ben-
efiting from the linear characteristics, spectral black-sky albedo
Hj,()\) and spectral white-sky albedo «v,,» can be derived as a
weighted combination of . (6;, A) and Hy(\) separately. Then
spectral actual albedo a,(6;) can be derived from combination
of apx(f:) and «v,,» weighted by doy and 1 — dypy. Similarly,
Hhy(0;, ) is defined as given in (16), and then a,(6;) is the
combination of Hh(6;,\) weighted by c. Since the suite
of kernels shared the same angle-related formula, this makes
the code efficient by avoiding duplication of computations for
kernel integration [23]:

Z crhi (05, N) (1)

Olb)\

Qs = chHk(/\) (12)
Qar = Xk:cthk(ﬂ A) (13)
o 3
b (65, A) / [Ki(6;,0,,1,\)]
X sin 6, cos@ db,dy (14)
Hi(\) = 2/7 hie(6:, M) sin 6; cos 0;d0; (1)
Hhy, (6, A) = dohy(8:,\) + (1 — do)Heg(A).  (16)

C. Spectral-to-Broadband Albedo Conversion

In practice, the total energy reflected by the Earth’s surface
in the shortwave domain is characterized by the shortwave
(0.3-5.0 um) broadband albedo defined as the ratio of broad-
band upwelling radiative flux to broadband downwelling
flux. Frequently, the visible (0.3-0.7 pum) and near-infrared
(0.7-1.3 pm) broadband albedos are also of interest due to the
marked difference of the reflectance of vegetation in these two
spectral regions [36]. Therefore, a conversion process from
spectral to broadband albedo is necessary.

Starting from the definition, broadband albedo can be related
to spectral albedo through spectral integration weighted by the
bottom-of-atmosphere downwelling spectral solar flux. Hence,
provided we know the spectral albedo o and the incident spec-
tral irradiance G()), the conversion equation reads as

22 G(Naxdh e
= A; = / wyardA
G

QObroad

A= MG& a7
J x G (N)dA

Here, aproaq 1S broadband albedo of the surface with spectral

range from A; to Ao, vy is the spectral albedo, and G()\) is the

spectral incident irradiance.

Since the satellite sensors carry out their measurements in
several narrowbands, the inversed wavelength-dependent kernel
coefficients are confined to these specific wavebands in former
studies of computing albedo from kernel-driven BRDF model.
It limits the ability of deriving broadband albedo directly from

A2
abb(ﬂi) = / wxaw\(ﬁi)d/\

Az
= ch / wahg (05, \)dA
- I
= Z Ck » hk_now(ai)

(18)

19)

= Z Ck - Hhk_new<€i) (20)
k

when the number of bands are not sufficient enough. Prior at-
tempts in converting narrowband albedo to broadband focused
on establishing empirical equations by model simulation under
general atmospheric conditions with respect to different sensors
[2], [45], [65], [66]. Beyond arising extra errors, the conversion
is in different manner with respect to surface characteristic, at-
mosphere state and remote sensors. Obviously, it is difficult to
be put into general applications.

In this study, the wave-independent kernel coefficients enable
a handy way out of the dilemma of narrowband-to-broadband
albedo conversion. Different from the original algorithm, the
kernels here are integrated not only at angle dimension but also
at wavelength dimension as shown in

A2
hk_new(ei> = / w,\hk(&)\)d)\ (21)
J A
Az
Hk_new = / w)\Hk(/\)d/\ (22)
J A
Az
Hhk_new(ei) = / IUAHhk(ei, )\)d)\ (23)
J A

This step can be achieved by assigning w) and other spectral
related variables with prior known values according to atmos-
phere state and surface component characteristics. Through
this process, the broadband black-sky, white-sky and actual
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albedo apb(f;), Abw, aba(f;) can be respectively expressed
as a linear weighted combination of new integral kernels
hinew (8:)s Hnews Hhjg_new(8;), where the weights ¢j, are
the same as those inverted from ASK BRDF Model [see
(18)—(23)]. Note that hk_new(ﬁi)7 Hy ew and H}Lk_new(gi)
are dependent on neither the observations nor wavelength and
could therefore be tabulated as functions of atmosphere state
and surface component characteristics, the spectral BSA at any
solar zenith angle and spectral WSA can be constructed directly
from the inversed kernel coefficients and integrals from lookup
tables (LUTs). Broadband albedo can be derived by integrating
continuous spectral albedos with spectral resolution as fine as
component spectra. Obviously, the conversion process is based
on mathematical method and can be universally applicable for
different data source with respect to sensors and platforms.

IV. VALIDATION

Validation of the BRDF/Albedo derived from the proposed
model will be performed in three aspects. Meanwhile, the results
of ASK are compared with its predecessors RossLi which is em-
ployed in AMBRALS. First, the model needs to be validated for
as many types of land cover as possible to ensure that it pro-
vides adequate mathematical description of BRDF shapes. This
is done by using both field-measured and spaceborne multi-an-
gular observations. Second, the retrieved albedos will be com-
pared with in situ measured albedos. Third, as a demonstration,
the new albedo algorithm will be applied to CHRIS and MODIS
images with fine and coarse resolution respectively, to investi-
gate its performance on pure and mixed pixels. Results will also
be compared to MODIS albedo product.

Model validation is based on dataset of the Watershed
Airborne Telemetry Experimental Research (WATER Experi-
ment). Field measurements were performed around the suburb
of Zhangye city, Gansu province, in the middle reaches of
the Heihe River Basin during May-July 2008. The central
geographic location is 38.86N, 100.41E. Most measurements
were made separately at five sites within a perimeter of 10
km around this central location. Meanwhile, airborne and
spaceborne data with different temporal and spatial resolution
are collected during the experiment. In this study, observations
from multi-angular observing sensor CHRIS/PROBA, as well
as MODIS daily reflectance (MODO09) products and eight-day
surface albedo (MCD43A3) products collected during the
campaign were used.

A. Ability of the Kernel Functions to Fit BRF Data

1) Fitting Field-Measured BRF (Pure Pixel): ASK BRDF
model targets on applications at the global scale. It is designed
to describe the bidirectional reflectance of mixed land cover
types. But before measurements for heterogeneous scenes are
available, it is necessary and useful to validate the model using
field-measured data over a single land cover type. Then it can
be expected that the model will display its strength more ob-
viously for mixed pixels [67]. Thus, the ASK BRDF model
is first tested with in situ collection of measurements. Field
measurements for our validation purpose are multi-angular re-
flectance spectra of a variety of surface cover types including
crops, semi-desert and natural plants. Hemispheric-conical re-
flectance factor (HCRF) data have been acquired from 350 to

TABLE I
WAVELENGTH FOR MODIS BANDS 1-7

MODIS Bl B2 B3 B4 B5 B6 B7
Wavelength 620 841 459 545 1230 1628 2105
(nm) -670 -876  -479  -565 -1250  -1652  -2155

2500 nm using ASD spectrometer with a field-of-view of 25°
mounted on a portable multi-angular observation. For wheat and
corn, the target was viewed under 48 view directions distributed
every 5° interval for zenith angle 6,, in four different azimuthally
planes, namely, principle plane, perpendicular plane, along row
plane and across row plane. For semi-desert shrub and bulrush
data set, the latter two viewing plane are disregarded because
the plants were distributed randomly without row structure. In
this research, the measured HCREF is used as bidirectional re-
flectance factor (BRF) despite they are differently defined by the
literature [7], [8]. This approximation will not seriously disturb
the BRDF/Albedo retrieval because ASK Model is semiempir-
ical itself.

Six sets of in situ measurements are chosen to validate ASK
model: corn data measured in both May 30th and July 1st at
Yingke experiment field 1; wheat data measured in June 9th at
Yingke experiment field 2; semi-desert data collected in June
14th in Huazhaizi semi-desert experiment field; bulrush and
clover data acquired in June 26th near Linze Grassland station.
In turn, we define them as datasets 1-6 in the following tables
and figures. Both canopy and component spectral measure-
ments are convolved into MODIS wavebands listed in Table I
according to the MODIS band response functions, and data of
the first seven spectral bands are used in model inversion given
the weights mentioned in Section III-A.

In this study, the fixed leaf spectra and soil reflectance are
from field measurement during the experiment, while soil mois-
ture attenuating factor are from former laboratory experiment
[68]. Since this model is semi-empirical itself, using the typ-
ical data taken from literature or other measured dataset will
not bring too much error. ASK-2 model is expected to perform
better than ASK-1 with respect of both fitting ability and sound-
ness of model parameters, so for the rest of this paper, we will
focus our analysis on ASK-2 model.

Table II shows the model-fitting relative root mean square
error (R-RMSE) defined as the RMSE divided by angular
average BRF of ASK-2 for the six BRF datasets in the seven
MODIS bands. Even though there are some deviations, the
R-RMSE:s are always below 0.2 except several abrupt values.
The model’s worst performance occurs in semi-desert dataset
for which the inversed coefficient ¢; reaches its upper limit
and the other four are all close to 0. This is due to the scene of
semi-desert is almost bare and greatly deviate from the model
assumption on soil-vegetation system. When the ASK Model
is applied in such case, the input component spectral especially
the soil spectra must be chosen carefully.

Table IIT gives the R-RMSE of traditional kernel driven
BRDF model (RossLi model) for which the inversion is
conduct separately for each MODIS waveband. Comparing
Table II with Table III, it can be observed that ASK-2 shows
similar fitting ability with RossLi model in bands 1—4 but larger
R-RMSE for bands 5-7. This is because of the smaller weights
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TABLE II
FITTING R-RMSE OF ASK-2 IN MODIS BANDS 1-7

Bl B2 B3 B4 B5 B6 B7 obs.
1 0.081 0.047  0.128 0.087 0.144 0270  0.394 48
2 0215 0.073 0.713 0.138 0.167  0.376 0.295 56
30238 0.055 0.190  0.154  0.257  0.462 0.307 47
4 0.120 0.071 0.114 0.122 0.054  0.056 0.099 28
5 0216 0.153 0.291 0.238 0.203 0.409 0.507 54
6 0332 0.064  0.345 0.177 0.188 0.458 0.333 42

TABLE III

FITTING R-RMSE OF ROSSLI KERNEL DRIVEN MODEL IN MODIS BANDS 1-7

Bl B2 B3 B4 B5 B6 B7
1 0.123 0.053 0.132 0.109 0.065 0.083 0.112
2 0.137 0.038 0.114 0.068 0.035 0.034 0.088
3 0.272 0.044 0.255 0.206 0.062 0.139 0.270
4 0.050 0.038 0.053 0.049 0.032 0.036 0.067
5 0.106 0.100 0.102 0.082 0.088 0.084 0.108
6 0.067 0.052 0.078 0.065 0.045 0.051 0.113

given to bands 5-7 in the wave-joint inversion of ASK-2. It is
theoretically reasonable that wave-separate inversion fit data
better than wave-joint inversion. Even though ASK-2 sacrifices
some fitting ability in order to achieve more stability, these
bigger fitting residuals occur in wavebands that are less signifi-
cant to the retrieval of broadband albedo. Another thing should
be pointed out is that ASK-2 is still feasible when inversion of
RossLi fail due to the limited observations.

Table IV lists the inverted kernel coefficients of ASK-2 for
the six BRF datasets. In ASK-2, since ¢1, c3, and c¢5 represent
weights of background, geometric scattering, and volumetric
scattering respectively, their values should have the ability to
indicate the scene configuration. It can be seen from Table IV
that ¢y is close to 1 for corn-20080530 and desert datasets while
there is little vegetation; it is close to 0 for corn-20080701 and
clover datasets while there is almost full vegetation cover. The
volumetric scattering part cs, exhibits large values in the clover,
corn-20080701 and bulrush datasets, and decreases for other
datasets of less vegetation. The geometric scattering part cs is
also explainable: its large value occurs at corn-20080530 dataset
which is kind of discrete and sparse vegetation; also at wheat
dataset which is of row structure and clover dataset which shows
distinct clustering. Parameters cs and c4 are linked to soil mois-
ture. Positive values of ¢ and ¢4 for corn-20080701 and clover
datasets indicate that the soil background of these datasets are
wetter than the reference value; while negative value of ¢y for
desert dataset indicates that soil in desert is dryer than the ref-
erence. As authors of this paper participated in the experiment,
it is convinced that the judgments above agree with the experi-
ences in field experiment.

2) Fitting Satellite Measured BRF (Mixed Pixel): In order
to test ASK model’s fitting ability for mixed pixel at re-
gional scale. High-quality cloud-cleared and atmospherically
corrected MODIS daily reflectance product (MODO09) was

TABLE IV
INVERSE COEFFICIENTS OF ASK-2 FOR THE S1X BRF DATASETS

C1 C2 C3 C4 Cs
1 0.95047 -0.00061 0.29146 -0.00274 0.00000
2 0.00000 0.00755 0.09170 0.00088 0.68431
3 0.19070 -0.00036 0.23586 -0.00001 0.43965
4 1.00000 -0.02885 0.03330 0.00359 0.03107
5 0.00110 0.00023 0.06108 0.00564 0.56582
6 0.00000 0.00647 0.14885 0.00238 0.78965
045 05
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Fig. 1. Modeled and observed BRF from 16-day period MODO09.
TABLE V
FITTING R-RMSE OF ASK-2 FOR THE MOD09 WITH 16-DAY PERIOD
B1 B2 B4 BS B6 B7 obs.
1 0.120  0.056 0.090  0.063 0.101 0.148 20
2 0.241 0.071 0.140  0.089  0.177  0.156 18
3 0.202  0.082 0.142  0.111 0.146  0.178 17
4 0.116  0.083 0.113 0.092 0.074  0.122 11
5 0.163 0.086 0.139  0.075 0.170  0.428 14

collected over a 16-day period corresponding to each in situ
measurement. The cloud contaminated products are screened
out according to the accompanied QA flag associated with each
pixel. In the inversion process, the first seven bands except
the B3, which is strongly contaminated by atmosphere, are
employed to present multispectral information while either
5-day or 16-day period accumulation around the date of in situ
measurement is used to construct multi-angular datasets. For
example, for in situ measurement of corn-080530, DOY (day
of year) 151, MODQ9 data are collected within DOY 144-159
and DOY 149-153, respectively, for a 16-day and 5-day period.
Fig. 1 compares the modeled BRF with the observed ones from
MODO09 at Red & NIR band separately for each surface type.
The R-RMSEs listed in Table V are found to be smaller than
that for the inversion against field measurements, indicating
that the ASK model is of better fitting ability for regional than
local scale observations, for mixed pixel than pure pixel. This
is reasonable as for pure pixels, either geometric or volumetric
scattering dominates which will lead to too large or too small
weights, while for mixed pixels these two types coexist and
more balanced weights will be derived. This is just where the
ASK model shows its advantage as a compromise of geo-op-
tical and radiative transfer BRDF models.
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TABLE VI
INVERSE COEFFICIENTS OF ASK-2 FOR THE MOD09 WITH 16-DAY PERIOD

Ci C2 C3 C4 Cs
1 0.682275 -0.000550 0.261041 0.006645 0.111087
2 0.184888 -0.000570 0.208922 0.008401 0.441636
3 0.441150 -0.000460 0.316158 0.005385 0.219601
4 1.000000 -0.026790 0.139621 -0.005840 0.000000
5 0.678888 -0.001080 0.318310 0.015694 0.128207

B. Applicability of Using Angular and Spectral Kernel
Functions to Calculate Albedo

1) Albedo Validation With Field Measurements: In
Table VII, modeled shortwave (0.3-5.0 ;zm) broadband albedos
derived from the new algorithm are compared with both the
retrievals of RossLi BRDF model and the simultaneously in
situ measurements of albedometer. The inversion is performed
using field-measured BRF and MODOQ9 products as described
in Section IV-A, so the inverse coefficients from Table IV and
Table VI are directly used to retrieve albedos in this part. in situ
measurements of albedo were made in two different ways. One
was from two albedometers mounted on a 10-m tower in an
automatic weather station (AWS) near the center of the study
area. These measurements are recorded based on a 10 minutes
average. Other measurements were made from two additional
albedometers mounted at the top of a tripod (about 1.5 m
high). These portable albedometers record albedo at 5-min
intervals without average and could be moved from one place
to another, usually placed in similar cover type as that of BRF
measurement. As for the broadband albedo retrieval for RossLi,
we used the method in AMBRALS [38], [65]. Additionally,
the visible (0.3-0.7 pm) (VIS) and near-infrared (0.7-1.3 pm)
(NIR) broadband albedos are also retrieved with field BRF and
Mod09 16-day and 5-day observation for ASK-2 and RossLi.
Results and comparisons are given in Tables VIII and IX.

Table VII lists the retrieved shortwave albedo and in situ mea-
surements for different surface types. It is obvious that the re-
trievals from field-measured BRF data of ASK-2 are in better
agreement with albedometers measurements compared with its
predecessor RossLi. Results of ASK-2 are satisfactory except
for the second dataset of corn-20080701 whose retrievals are
much higher than the AWS records. This may be attributed to
the distance between the AWS and the place of BRF measure-
ments, and the irrigation pattern that caused a heterogeneous
distribution in soil moisture. In comparison, the albedo retrieved
from MODQ9 data deviate more from albedometer measure-
ments, which can be easily explained by the scale mismatch be-
tween the in situ and spaceborne observations. In this research,
the field measured albedos are for homogeneous land cover in
a circle area with radius of several meters, while the MODIS
observations are based on 500-m resolution and different land
cover types are usually included in one pixel. This finding coin-
cides with some former studies which indicated the inability of
directly validating retrieved albedo at regional scale with field
measured albedos [41] More investigation is needed, and we
will discuss this issue in the next section.

2) Algorithm Demonstration on Satellite Images: For re-
gional-scale validation, operation of ASK-2 model on three

TABLE VII
ACTUAL SHORTWAVE ALBEDO OF ASK-2/ROSSLI RETRIEVAL AND
ALBEDEMETER MEASUREMENT

Actual shortwave Albedo

Field 16-day 5-day AWS* OBS**

1 ASK-2  0.1677 0.1681 0.1738 0.1683 0.183
RossLi  0.2141 0.1852 0.1888

2 ASK-2  0.1802 0.1687 0.1791 0.1489 ok
RossLi ~ 0.1955 0.1989 0.1772

3 ASK-2  0.1455 0.1411 0.1736 e 0.1434
RossLi ~ 0.1824 0.1928 0.1894

4 ASK-2  0.2649 0.2207 0.1956 0.2498 0.2348
RossLi ~ 0.2668 0.2674 0.3092

5 ASK-2  0.1734 0.1901 0.2087 bk L4
RossLi  0.2045 0.2239 0.2039

6 ASK-2  0.2261 ek ok A L
RossLi ~ 0.2391 ok ok

" AWS denotes albedometer measurements from automatic weather station

™ OBS denotes portable albedometer measurements
*** albedemeter measurements are not available for some targets; and the
fields of clover and bulrush fall in the same pixel in MODIS image.

TABLE VIII
ACTUAL VIS BROADBAND ALBEDO OF ASK-2&ROSSLI
Field 16-day S-day
ASK-2 RossLi ASK-2 RossLi ASK-2 RossLi
1 0.0632 0.1382 0.0801 0.0961 0.0837 0.0960
2 0.0397 0.0364 0.0452 0.0648 0.0522 0.0606
3 0.0177 0.0596 0.0432 0.0872 0.0631 0.0793
4 0.1787 0.1986 0.1410 0.1711 0.1269 0.2084
=3 0.0552 0.0615 0.0884 0.1172 0.0971 0.0954
6 0.0415 0.0592 T T e ok
TABLE IX
ACTUAL NIR BROADBAND ALBEDO OF ASK-2&ROSSLI
Field 16-day S-day
ASK-2 RossLi ASK-2 RossLi ASK-2 RossLi
1 0.2288 0.3031 0.2586 0.2781 0.2664 0.2832
2 0.3716 0.3560 0.2942 0.3272 0.3081 0.2855
3 0.2866 0.3031 0.2407 0.3102 0.2862 0.3051
4 0.3628 0.3484 0.3040 0.3726 0.2675 0.4153
5 0.3436 0.3604 0.2944 0.3301 0.3231 0.2954
6 0.4367 0.4153 Bh¥ TS FEH i

MODOQ9 datasets is demonstrated composed of 16 day-period
starting from DOY 145 (from May 25th, 2008, to June 10th,
2008), DOY153 and DOY161 respectively, corresponding to
the MODIS albedo product (MOD43A3). In addition, we also
construct another MODQ9 dataset starting from DOY 154 to
DOY 169 centered on June 4th, 2008, which aims at com-
parison with CHRIS retrievals. Considering the atmosphere
correction problem, the third band is excluded in the inversion
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Fig. 2. ASK-2 retrieval (BSA and Actual Albedo) from (a), (b), (d) MODO09
versus (¢) MOD43A3 for DOY 145.
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Fig. 3. ASK-2 retrieval (BSA and Actual Albedo) from (a), (b), (d) MOD09
versus (¢) MOD43A3 for DOY153.

(d)

process. With 500-m spatial resolution, 42 x 42 pixels centered
in Yingke experiment site are selected to derive black-sky
shortwave albedo and white-sky shortwave albedo. Figs. 2—4
illustrate that the BSA retrievals based on the 16-day period
from ASK-2 generally agree with MOD43A3 for all three
datasets. As for the retrievals based on a 5-day period on the
right, some pixels of the second and third datasets seem darker
than their counterparts on the left image. The difference is
reasonable because 16 days is not a sufficiently short period
to assure the unchanged surface state, especially for cropland
in the specific growth stage. Additionally, there are several
times of irrigation after June 3rd, 2008, during the period on
the different cropland plot each time, which will largely affect
the reflecting property of surface and lower the albedo. This
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Fig. 4. ASK-2 retrieval (BSA and Actual Albedo) from (a), (b), (d) MODO09
versus (¢) MOD43A3 for DOY161.

can explain the differences between 5-day and 16-day period
retrieval for the latter two datasets. On the other hand, the
result between 5-day and 16-day period retrieval for the first
dataset seems much more consistent. The reason is no irrigation
happened during this period and the corps in earlier growth
stage grows not as fast as irrigation stage. It is also noted that
MOD43A3 product has a smoother spatial distribution while
there exist some speckles in ASK-2 inversion results. These
may be explained by that MOD43A3 are sophisticated product
with a complete set of constraints and singularity control, while
the ASK-2 retrieval algorithm is only provisional. For the
speckles occurs in Fig. 2(b) and (d), the retrieved albedos are
higher than the surroundings. It is due to the MODOQ9 observa-
tion accumulated for these pixels are much less and not enough
to attain a full inversion. While in AMBRALS, data from a
prior known knowledge database is involved in the inversion as
a compensation which helps the inversion reliable and stable
even with limited observations, so its product MOD43A3
[Fig. 2(c)] looks much smoother. The results of WSA are very
similar to those of BSA and will not be listed here.

For small-scale satellite-borne data validation, ASK-2 model
is applied to CHRIS data containing 18 bands at about 18-m
spatial resolution acquired on June 4th, 2008, at Yingke site.
The five angular CHRIS acquisitions are assumed to take place
within a 55° cone, as defined by a vector connecting the center
of the Earth to the spacecraft. In this paper, four angular im-
ages (0°,436°,55°) of 200 x 300 pixels are used to retrieve
albedo in the area around Yingke site. Fig. 5 shows that the re-
trievals of actual shortwave albedo generally coincide with the
false color composite image; bare soil gives higher albedo than
cropland. Fig. 5(c) and (d) demonstrates the albedo retrieved
from MODQ9 data corresponding to the area of CHRIS image
and acquired in five days around June 4th. It can be seen that the
values’ trend generally follows their counterparts from CHRIS;
at the same time, differences exist due to the scale mismatch as
well as the period difference.
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Fig. 5. ASK-2 (Actual Albedo) from (b) CHRIS versus (c), (d) MODO09.

TABLE X
ASK-2(A) AND ROSSLI(R) RETRIEVED ACTUAL SHORTWAVE ALBEDO FOR
YINGKE SITE FROM CHRIS AND MODO09 VERSUS FIELD MEASUREMENTS

albedo M CHRIS CHRIS MOD09 MOD09 AWS Obs.
point avg. -l6days  -5days
WSA A 0.1419  0.1492  0.1572 0.1349 - -
R - - 0.2011 0.196 - -
BSA A 0.1385 0.1554 0.1606 0.1505 - -
R - - 0.1701 0.1701 - -
Actual A 0.1397  0.1568  0.1601 0.1482 0.1204  0.1466
R -- - 0.196 0.1918

albedometer measurements are not available for WSA & BSA
AMBRALS is only used for MODIS observation

Focused on the comparison of retrieved and observed albedo
for Yingke site on June 4th, Table X demonstrates the shortwave
albedo of different scale retrieval and in situ measurements for
corn field. Note that the albedo from AWS record is lower;
this is attributed to the irrigation on June 3rd on the eastern
part the cropland, which greatly increases the soil moisture.
Even though the portable albedometer location is very near
to the AWS, the underlying corn is not irrigated when the
measurement is taken and its value can indicate the albedo of
nonirrigated part of the cropland. More specific illustration
about the irrigation issue is given in Fig. 6, which gives the
Albedo retrievals from CHRIS images centered in Yingke
automatic weather station. The blue square region consists of
29 x 29 pixels corresponding to 1 MODIS pixel of 500-m res-
olution. On the eastern part of the square, some of the retrievals
are found to be lower, so the image seems darker in these areas.
These lower albedos indicate that the crop field of these pixels
is irrigated.

With high resolution, the retrievals should be able to be com-
pared with in sifu measurement directly, while the retrievals with
coarse resolution can not be compared with measurements di-
rectly. Instead, after downscale transform by aggregating pixels

Fig. 6. Retrieval (actual albedo) from CHRIS.

circled out with the blue square in Fig. 6 to MODIS scale shown
in Fig. 5(c) and (d), the average values can serve as bridge to
connect MODIS retrievals with in situ measurements. Results
show that the retrieved shortwave albedo from CHRIS agrees
the AWS record best, whereas, due to scale mismatch, the re-
trievals from MODIS are much higher. Fortunately, the average
value after aggregation of CHRIS pixels agrees the MODIS re-
trieval better. As a preliminary attempt to do scale transform,
this paper just gives one example of single pixel validation for
MODIS image. More investigation and validation need to be
carried out in future.

V. SENSITIVITY ANALYSIS AND DISCUSSION

Generally speaking, retrieval accuracy is influenced by two
factors: 1) deficiencies in the observed BRDF dataset, e.g., noise
and poor sampling, and 2) capability of the model to repre-
sent the reality in the absence of noise. Sensitivity analysis is
a common resort to address these problems. Usually, an “ideal”
dataset is simulated with the model to represent the case of no
noise in data and no model misfit; then, the “ideal” case is dis-
turbed by noise or model misfit and the change of the inver-
sion result is analyzed. Sensitivity analysis hints us how bad the
model inversion result could go in practical situations. Robust-
ness of model inversion, which means adequately small sensi-
tivity to the disturbance, is a necessary feature when the inver-
sion is to be applied to satellite remote-sensing data.

Here, a simulated BRDF dataset, referred as an “ideal”
dataset, is created by applying the forward model, i.e., (9), with
kernel coefficient in Table XI (inverted kernel coefficient from
MODIS 16-day BRF of corn, wheat, desert, etc.) and observa-
tion angles as well as bands according to Section IV-A2. The
results of model inversion include kernel coefficients, BSA, and
WSA of each waveband or integrated to broadband. The ASK
model is essentially more a semi-empirical model than a phys-
ical model, and the ultimate goal of this study is to propose an
algorithm for albedo retrieval. Thus, the sensibility is analyzed
only for albedo in this paper. Specifically, the actual albedo in
Table XII is referred as the “true” value corresponding to the
“ideal” dataset.

In order to judge the influence of disturbance to the retrieved
albedo, the relative error is defined as

_|a—ag]
=

x 100%
o
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TABLE XI
ASK-2 AND ROSSLI RETRIEVED VIS ALBEDO FOR YINGKE SITE FROM CHRIS
AND MOD09
albedo ASK-2 RossLi
CHRIS CHRIS MOD09 MOD09- MODO09 MO9
point avg. -16days 16days -16days  -5days
WSA 0.0591 0.0511 0.0388 0.0549 0.1039 0.2011
BSA 0.0634  0.0626  0.0657 0.0721 0.0888 0.1702
Actual  0.0644  0.0612  0.0614 0.0694 0.1014 0.1960
TABLE XII
ASK-2 AND ROSSLI RETRIEVED NIR ALBEDO FOR YINGKE SITE FROM CHRIS
AND MOD09
albedo ASK-2 RossLi
CHRIS CHRIS MOD09 MOD09- MOD09 MO9
point avg. -16days 16days -l6days  -5days
WSA 0.225 0.2645 0.2313 0.2597 0.3035 0.225
BSA 0.2137  0.2573  0.2354 0.2492 0.2564 0.2137
Actual 0.2152 0.2598 0.2351 0.2511 0.2959 0.2152

CHRIS point: retrieval for one pixel in CHRIS image
CHRIS avg.: average value after aggregating retrievals of 29*29 pixels
centered in the point

where o is the “true” albedo corresponding to the “ideal”
dataset, and « is the inversion result after adding some kind of
disturbance.

A. Sensitivity to Random Noise in the BRF Dataset

Noises found in remote-sensing data can be random or sys-
tematic, which may come from erroneous calibration or atmos-
phere correction. Like others algorithms for land surface albedo
retrieval, the input should be adequately calibrated, georectified,
and atmospheric corrected directional reflectance. Thus, only
the random noises are considered in this paper.

Table XIII lists the relative error of albedo when different
levels of random noises were added into the “ideal” BRF
dataset. The random noises are first generated according to
Gaussian distribution of zero mean and unit deviation, then,
multiplied by the noise level and the value of BRF. For each
target and each noise level, 100 times of noise simulation are
run to derive the average relative error. Results show that all
of the figures for average relative error from different noise
level are smaller than 5.5%. Then, it can be concluded that this
algorithm is not sensitive to random noises in the observed
BRFs. This merit makes it possible to use ASK to get stable
and reliable results even with contaminated observations.

B. Model Performance When Using Poorly Sampled Data

For current MODIS albedo product of NASA, a 16-day
observation period is needed to construct the BRF dataset,
corresponding to a complete cycle of orbits for the platform.
While a shorter period is desirable, cloud cover statistics show
that shorter periods (e.g., 8 days) will significantly reduce
the number of pixels with sufficient observations for accurate
BRDF inversion. The ASK model with both spectral and
directional kernels will potentially be able to exploit data with
limited directional sampling to derive albedo.

TABLE XIII
RELATIVE ERROR OF ALBEDO WHEN RANDOM NOISES WERE ADDED

ao Average 8,, of different noise level(%)
1% noise 2% noise 5% noise 10% noise
1 0.168141 1.077125 1.092827 1.509426  2.543625
2 0.168719 1.60335 1.653349  2.024432  3.087337
3 0.141081 2.155162 1.837586  2.995848  5.373382
4 0.220711 1.538224 1.55326 2449064  4.526134
5 0.19007 2.129179  2.013893  2.443071 3.416594
TABLE XIV

RELATIVE ERROR OF ALBEDO GIVEN LIMITED NUMBER OF ANGULAR SAMPLES

Average &, of different number of angular samples (%)

I angle 2 angles 3 angles 4 angles 5angles 10 angles
1 498408  2.54852  3.09452 1.86810  1.17535 1.33813
2 8.27777  3.21581 227991  2.87749  2.04820 1.22659
3 6.77508  3.80407  3.01929  2.78027  2.56295 1.60796
4 8.86267  4.20750  2.35852 1.85099  2.16816  2.24145
5 11.1071 5.97065  4.79599 299262  3.29378  2.47592

In Sections IV-A2 and IV-B2, the capability of using the
ASK-2 model to generate an albedo map from five days of
MODIS-Terra and MODIS-Aqua data (10 observations) have
been demonstrated. This enables the possibility of increasing
temporal resolution of albedo product. In practice, we must face
the situation of even less observations because of cloud. So, the
performance of ASK model given limited number of angular
samples is tested.

Table XIV lists the relative error of albedo with different num-
bers of angular samples. The angular samples are randomly se-
lected out from the “ideal” dataset added 1% noise. Thus, they
are a subset of possible MODIS view angles. As in Section V-A,
100 tests are run for each target and sample number to derive
statistics.

Since ¢, is derived from 100 times’ random sampling, typical
angular distributions can be assumed to be represented. Here,
to simplify the analysis, we focus on the model’s performance
under different angular number without considering the angular
distribution. From the result listed in Table XIV, all of the fig-
ures are smaller than 5% when the number of angle is more than
three from which conclusion can be drawn that the algorithm is
feasible for even as few as three well-distributed angular ob-
servations. This is owing to the joint inversion of multispectra
and multi-angular data which release the need of angular obser-
vations in the traditional way of constructing function against
each waveband separately.

C. Sensitivity to Inaccurate Component Spectra

An important aspect of error source in albedo retrieval is the
inability of model to fit noise-free data or to extrapolate to sun/
view angles beyond the range of observation. Like other models,
ASK model is compromise between accuracy and model sim-
plicity. However, ASK model can be viewed as an extension
of the kernel-driven BRDF model adopted by AMBRALS [53],
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Fig. 7. Reflectance of YK field soil, semi-desert, salinized soil, corn, Norway spruce, wheat, and poplar.

TABLE XV
RELATIVE ERROR OF ALBEDO WHEN USING DIFFERENT COMPONENT SPECTRA

Average &, of using different component spectra (%)

Semi-desert Salinized Norway Wheat Poplar

soil spruce
1 0.760125 0.595168 0.524637 0.509553 1.990638
2 0.4015 0.698974 0.654655 2.973082 2.493174
3 2.130682 1.678664 2.69548 1.459746 1.433466
4 6.687917 7.518507 0.579843 0.476658 0.833559
5 1.270213 1.693254 0.44819 1.366409 1.234392

which has been proven to be globally applicable in literature.
Thus, in this paper, we believe that ASK model is also a reli-
able model and direct our attention to more important analysis.
As mentioned above, ASK model introduces component spectra
from a priori database. Then, the most probable source of un-
certainty in global albedo retrieval may come from the fact that
component spectra can not be accurately provided all the time.
Below, the impact of inaccurate component spectra to retrieved
albedo is analyzed.

Unlike satellite observations, inaccuracy in component
spectra should not be treated as random noise. Here spectra of
other types of soil or plant species are used in the process of
model inversion instead of that used in forward simulation. In
Section IV-A, the component spectral data are in sifu measure-
ments of soil and corn leaf in Yingke experiment station. Now,
another two typical soil spectra from Heihe experiment are
chosen, one is collected in the semi-desert area near Huazhaizi,
the other is collected for the salinized soil near Linze Grassland
experiment station. For leaf spectra, reflectance and transmit-
tance of corn, Norway spruce, wheat and poplar in the dataset of
Lopex93 are chosen [69]. Fig. 7 shows the component spectra
of different types.

Table XV lists the relative error of albedo when using in-
accurate component spectra. For the sake of simplicity, only
one component spectrum is changed in each test, i.e., either
the soil reflectance or the leaf reflectance and transmittance are
replaced.

It can be seen from Table XV that, in all cases, the relative
errors of albedo do not exceed 3% when the leaf spectra of corn
are replaced by other species. This may be explained by the
similarity of leaf spectra for different species. As for inaccu-
rate soil spectra, they cause larger error in albedo especially in
the case of desert while there is little vegetation coverage. How-
ever, compared with the obvious differences between the com-
ponent spectra used in forward model simulation and that used
in inversion, the errors in retrieved albedo are smaller and, in
most cases, acceptable. This indicates that the ASK model can
adjust the inverted kernel coefficients to compensate for inac-
curate component spectra from which their influence on albedo
retrieval is minimized. It is actually an advantage of using em-
pirical or semi-empirical model.

Anyway, it is strongly recommended to use the appropriate
component spectral for BRDF and albedo inversion in regional
or global applications. It proposes the necessity of constructing
a priori database for spectra of typical soils and typical leaves,
as well as classification map indicating which spectrum should
be chosen for certain pixel.

D. Applicability of ASK Model at Global Scale

For a preliminary test of ASK model’s applicability at global
scale, the POLDER-3/PARASOL BRDF dataset are employed.
It provides BRF with 6-km resolution derived from POLDER-3
observation for different kinds of cover types around the earth
from November 2005 to October 2006. BRF data of 22 kinds of
surface cover are chosen based on the coordination of the Global
Land Cover 2000 (GLC2000) project accumulated during July
2006. For each surface cover, observations for different loca-
tions around the earth are included. Table X VI shows the max-
imum, average, and minimum fitting RMSE of data accumu-
lated at different locations for each cover type. Note that, for
all of the surface types except ice, the average value are under
4%, from which we can conclude that the fitting ability of ASK
mode is applicable for most of the surface types. As for the worst
performance, the maximum RMSE value can reach more than
20%, which obviously cannot be accepted. So, cautious con-
sideration must be given to surface types such as ice or water,
different model should be employed.
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TABLE XVI
AVERAGE, MINIMUM, AND MAXIMUM FITTING RMSES FOR
POLDER-3/PARASOL BRDF

ASK-2 fitting RMSE

Surface type Avg. Min Max
1 Tree Cover, broadleaved, 0.02474 0.01450 0.05031
evergreen;
2 Tree Cover, broadleaved, 0.01653 0.00731 0.02984
deciduous, closed;
3 Tree Cover, broadleaved, 0.02356 0.01433 0.03935
deciduous, open;
4 Tree Cover, needle-leaved, 0.01407 0.00755 0.02689
evergreen;
5 Tree Cover, needle-leaved, 0.01720 0.00879 0.03081
deciduous;
6 Tree Cover, mixed leaf type; 0.01605 0.01010 0.02941
7 Tree Cover, regularly flooded, fresh; 0.02460 0.01073 0.04209
8 Tree Cover, regularly flooded, saline, 0.02679 0.01218 0.04961
9 Mosaic: Tree cover / 0.01842 0.00641 0.03972
Other natural vegetation;
10 Tree Cover, burnt; 0.01689 0.01050 0.02684
11 Shrub Cover, closed-open, 0.02128 0.01135 0.05631
evergreen
12 Shrub Cover, closed-open, deciduous 0.02335 0.00692 0.04624
13 Herbaceous Cover, closed-open; 0.02367 0.00793 0.03907
14 Sparse Herbaceous 0.02815 0.01172  0.04858
or sparse shrub cover;
15 Regularly flooded shrub and/ 0.02495 0.01060  0.07790
or herbaceous cover;
16 Cultivated and managed areas; 0.02166 0.00873 0.05455
17 Mosaic: Cropland / Tree Cover / 0.02398 0.00727 0.04068
Other Natural Vegetation;
18 Mosaic: Cropland / Shrub and/ 0.01726  0.00563 0.03984
or Herbaceous cover;
19 Bare Areas; 0.03728 0.00694 0.08843
20 Water Bodies (natural & artificial); 0.02139  0.00622  0.12069
21 Snow and Ice (natural & artificial); 0.18766 0.01030 0.41106
22 Artificial surfaces and associated areas 0.01667 0.00635 0.05589

It can be concluded from this analysis that, for developing an
algorithm applicable on a global scale, not only the database for
component spectra should be constructed, but also the various
cover types should be considered. Moreover, it means that more
kernel functions need to be derived, and their appropriate com-
bination for each land cover type should be discovered.

VI. CONCLUSION AND DISCUSSION

This paper proposes a new angular and spectral kernel-based
BRDF model (ASK model), which have three advantages.
First, the new model is operational in both angular and spectral
dimension with component spectra added into kernel functions.
This makes it possible for joint inversion of multiband and
multi-angular remote sensing data. As kernel coefficients are
independent from wavelength, to use more spectral bands
means increasing the number of equations without bringing
new unknown variables. Therefore, it enables us to conduct
robust albedo retrieval with less angular sampling, i.e., short
period for product renewal. Second, this new model may be
used to integrate kernels in both angular and spectral dimension

to calculate broadband albedo. Third, taking advantage of the
wavelength independence of kernel coefficients, multisource
remote sensed data of different satellite can be jointly used in
the inversion despite of the spectral band differences.

As an extension of the kernel-driven BRDF model, ASK
model is a semi-empirical model also. Instead of pursuing the
accuracy of inverted kernel coefficients, the value of this model
should be examined in its ability to fit BRDF observations, to
interpolate and extrapolate in angular or spectral domain, and
to derive albedo. The validations in Sections IV-A and IV-B
show that the ASK model is applicable. Additionally, ASK
model requires five free variables, two more than AMBRALS,
which means that more mathematical functions are needed to
get a good fit and makes ASK seem to be more complex. As
a matter of fact, this deficiency can be compensated by the
joint-inversion coupling spectral and angular information from
multisource remote sensing data.

Although we present the ASK model as potentially better way
to retrieve albedo than the original kernel-driven BRDF model
in the AMBRALS algorithm, we do not expect it can replace
AMBRALS immediately. Much more research should be done
before actually applying it to global product generation, for ex-
ample, building the database for component spectra of typical
land cover is a big task. As it is a promising direction to com-
bine multisource remote-sensing data to retrieve land—surface
parameters with much more high accuracy, we will continue our
research based on the presented work in this paper.
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