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The Angular and Spectral Kernel-Driven Model:
Assessment and Application

Donggqin You, Jianguang Wen, Qiang Liu, Qinhuo Liu, Member, IEEE, and Yong Tang

Abstract—Land surface albedo is a critical parameter in
the earth’s energy budget. Multiple-sensor data contain more
information than single-sensor data, enabling us to retrieve
albedo more accurately. The Angular and Spectral Kernel driven
model (ASK model), which introduces component spectra into a
kernel-driven model, provides a way to combine multiple-sensor
data to retrieve BRDF/albedo. The construction of the ASK model
is detailed in Liu’s paper. As a follow-up, this paper provides an
extensive assessment of the ASK model and its application using
multi-sensory data. The assessment is described in both angular
and spectral dimensions using simulated datasets from ProSail,
5-Scale, and RGM. With the ability to combine information from
the spectral and angular domains, the inversion of the ASK model
requires fewer angular observations than the traditional model.
Four angles are sufficient when combining seven MODIS bands.
In the spectral dimension, the model performance reveals high
numerical correlations among bands: the red and NIR bands are
generally required to make a good spectra fitting, and adding
an additional SWIR band can improve the performance. The
synergistic retrieval of albedo combining FY3/VIRR, AVHRR,
and MODIS shows a satisfactory agreement with in situ mea-
surements, where the RMSE is 0.013 in the 4-day composited
temporal resolution retrieval. The results show that the ASK
model is promising for BRDF/albedo inversion using multi-sensor
data, although it shows some dependence on the accuracy of the
component spectra.

Index Terms—Albedo, BRDF, angular and spectral model,
multi-sensor.

I. INTRODUCTION

AND surface albedo, defined as the ratio of the upwelling
radiative flux over land surface to the downwelling ra-
diative flux [1], is a key parameter for energy budgets, climate
forecasting, and global change predictions [2]-[5]. Albedo
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is usually derived from land surface reflectance by angular
and spectral integration and thus depends on the land surface
bidirectional reflectance distribution function (BRDF) [6]. The
BRDF describes the land surface reflectance properties in terms
of spectral, directional, spatial, and temporal characteristics [7],
and allows a more accurate specification of land surface albedo
derived from satellite remote sensing data [8], [9].

The available land surface BRDF/albedo products from
remote sensing sensors, such as Moderate Resolution Imaging
Spectroradiometer (MODIS) [10], [11], Polarization and Di-
rectionality of the Earth’s Reflectances (POLDER) [12], [13],
Meteosat Second Generation/Spinning Enhanced Visible and
Infrared Imager radiometer (MSG/SEVIRI) [14], Advanced
Very High Resolution Radiometer (AVHRR) [15] and Satellite
Pour I’Observation de la Terre Vegetation (SPOT VEGETA-
TION) [15], [16], are mainly generated from kernel-driven
models, using multi-angular bidirectional reflectance in clear
skies to invert the BRDF parameters. The multi-angular bidi-
rectional reflectance is accumulated by multi-day revisits
(e.g., 16 days or 10 days) of the same target observed from
a single sensor. Coarse temporal resolution, deficient angular
samplings, and limited spectral samplings are the challenge
factors for albedo calculation.

Integrating multi-sensor (e.g., MODIS, AVHRR, and
FengYun3/Visible and Infra-Red Radiometer (FY3/VIRR))
remote sensing data can provide more information about the
land surface anisotropy, more spectral bands, and higher tem-
poral resolution. This method improves the characterization of
land surface properties in terms of fine spatial-temporal reso-
lution and higher accuracy. However, challenges remain in the
synergistic inversion with multi-sensor reflectance, including
the differences in spectral response, spatial resolution, and
spatial geometric match [17]-[19]. The angular and spectral
kernel-driven model (ASK model) [20] presents a possible way
for combining multi-sensor remote sensing data to synergisti-
cally retrieve BRDF/albedo. Developed from the kernel-driven
model by introducing a new parameter of sensor-specific
component spectra, it decouples the radiometric and structural
parameters in the coefficients of the original kernel-driven
model and adds a radiometric variable to the kernel functions.
Thus, the new coefficients are spectral-invariant, which enables
them be inverted by combining observations from different
spectral channels.

The ASK model, derived in a previous paper [20], is
promising for land surface BRDF and albedo inversion. How-
ever, further quantitative analysis still must be performed
to investigate the performance of ASK on the angular and
spectral features. This paper, as a part of Liu’s series, presents
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the assessment of the robustness of the ASK model in BRDF
inversion and its application using multi-sensor data.

II. ANGULAR AND SPECTRAL KERNEL-DRIVEN MODEL

The ASK model is developed from the kernel-driven model.
Using the prior knowledge of the component spectra, the spec-
tral variable is extracted from the original kernel coefficients
and integrated into the kernels. The model is expressed as (1).

R(6;.0,, 0. ) = c1ki(A) + caka(A) + esk3(8;, 0., 6. A)
+ caky(0;, 0y, ¢, A) + c5ks(6;, 0., ¢, A)
(1)
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where k1 ~ kg are the reconstructed kernels, kernel k; is an
isotropic term, k3 is a geometric term, and k5 a volumetric term
corresponding to the original kernel-driven model. Including
the soil moisture and the multi-scattering in the equation (i.e.,
ko and k4, respectively) improves the ASK model’s accuracy.
k. and kg, are the ground and canopy parts in the Li-sparse
kernel, and k7, and k7 | are the reflectance and transmittance
terms in the Ross-thick kernel. ¢; ~ ¢35 denote the five kernel
coefficients, which are independent of the sensor and band. The
component spectral parameters, i.e., leaf reflectance p.(A), leaf
transmittance 7.(), soil reflectance p,(A), soil moisture atten-
uating factor Aw(A), are band-specific and collected before-
hand. In this paper, the soil moisture factor Aw(A) is from lab-
oratory experiment [21]. The sensor-specific band spectral re-
sponse functions and the typical component hyper-spectra are
used to derive the ASK component spectral parameters.

,)}? ’()‘) ! an,(/\)d/\
A1

CSmn = o (2)

CSpn 1s the predetermined sensor-depended component
spectral parameter for sensor m and band n, and () is the
continuous component spectral parameters measured in the

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 7, NO. 4, APRIL 2014

laboratory. B, () is the response of the spectral channel
specified by sensor m and band number n.

III. ASSESSMENT OF ASK MODEL PERFORMANCE

According to (1), the kernel %; is a function of the compo-
nent spectra and the illumination-viewing geometry, while the
coefficient ¢; depends on the land surface structural parame-
ters which can be inverted by multi-band and multi-angle re-
flectance data. The quality of the component spectra input as
priori-knowledge, the angular samplings of the reflectance data
and the spectral information of the reflectance data are the three
important elements in ASK land surface BRDF/albedo inver-
sion. This section presents an assessment of the effects of the
component spectra and the performance of BRDF inversion in
angular and spectral dimensions.

A. Simulated Datasets

To prevent the influence of unknown noise in actual satellite
data, simulated BRF datasets are used to assess the ASK model.
Three models are selected to simulate BRFs of different vegeta-
tion canopies: the ProSail model [22], [23], 5-Scale model [24],
[25] and RGM model [26]. ProSail couples the PROSPECT
model to simulate the broad leaf spectra and the SAIL model to
obtain the canopy BRFs. 5-Scale combines the LIBRTTY model
to simulate the pine leaf spectra and the 4-Scale model to obtain
the canopy BRFs. RGM models the BRFs by simulating realistic
crop structure and light propagation. Each model uses the same
set of component spectra (leaf and soil spectra) as input, whereas
the canopy structures are depicted using three different sets of
structural variables. The LAl is varied from low to high to simu-
late nearly bare to well-vegetated areas. For ProSail and 5-Scale,
the canopy reflectances are simulated under 32 actual MODIS
(both Terra and Aqua) observation geometries extracted from a
pixel during a 16-day cycle and then integrated with the 7 spec-
tral response functions of the MODIS optical bands to derive the
MODIS-like BRF, where the center wavelengths from Band1 to
Band7 are 0.648 pm, 0.858 1im, 0.470 pzm, 0.555 pm, 1.240 pem,
1.640 pm, and 2.13 pm respectively [27]. In the RGM model,
MODIS red and NIR bands are simulated under 75 observation
geometries distributed in three observing planes. The main pa-
rameters for each model are listed in the tables (Tables I, II, and
IIT), some examples of the simulated reflectance are shown in
Fig. 1.

B. Assessment of the Effects of the Component Spectra

The component spectra are a special feature of the ASK, af-
fecting the reconstructed kernels rather than the original ones.
The characters of the kernel shapes vary with the component
spectra. Another issue is the uncertainty caused by the compo-
nent spectra with errors to the albedo retrieved by the ASK.

1) Character of the Kernel Shapes: The geometric-optical
(geo) term Li-sparse kernel and the volume scattering (vol) term
Ross-thick kernel are selected to investigate the effect of the
component spectra on the kernels. The ASK kernels are pre-
sented in a two-dimensional feature space: angular and spectral
dimensions. The shapes are drawn along principal planes with
three solar zenith angles: 0°, 30°, 60°. The input component
spectra are the broad leaf (simulated by the Prospect model)
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Fig. 1. Canopy reflectance with different LAIs in the observation geometry with a sun zenith angle of 40.56°, view zenith angle of 60.41° and relative azimuth

angle of 38.72°. (a) is ProSail, (b) is 5-Scale.

TABLE 1
PROSAIL MODEL PARAMETERS
Parameter Values
Component spectra Leaf spectra simulated by Prospect
model
Soil spectra measured in field
Diffuse skylight factor 0.1

Three major sets of structural Custom, uniform, spherical
parameters (leaf angle distribution)
LAI

Illumination-view geometry

0.1,0.3,0.7, 1.5, 3.0, 6.0
MODIS observation geometry

TABLE II
5-SCALE MODEL PARAMETERS

Values
Leaf spectra simulated by LIBERTY model
Soil spectra measured in field
Diffuse sky light factor 0.1
Three major sets of Set 1: NO_BRANCH, SPHEROID, 10.0, 7.0,
structural parameters  10000,1000, 2, 0.98
(GE_CHOICE, SHAPE, Set 2: BRANCH, cone&cylinder, 3, 10,
Ha(m), Hb(m), B(m2), 10000,4000, 4, 0.80
D, m2, OMEGA_E) Set 3: BRANCH, cone&cylinder, 1, 10,
10000,2000, 8, 0.5

Parameter
Component spectra

LAI 3,4,5,6,7,8
[llumination-view MODIS observation geometry
geometry

Parameters:Ha—height of the lower part of the tree, Hb—height of cylinders,
B-domain size, D—Number of trees in the domain,m,—cluster mean size,
OMEGA_E—clumping index for shoots

and needle leaf (simulated by the Liberty model) spectra, the
field-measured soil spectra, and laboratory-measured soil ab-
sorption factor. All the spectra are integrated with MODIS red
and NIR band spectral responses, which capture the major fea-
tures of vegetated areas.

Figs. 2 and 3 show that the reconstructed kernels have re-
tained the general shapes of the original kernels. The new geo-
metric optical kernels present hot-spot effects, taking the shape
of bells, when characterizing the shadow and sunlight in the
scene. The new volume scattering kernels present the bowl ef-
fect to describe the radiative transfer through horizontal homo-
geneous media. The ASK kernels strongly reflect the BRDF an-
gular characteristics from the original kernels.

TABLE III
RGM PARAMETERS

Values
Leaf reflectance in red and NIR: 0.079, 0.431
Leaf transmittance in red and NIR: 0.036, 0.530
Soil reflectance in red and NIR: 0.163, 0.209

Parameters
Component spectra

Diffuse skylight factor 0.12

Three major sets of Set1:20cm, 100 cm, 50 cm
row structural ~ Set 2: 30 cm, 100 cm, 50 cm
parameters (row  Set 3: 40 cm, 100 cm, 50 cm

height, row width and
row gap width, row

width)

LAI 0.5,1.5,3,4.5

Tllumination-view Solar zenith and azimuth angle: 22.12°, 135.32°
geometry View zenith angle: from 0° to 65° in a 5° interval

View azimuth (3 planes): 135°\315°, 45°\225°,
0°\180°

The new kernels not only characterize the angular effect
but also present the spectral features. Comparing the three
subfigures (g), (h), (i) in Fig. 2, both the needle and broad leaf
geometric-optical kernels in the red band (Fig. 2(g)) in large
view zenith angles at the backscattering decline, whereas the
kernel in NIR (Fig. 2(h)) retains the original (Fig. 2(i)) trend.
The kernels also vary by species. As shown in Fig. 2(e), the
needle leaf changes the original kernel shape, whereas the broad
leaf is similar to the original kernel shape in the NIR band.
These phenomena also appeared in the volumetric scattering
kernel. The difference in the component spectra accounts for
these shape changes as the component spectra varies from
vegetation species, soil types, and spectral regions.

Compared with the vol-kernel, the shape of the ASK geo-
kernel changes more dramatically from the original geo-kernel,
as shown in Figs. 2 and 3. In the original vol-kernel, the re-
flectance and the transmission of the leaf are assumed to be the
same. In the ASK vol-kernel, the reflected and transmitted parts
are considered separately. Nevertheless, this assumption causes
only slight distortions because the leaf reflectance and the leaf
transmittance are very similar over the entire spectrum. How-
ever, for the geo-kernel, the sunlit canopy and sunlit ground
show very different shapes in the original kernel, as shown in
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Fig. 2. Geometric optical kernel shape along principle plane. The sun zenith angles from the first row to the third row are 0°, 30°, and 60°; the three columns
from left to right are the ASK kernel in MODIS band1, ASK kernel in MODIS band2, and original kernel. Positive (negative) view zenith angles refer to forward

(backward) scattering.

Fig. 4. Additionally, the two components have very different
spectral features. Thus, the geo-kernels are more varied.

2) Uncertainty From the Component Spectra: To investi-
gate the uncertainty caused by the inaccurate component spectra
(leaf reflectance, leaf transmittance and soil reflectance), three
types of errors are taken into consideration. For the first type
of error, random noises (5%, 10%, 15%, and 20% normally
distributed random noises) are added to the true component
spectra used in the BRF datasets constructions, accounting for
the disturbance of spectra caused by measurement errors and the
temporal and spatial variance of the same land type of leaf or
soil. For the second type of error, different types of component
spectra (e.g., leaf component spectra of 45 leaf samples obtained
from trees, crops, and plants provided by the Leaf Optical Prop-
erties Experiment 93 (LOPEX93) [28] and 25 samples of soil
spectra obtained from the Johns Hopkins University spectral li-
brary are input, accounting for the cases of incorrect knowledge
of vegetation species and soil types. Finally, the leaf transmit-

tance is replaced by leaf reflectance to assess the uncertainty
from the assumption that the leaf transmittance is equivalent to
the leaf reflectance.

Besides the uncertainty in component spectral parameters, the
reflectances in the inversion are supplemented with 0.01 random
errors. The reflectance from all seven bands is combined, and
4 angles are randomly chosen from the simulated BRFs to re-
trieve the ASK coefficients. Then, the coefficients and the corre-
sponding component spectra are used to integrate the shortwave
BSA and WSA, which will be compared with the values calcu-
lated by the accurate component spectral parameters.

Figs. 5 and 6 show the statistics of the albedo retrieved for
different component spectra errors. The WSA provides a similar
result to the BSA because the former is the BSA integration over
sun angle. Therefore, the analysis below focuses on the BSA.

The retrieved albedo of the first type of errors are nearly nor-
mally distributed around the true albedo of each BRF dataset.
The bias increases with the magnitude of noise in the compo-
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nent spectra. The errors are within 0.02 and 0.05 for 5% and
10% noise, respectively. The maximum bias, occurring for the
20% random noise, reaches 0.087. However, the average abso-
lute errors of each level of random noise are fairly steady. The
ASK is robust to the random noise in the component spectra
when the noise levels are within 10%.

The ASK involves leaf and soil components; thus, ASK co-
efficient inversion with different component spectra is compli-
cated. To assess the effects of the inaccuracy of the components
in detail, three sub-situations are investigated: 1) incorrect soil
spectra; 2) incorrect leaf spectra; 3) incorrect soil spectra and
leaf spectra. Fig. 7 shows how the BSA changes with the com-
ponent spectra for each BRF dataset.

The scenes with low LAI are more sensitive to soil spectra
than those with high LAI (see Fig. 7(a)), whereas the scenes of
high LAI are more sensitive to the leaf spectra (see Fig. 7(b)).

trans.absent” is the case that leaf transmittance is replaced by leaf reflectance.

In addition, the retrieved results based on the incorrect soil and
leaf spectra exhibit higher uncertainty than the cases of only one
incorrect component spectrum. When the component spectrum
uncertainty is only derived from the soil, most of these albedo
are very close to the true ones retrieved by accurate component
spectra, with an average absolute error of 0.005. For the uncer-
tainty from leaf spectra, except for several extreme cases, most
of the retrieved albedo exhibit satisfactory accuracy precision,
with an average absolute error of 0.012. The uncertainties from
incorrect soil and leaf spectra are additive, with an average ab-
solute error of 0.017.

When the leaf transmittance is absent and replaced by the leaf
reflectance, the biases are mostly within 0.005 and the average
absolute error is 0.007. Such a simplification (leaf transmittance
equals leaf reflectance) for the ASK can satisfy the accuracy
requirement and again proves that the separate calculation of the
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Fig. 7. BSA variation with component spectra for each BRF dataset. The BRF datasets from PROSAIL are numbered from 1-18, and every three datasets have
the same LA, taking values 0f 0.1, 0.3, 0.7, 1.5, 3.0, and 6.0 sequentially (i.e., the x values from 1 to 3 have a LAI of 0.1). The datasets from 5-Scale are numbered
from 19-36, and every three datasets have the same LAI, ranging from 3 to 8 with a step of 1. The square symbol represents the true albedo, and the points indicate
cases of inaccurate component spectra. (a) is incorrect soil spectra, (b) incorrect leaf spectra, (c) incorrect soil and leaf spectra.

leaf reflectance and transmittance in the ASK vol-kernel will not
strongly change the original kernel.

In the cases of changing leaf spectra, most of the albedo re-
sults from such inaccurate leaf spectra are lower than the true
values from accurate component spectra (Fig. 7(b) and (c)). This
is due to the fact that most of the LOPEX spectra having higher
values in SWIR than the spectra simulated by PROSPECT or
LIBERTY, as shown in Fig. 8. All bands contribute equally to
the retrieval, and the retrieved coefficients are a balance of all
bands, minimizing the total residuals. When the spectra input
are much higher than the exact values in band5, band6 and
band7, the coefficients will be adjusted to fit the BRF. In this
way, the coefficients that fit band5, band6 and band7 well will
lower the VIS/NIR values. The retrieval results satisfy the BRF
fitting requirements with the least total residuals. However, for
the albedo calculation, the fitting residuals in the VIS/NIR will
be amplified because the albedo integrated over the whole short-
wave band has higher weight in the VIS/NIR than in the SWIR,
leading to a lower broadband albedo.

C. Assessment of the BRDF Inversion in Angular and Spectral
Spaces

With the new form of kernel functions, the ASK model can
be inverted by combining multiple bands together, whereas the
traditional kernel-driven model can only be inverted band-by-
band. Thus, stable inversion can be obtained using fewer an-

gular observations. For example, even if there is only one ob-
servation from MODIS, it is possible to combine the reflectance
of 7 bands to compute the five coefficients of the ASK model.
In contrast, for the traditional model, at least 3 observations
are needed to invert the three spectral-dependent kernel coef-
ficients.

Meanwhile, correlations exist between bands, the necessary
combination of band reflectances for the robust inversion of
the ASK model must be determined. Furthermore, the addition
of more band observations into the inverse system not only
increases the overall data information but also introduces
additional uncertainties, which may have negative effects on
the BRDF fitting ability or the broadband albedo retrieval. The
ability of kernel-driven models to fit BRDF shapes has been
demonstrated in previous studies [29]. Here, the data fitting
and extrapolation of the ASK model in the angular and spectral
domains are first analyzed separately by inverting the ASK
model coefficients using different angular combinations under
the standard band setting and different band combinations
under the same geometric angle, respectively. Next, both the
combination of bands and the number of angles are synchro-
nously optimized to obtain the best inversion result under the
practical limitations of satellite sensors.

1) Effects of the Angular Sampling in ASK BRDF Inversion:
The effects of angular sampling on the ASK model and the orig-
inal kernel-driven model are compared using the simulated BRF
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Fig. 9. RMSE of the BRF fitting retrieved by the ASK and original models with various numbers of angles.

datasets. For each dataset, several angular samplings are ran-
domly chosen for inversion, and the remainders are used to val-
idate the accuracy of the simulated BRF by the two models.
The ASK model is inverted with 1 to 16 randomly chosen an-
gles, combining all bands. In addition, the input ASK compo-
nent spectra are the component spectra used in the simulation
dataset. The original kernel-driven model (abbreviated as Ori)
is inverted using 3 to 16 observations per band. The RMSE and
R? are presented in Figs. 9 and 10.

As the number of observations in the inversion increases,
both the ASK and original models achieve more stable inver-
sions; however, ASK requires fewer observations to obtain
stability. For sparse angular samplings (fewer than 7 obser-
vations), ASK is clearly advantageous. Even for fewer than 3
angle samplings, ASK can obtain acceptable results with an

RMSE below 0.026 and an R? above 0.96. However, for the
original model, it is impossible to solve the original model’s
three kernel coefficients. Even 3—6 observations are not enough
to obtain stable inversion results, as the high RMSE values
indicate the prediction failure of the original model. For ASK,
when the angle number reaches 4, the RMSE is 0.0187. In
addition, as the number of observations increases, the RMSE
of ASK decreases below 0.001, leading to no obvious improve-
ment in the inversion accuracy. Thus, four angles allows ASK
to achieve full inversion. For the original model, the same
conclusion is obtained as for the AMBRALS algorithm, i.e.,
that seven angle samplings are sufficient.

The RMSE and R? of the two models indicate that the original
model performs slightly better in the angular prediction under
the condition of full inversion, for which the average RMSE of
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the original model is 0.006 less than that of the ASK model. In
both the backward inverting and forward modeling processes,
ASK combines all bands to calculate one set of coefficients
and apply the coefficients to all the bands, whereas the original
model is inverted and fits the BRDF per band. Thus, ASK’s in-
version is the balance of all bands, which slightly decreases the
total accuracy relative to the original model.

2) Effects of the Spectral Dimension in ASK BRDF Inver-
sion: Almost all current VIS/NIR sensors have set red and NIR
bands (like the 1st and 2nd MODIS band), which contain most
of the vegetation information. In the ASK model, the variable m
in coefficients Cs and C} (seen (1)) accounts for the soil mois-
ture. And the SWIR bands (like the 6th or 7th MODIS band)
are sensible to the soil moisture. Therefore, the ASK model will
be examined under various band combinations, such as bandl,
band2, band1+2, band1+4247. A stable inversion requires the
number of equations to be double the number of unknown vari-
ables in the functions. When only one band is used in the inver-
sion, 11 angles are needed to calculate the ASK coefficients. To
control the sources of uncertainty, all band combinations will be
retrieved under the same observation geometries. In each situa-
tion, the remaining bands will be fitted by ASK in the same ob-
servation geometries. In this way, the only variable is the spectra
when applying the coefficients to other bands to test ASK’s pre-
diction ability. The results are shown in Fig. 11 and Table IV.

Inversions with a single bandl or band2 are worse than in-
versions combining bands. When using only the bandl to in-
vert the coefficients, the ASK model predictions are inaccu-
rate for band2, band4, and band5, especially for band2, where
the RMSE is 0.255. For the case of band2 inversion, the ASK
model provides poor fits for almost all bands except band5; the
RMSE for band1 and band7 reach 0.079 and 0.189, respectively,
which are very high relative to the values of the bands. How-
ever, the results improve when bandl and band2 are incorpo-
rated. In addition, the introduction of band7 reflectance into the
inversion equation contributes to the fitting of band5 and band6
reflectance.

These results indicate that the ASK performance in the spec-
tral dimension shows very high numerical correlation among

spectra. Here, we consider the fitting of band3, band4, band5,
and band6, which are comparable in the four inversion situa-
tions. Band3 is a strong absorption band for vegetation with low
values, similar to the bandl. Its RMSE peaks at 0.042 when
bandl is not used in the inversion. When bandl is added to
the inversion, its RMSE remains near 0.005. Band4 is a small
reflectance peak whose values are intermediate to bandl and
band2. The fitting RMSE is approximately 0.014 when using
band1 and band2 in the inversion, which is better than the re-
sults obtained using only band1 or band2 (0.026 and 0.0576, re-
spectively). Band5 (1.2 zm) and band6 (1.6 ;zm) are reflectance
peaks around the water absorption bands (1.4 m). The values
of band 5 are slightly higher than those of band6 near band2,
and its highest fitting RMSE (0.174) is produced by the inver-
sion excluding band2. Both band5 and band6 can achieve good
fitting when the red and NIR bands are involved, and adding
band7 can improve their predictions somewhat. These results
show that ASK yields good predictions for the bands that are
numerically close to the bands involved in the inversion.

3) Effects Involving the Angular and Spectral Dimensions
in ASK BRDF Inversion: Based on Section III-C.2, band1 and
band2 will be used, with other bands being added individually to
the retrieval under different angular samplings. The R? values
for the following fittings are very high (0.97-0.98) for all cases.
However, the RMSE is a better indicator.

Fig. 12 presents selected cases of the combination of various
numbers of bands, which are close to the best fittings among
the same number of bands combined situations. Multiple bands
combining inversion in ASK do require fewer angle samplings
compared to the traditional kernel-driven model. Even in very
poor angular samplings like 2 or 3 angles in each case of band
combinations, the fittings are still acceptable with a change
about 0.003 in the RMSE comparing to the full inversion. And
for all these band combinations, 4 to 5 angles are needed for
stable inversion.

Fig. 12 also shows that combining more bands decreases
the RMSE, but different bands contribute differently. Here,
we focused on three-band combinations (details shown in
Fig. 13). When combining the red and NIR band only, the
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TABLE IV
RMSE FOR BAND BRF FITTINGS WITH DIFFERENT BAND COMBINATIONS FOR RETRIEVAL
band bandl band2 band3 band4 bandS band6 band7
bandl —_— 0.2553 0.0056 0.0262 0.1736 0.0572 0.0193
band2 0.0794 —_— 0.0423 0.0576 0.0854 0.1597 0.1894
band1+2 —_— —_— 0.0051 0.0141 0.0353 0.0341 0.0175
band1+2+7 e —_— 0.0051 0.0144 0.0329 0.0289 —

RMSE is approximately 0.023. Adding band3 and band4 to
the inversion improves the fitting very slightly, as the RMSEs
in b123 and b124 are almost equal to that of b12. This result
is can also be seen by comparing b123567 to b1234567 in
Fig. 12. The RMSE of b123567 and b124567 are very similar
to that of b1234567, indicating that band3 and band4 make
little contribution to the inversion accuracy. However, the
conditions for SWIR are completely different. When one of
the SWIR bands is combined, the accuracy is improved obvi-
ously; the RMSEs of b125, b126 and b127 decrease by nearly

0.003—-0.004 compared to b12. The cause of this difference may
be the numerical correlation among bands, which is discussed
in Section III-C.2.

IV. SYNERGISTIC RETRIEVAL OF ALBEDO COMBINING
MULTI-SENSORY DATA IN THE HEIHE RIVER BASIN

The study region is located in the Heihe River Basin, which
features fairly homogeneous geography and variable land-
scapes, e.g., barrens, desert, the Gobi desert, and crop lands.
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The retrieval albedo is directly compared with the ground mea-
surements, which are provided by the experiment carried out in
Heihe from July to August 2011. For each land cover type, the
corresponding components spectra input are the typical spectra
collected in the local area during the experiment. For example,
in ‘YK corn site’, the corn spectra and the soil spectra in YK
are collected as priori-knowledge; for ‘BDK site’ which is
covered by rape flowerer, the rape flowerer spectra is obtained
there (YK corn site and BDK site are the validation sites).
In addition, the shortwave albedo is interpolated between the
shortwave BSA and shortwave WSA with the diffuse skylight
factor simulated by the 6S with field-measured aerosol optical
depth and water vapor. For quality control, the clear-sky data
are selected. The retrieval flow chart is shown as in Fig. 14. The
results are validated directly with the in sifu albedo, where the
sites are selected with plot-level measurements over 3 x 3 km
homogeneous quadrates of a land cover.

Fig. 15 compares the satellite retrievals and in situ albedo, and
the detailed information is listed in Table V. Table VI shows
the number of clear sky images obtained in the 4-day com-
posite resolution retrieval. The results retrieved by 8-day com-

posited FY3/VIRR + AVHRR data, as shown as Fig. 15(a), have
accuracy similar to the MCD43 product in Fig. 15(b), where
the RMSE are 0.0217 and 0.0211, respectively. However, the
total observations of the FY3/VIRR and AVHRR during the
16-day accumulation to composite the 8-day temporal resolu-
tion are less than those of MODIS (including Terra and Aqua),
as shown in Table VI. The composited dates are set to those
of the MCD43, and our data processing ended on August 31st;
thus, the last inversion period of the 8-day composition ended
on the 31st, corresponding to fewer observation dates relative
to its MCD43 counterpart. However, the retrieval error (from
20120821 to 20120827) is comparable to that of the MCDA43,
indicating that the ASK model needs fewer angular samplings to
achieve good inversion than the traditional kernel-driven model.
Even if the data accumulation period is shortened to 4 days,
the albedo retrieved by combining FY3/VIRR and AVHRR, as
shown in Fig. 15(c), are almost the same as the 8-day composite
results with a slightly higher of RMSE 0.0224. More strongly
scattered albedo are seen in Fig. 15(c), appearing outside the
bias range of [—0.015,0.015]. However, they still are within
the accuracy limit of 0.05. Furthermore, with the MODIS re-
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TABLE V

VALIDATION OF RETRIEVED ALBEDO

Date Site name Lon/Lat insitt  Casel Case2 Case3 MCD43
20110725  JC Barrens 100.70°E/ 38.75°N  0.1555  0.1488 (1446 0.1504 0.1561
20110729  HZZ Barrens 100.32°E/38.76°N 0.1872  0.1676  ¢.1602 0.1709 0.1768
20110808 HZZ Barrens 100.32°E/38.76°N  0.1857  0.1633 (1633 0.1792 0.1757
20110809  BJ Barrens 100.26°E/ 38.93°N 02254  0.1763 (1763 02080 0.2066
20110811  HPX Barrens 100.47°E/ 38.72°N 0.1988 0.1664 (1664 0.188¢ 0.1924
20110821  JC Barrens 100.70°E/ 38.75°N  0.1462  0.1620 (1342 0.1577 0.15%4
20110822  JC Barrens 100.70°E/ 38.77°N  0.1641  0.1622 1328 0.1559 0.1526
20110824 HZZ Barrens 100.32°E/ 38.76°N  0.1689  0.1877 (1571 0.1709 0.1693
20110825 HPX Barrens 100.47°E/ 38.71°N 02155 02092 (2030 02046 0.1967
20110827 HZZ Barrens 100.32°E/38.76°N  0.1930  0.1877 (1847 0.1807 0.1693
20110828  JC Barrens 100.70°E/ 38.75°N  0.1700 --- 0.1646 0.1645 0.1554
20110802  EG Gobi 100.91°E/42.07°N 0.2056  0.1988 (2389 0.225¢ 0.2083
20110803  EG Gobi 101.15°E/42.38°N 02113 0.1755 .1871 02044 0.2032
20110806  HC Gobi 100.92°E/41.61°N 0.1907 02084 (2084 02053 0.1791
20110726 ~ BDK Rapeflower 101.10°E/38.22°N 02301 02471 2221 02360 0.1939
20110822 BDK Rapeflower 101.08°E/38.26°N 0.2119  0.2090 2081 0.1841 0.1729
20110824 YK Corn 100.41°E/ 38.86°N 0.1778 0.2083 .1535 0.1590 0.1562
20110731 Dz Desert 100.56°E/ 38.50°N 0.1715  0.1772  o.1702 0.1773 0.1841
20110805 EG Saline alkali soil  100.71°E/42.21°N 0.2385 0.2436  0.1903 (2409 0.1903

Case 1 comprises the results retrieved by ASK, combining FY3/VIRR and AVHRR in a composited 8-day cycle.
Case 2 comprises the results of combining the two-sensor data in a composited 4-day period. Case 3 comprises
the results combining the FY3/VIRR, AVHRR and MODIS sensor data in a 4-day resolution. The retrieved
albedo of case 1 and case 2 are the same for the dates from 20110808 to 20110811.

Clear sky SDR
(different combinations
of MODIS ,FY3/VIRR

and AVHRR)

ASK model
(retrieval)

Sensor specific
component spectra

According to sensor
& land cover

coefficients

§
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Actual diffuse
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Fig. 14. The flow chart of the albedo retrieval from ASK model using different
sensor combinations data. SDR is short for land surface directional reflectance,
e.g., the atmospheric corrected data.

flectance input to the ASK, the retrieval shows the highest con-
sistence with in situ measurements in Fig. 15(d) and its RMSE
falls to 0.0131.

Adding MODIS data, which doubles the observation times
(shown in Table VI), to expand the angular sampling range
clearly improves the retrieval and shortens the inversion period
compared to the MCD43 products. This indicates a promising
potential for combining multi-sensor data to synergistically re-
trieve the land surface parameters at a finer temporal resolu-
tion, which is meaningful for remote sensing to capture the
fast-changing land surface characters.

V. CONCLUSION

This paper presents the performance of the ASK model and
its preliminary application to synergistic multisensory retrieval.
All the results show the great potential of ASK in BRDF/albedo
retrieval with the combination of multiple bands or sensors.
The ASK model, combining multiple bands to fit the BRF, re-
quires fewer angles to achieve a stable inversion, e.g., at least
four angle samples when combining all seven MODIS bands,
whereas the original kernel-driven model requires at least 7 an-
gles. It also has good prediction ability in the spectral dimen-
sion, where the red and NIR bands are the very basic inputs for
ASK to fit the coefficients. If a SWIR band is added, the ASK
controllability improves clearly in the spectral dimension over
the entire shortwave domain, unlike band3 or band4. In gen-
eral, 4 or 5 angles are needed to achieve a stable inversion for
these different band combinations where red and NIR are ba-
sically required, based on the analysis of seven MODIS bands.
Even in poor angular (2 or 3 angles) or spectral samplings (only
combining red and NIR bands), ASK still achieves good BRF
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Fig. 15. Validation of satellite albedo retrievals. Panel (a) is the comparison of the retrievals of FY3/VIRR + AVHRR with an 8-day temporal resolution with
ground measurements. Panel (b) is the MCD43 albedo. Panel (c) is FY3/VIRR 4 AVHRR with a 4-day temporal resolution. Panel (d) is FY3/VIRR + AVHRR
+ MODIS with a 4-day temporal resolution. The two dashed lines in each panel show the bias range between [—0.015, 0.015].

TABLE VI
NUMBER OF CLEAR-SKY IMAGES COLLECTED DURING THE 4-DAY COMPOSITE
PERIOD
Period MODIS AVHRR FY3/VIRR
20110724-20110727 8 4 5
20110728-20110731 6 4 3
20110801-20110804 10 5 4
20110805-20110808 12 4 5
20110809-20110812 4 1 1
20110821-20110824 12 4 6
20110825-20110828 12 3 5

fittings. Thus, ASK presents good predicting ability in both the
angular and spectral dimensions.

The parameterization of the a priori known component
spectra can affect the ASK’s inversion accuracy. The average
RMSEs of BRF fitting with different component spectra is
within 0.02 for albedo. This indicates that the ASK coefficients
can be adjusted somewhat to fit the BRF using the inaccurate
component spectra, which makes the model robust to the
uncertainty from the component spectra.

The synergistic retrieval of albedo in the Heihe River Basin
combining MODIS, AVHRR and FY3/VIRR presents a satis-
factory consistence with the in sifu measurements. Combining
the AVHRR and FY3/VIRR in an 8-day composited resolution
to retrieve ASK yields comparable results to the MCD43 prod-
ucts. Adding the MODIS reflectance data, the accuracy is im-
proved obviously to an RMSE of 0.013, whereas that of the
MCD43 is 0.021, despite the use of a shortened 4-day composite
temporal resolution.

The ASK model takes advantage of the sensor-dependent
component spectra to integrate the multiple bands or multiple
sensors to retrieve the BRDF/albedo. Its unique property makes
multiple-sensor synergistic retrieval available, which will im-
prove the accuracy and the temporal resolution of the land sur-
face parameter extracted from the remote sensing data. In the
application part (chapter IV), the component spectra in Heihe
are collected in the local area for those validation sites. How-
ever, for global application, a more effective ASK parameteri-
zation method is needed to broaden its application. One alterna-
tive way is building a component spectra database to obtain the
suitable component spectra in operational applications, using
the spectra available in common spectral libraries or from field
experiments.
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