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ABSTRACT:

In this paper, we examine the effect of terrain on terrestrial albedo estimation. Terrestrial albedo is one of the most important parameters
for understanding the global heat balance. The existing approach for estimating terrestrial albedo involves the estimation of model
parameters of the bidirectional reflectance distribution function (BRDF) based on measurements obtained at different geometries. Then,
narrowband albedos are estimated from the BRDF model parameters and the broadband albedo is finally estimated by narrowband-to-
broadband conversion. Previous studies have not considered the terrain effect for generating the terrestrial albedo. Experiments using
in situ measurements showed that the BRDF model, which transforms the geocoordinate of the reflectance of the shadowed terrain,
generates the best accuracy. The improvement in the accuracy by the terrain effect correction is limited, and therefore further
investigations using more in situ and simulated data are necessary for operational products.

1. INTRODUCTION

Terrestrial albedo is one of the most important physical
parameters for understanding the global circulation of water and
heat. Land cover has anisotropic reflectance characteristics that
are defined by the bidirectional reflectance distribution function
(BRDF), the angular integration of which yields an albedo value.
Moderate resolution imaging spectroradiometry (MODIS)
terrestrial-albedo products are generated using this BRDF-driven
approach (Strahler et al., 1999). Among many proposed BRDF
models, kernel-driven models are regarded as robust semi-
empirical BRDF models that are applicable to any land cover
type (Lucht et al., 2000). The kernel function is determined by
viewing and illumination geometries. Currently, a common
estimation approach for multispectral satellite observations
involves a series of processing steps, typically including
atmospheric correction for estimating land-surface directional
reflectance, angular modeling for calculating spectral albedos,
and narrowband-to-broadband albedo conversion (Liang, 2000;
Liang, 2004). Such albedo products are acceptably accurate when
applied to paddy fields (Susaki et al., 2007).

A BRDF-driven albedo estimation requires a certain number of
observations. For example, MODIS operational BRDF/albedo
products use at least seven good-quality reflectance observations
within a 16-day window. This requirement is challenging for
tropical and subtropical climate regions, for which optical images
are very often contaminated by clouds. Simulations have
revealed that estimates of BRDF model parameters become less
stable as more observations are contaminated by noise (Susaki et
al., 2004). Consequently, data are often unavailable for MODIS
BRDF/albedo products in these regions. Therefore, in this paper,
we examine two approaches for stably estimating the terrestrial
albedo in areas for which limited observations are available.
Narrowband albedos can be estimated using a single observation;
however, a more sophisticated approach is to use several
observations and select the minimum reflectance. The latter is a
BRDF approach, substituting the reflectance for the spectral

albedo. Section 2 explains an algorithm to estimate albedo in this
way. Section 3 describes the study area and the terrestrial-albedo
and bidirectional reflectance factor (BRF) data used in this
research. The experimental results are reported in Section 4 and
discussed in Section 5. Finally, Section 6 concludes this paper.

2. ALBEDO ESTIMATION VIA THE BRDF MODEL

Albedo can be defined as the ratio of the outward flux to the
inward flux through a hemisphere over a point of interest. The
wavelength range depends on the type of albedo. For example,
shortwave albedos usually target the range of 0.3-3.0 um. Figure
1 shows a flowchart of an algorithm to generate broadband
albedo from spaceborne multi-angular data. Top-of-atmosphere
radiance is converted into surface spectral reflectance via
atmospheric correction, such as by secondary simulation of the
satellite signal in the solar spectrum (6S) (Vermote et al., 1997).
Spectral albedo is generated by referring to the BRDF angular
model. Finally, broadband albedo is estimated as a linear
combination of multiple spectral albedos. This conversion is
referred to as narrowband-to-broadband conversion. Hereinafter,
we describe the terminology and ideas geared toward estimating
broadband albedo.

2.1 BRDF Model

A kernel used for estimating BRDF and terrestrial albedo is a
function of the bidirectional reflectance determined by the
viewing and illumination geometries. In general, we consider two
types of optical scattering from an object on the terrestrial
surface: volumetric and geometric.

For volumetric scattering, Ross (1981) developed a kernel
approximation of the directional reflectance above a horizontally
homogeneous plant canopy, and Roujean et al. (1992) derived the
Ross-thick kernel as follows:
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Figure 1. Algorithm for estimating broadband albedo using
the kernel-driven BRDF model from spaceborne sensor

data
KVUI(ei’ev’mz(0.57z—g)cosg+s1ng_£' (1)
cos g, +cosb, 4

Here, @, 6, and ¢ are, respectively, the solar zenith angle, the
viewing zenith angle, and the relative azimuth angle between the
solar and viewing directions. The term g is a scattering phase
angle given by

cos g =cos8. cosd, +sinf,sin b, cos¢@. ()

The Ross-thick kernel is designed for areas with large leaf area
index values and does not consider hotspot effects.

The geometric scattering kernel calculates the scattering from
sunlit and shaded objects and backgrounds. For example, tree
crowns can be approximated as spheroids and the surface
scattering can be calculated. We introduce a common geometric
scattering kernel, namely, the Li-sparse kernel:

nga (61 ’ ev ’ ¢) = 0(01 > ev 9¢) —Ssec ei’ —sec 6»,'

+%(1 +cosg’)secH'secd’s ()

where
1 4 4
O=— (arccos X - Xﬁ}sec 0 +secd), 4
V3
2 4 Y 2
Yo h \/ D +(tan (/9,. tan Q,/sm ?) ’ (5)
b secH, +secd,
D = \/tan2 ;" +tan? 6, — 2tan 6;  tan B, cos ¢, (6)

cos g’ =cos @ cos @ +sin@sinf cosgp, (7)

& =tan™ (b tan 9] . )

r

Here, /4 is the height of the center of the spheroid, and b and r are
the vertical and horizontal radii of the spheroid, respectively. In
MODIS products, 4/b and b/r are set to 2 and 1, respectively.

2.2 BRDF Model Parameter Estimation

The semi-empirical kernel-driven BRDF model (3) is used for the
operational BRDF and albedo products of MODIS:

R(Hi’ev’¢) = f;'so + fvolKval (6,«, 6v5¢) + fgengeo (6i50v5¢)
. (9)

Here, fiso, frol, and fgeo are unknown coefficients with which users
can select any combination of volume- and geometric-scatterings
kernels. In this research, we select a popular combination, namely,
the Ross-thick kernel for volume scattering and the Li-sparse
kernel for geometric scattering. The kernel values are determined
once the illumination and viewing geometries are specified. The
three unknown coefficients are determined by minimizing the
least-squares error function

1 n
2
22
=
n
1
= EZ(r] = (fiso + fvolKvol(Hi,jv Hv,j: ¢])
=

+fgeo ngo (Qi,j' ev,j' ¢])))2

(10)

Here, n denotes the number of samples and r denotes the
observed reflectance. In operational applications, MODIS BRDF
products are generated as follows. If at least seven cloud-free
surface observations are available during a 16-day period, a full
model inversion is attempted. The available data are first
evaluated to discard outliers, and additional checks are performed
to guarantee that the kernel weights are positive. If the data pass
these evaluations, a full (or normal) inversion is performed to
establish the BRDF parameter weights that provide the best root-
mean-square error (RMSE) fit (Strahler et al., 1999).

2.3 Albedo Estimation

The estimated BRDF model parameters then allow black-sky and
white-sky albedos to be determined. The black-sky albedo is a
virtual albedo in the absence of a diffuse component. The white-
sky albedo is also a virtual albedo in the absence of a direct
component when the diffuse component is isotropic. The black-
sky and white-sky albedos are expressed by (11) and (12),
respectively:

aps(0;, 1) = X fir (WD (6), (11)
aws(D) =X fr (W) Hy. (12)
Here,
hie(6:) = Gok + Gik02 + g2k 63, (13)
Hy =2 [;""? hye(6,) sin 6 cos 6d6. (14)

The coefficients in (13) and (14) are given in Table I. As shown
in (15), the actual albedo a (1) at wavelength A is expressed as a
linear combination of black-sky and white-sky albedos using the
atmospheric optical depth T (A):

a(ﬁ) = S(&, 1(2/)) aH’S(ﬂ/) + (1 - S(H;, 1(2/)) abs(af, ﬁ)), (15)
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TABLE I. Coefficients used for calculating black-sky and

white-sky albedos (Lucht et al., 2000)

Term gik k=isotropic k=Ross- k=Li-
for kernel k& thick sparse
ok 1.0 -0.007574 | -1.284909
gk 0.0 -0.070987 | -0.166314
Dok 0.0 0.307588 0.041840
white-sky 1.0 0.189184 | -1.377622
integral

where S denotes the fraction of diffuse skylight.

Broadband albedo is estimated using the linear regression of
several narrowband albedos, called narrowband-to-broadband
(NTB) conversion (Liang, 2000). Liang et al. (2002) introduced
conversion formulas for various optical sensors. The broadband
albedos produced by these formulas have an uncertainty of
approximately 0.02. For example, the formula for estimating
shortwave albedo from MODIS data is expressed by Equation
(16):

asw = 0.160a; + 0.291a, + 0.243a;
+0.116a, + 0.112a5 + 0.081a,. (16)

Here, o; denotes narrowband albedo derived from the reflectance
of band i.

2.4 Reflectance of Geometric Scattering

Reflectance of geometric scattering is expressed by Equation (17)
(Wanner and Strahler, 1995):

Ryeo = PcRc + peR¢ + prRr + pzR7. (17)

Here, p., p¢, pr, and p; are the proportions of sunlit crown,
sunlit ground, shadowed crown, and shadowed ground,
respectively. R., R;, Ry, and Ry are the reflectances of sunlit
crown, sunlit ground, shadowed crown, and shadowed ground,
respectively.

shadow

Figure 2. Modeling of shadow effects on geometric
scattering

Assume that discrete objects are available in three-dimensional
coordinates. The gap probability q(8, ¢) can be expressed by

Equation (18).
q(0,9) = exp(—2-A(6,9)). (18)

Here, 8 and ¢ are the viewing angle and azimuth angle,
respectively. A is the density of object centers on a plane at the
base of the layer. A(6,¢) is the average area of an object
projected at angle 8 and ¢. A can be expressed by the number of
objects n and A(6, ¢):

A= —1 19
ICKD) (19)

As a result, the proportional area of the crown from a viewpoint
is expressed as follows:

Pc+pr = 1 —q(gvv¢v)
¢ ! =1- exp(_ﬂ ' A(gw ¢v)) 0

Here, 6, and ¢, are the viewing zenith and azimuth angles,
respectively. Similarly, the proportion of non-crown from the
viewpoint is expressed as follows:

pe + vz =q6,,¢,) = exp(_/1 A6, ¢v)) (21

The proportion of both sunlit and viewed ground is calculated by
multiplying the proportions of A(6;, ¢;) and A(6,,¢,) and
excluding the proportion of overlapping area:

pe = exp[—A{(A(8;, ¢:) + A(By, Py) — Ourea)}]- (22)

Here, 0; and ¢; are the illumination zenith and azimuth angles,
respectively. Ouarea 18 the mean area of overlap between the
projected areas of objects onto the ground at angle (8;, ¢;) with
its projected area at angle (6,, ¢,).

Now, we consider the proportion of sunlit crown relative to sunlit
and shadowed crown. This relative proportion of sunlit crown can
be expressed as follows:

bc
pctor

= %(1 + cos g'). (23)

Here, g’ is the scattering phase angle between the direction
vectors for the illumination and viewing directions. Then, p. can
be rewritten using Equations (20) and (23):

(1 + cos g"){1 — q(6,, $,)}
%(1 + cos g’){l - exp(—/l - A(6,, ¢,,))}.

Pc =

N =

24

In the Li-sparse model, it is assumed that R. is equal to Rg, and
that Rrand R: are equal to 0. Using Equations (17), (22), and (24),
Equation (25) is derived:
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Rgeo,Spizrse = Rc(pc +pe)
= RC(E(l + cosg’){l — exp(—l - A(6,, qbv))} (25)
_exp[_/l{(A(Hi: ¢1) + A(Hv: ¢v) - Oarea)}] )

Because 4 is a small value, exp(x) = 1+ x. Equation (25) is
rewritten as Equation (26):

Rgeo,Sparse
=R, [% ~A(0,, d,)(1 +cosg’) +1 (26)
—A{A(@i, ¢1) + A(Qw ¢v) - Oarea}]-

A(6, ) can be approximated as an area of a sphere with radius
I

A0, ¢p) =m-r-rsech’. (27

The geometric kernel Kgeo can be defined from Equation (27):

Rgeo,Sparse
Amr?
=R; > (1+cosé&')sech), +1
(28)
— Anr2(sec ), + sec ] — 0)}
= Clngo + Cy,

Kgeo = O —sec 6, — sec; + % (1+ cosg')sech,, (29)

L = RclT[TZ, Cy = Rc. (30)

Here, O of Equation (28) is equivalent to that of Equation (4). c1
is equivalent to fyeo in Equation (9), and ¢z is a component of fiso
in Equation (9). While Equation (29) is independent of the solar
zenith angle, Equation (3) is dependent on this angle (Wanner et
al., 1995). In this research, we use Equation (3) as the geometric
kernel Kgeo.

The traditional kernel-driven BRDF model used for estimating
terrestrial albedo assumes that the ground is flat; a model
considering the effect of terrain is necessary for the accurate
estimation of the BRDF model and terrestrial albedo. Figure 3
shows that the area of crown projected to the ground depends on
the slope. Accordingly, the proportion of the total area and the
observed reflectance from the scene may change. In this research,
we investigate the change in area by applying the coordinate
transform or area conversion.

2.5 Coordinate
Correction

Transformation for Terrain Effect

To estimate BRDF for various forest structures, Nagamine and
Murakami (1981) proposed a formula to transform the coordinate
system so that the geolocation of the sun and satellite relative to
the terrain surface is calculated. Figure 4 shows the concept of
the relation between the coordinates. Equation (31) represents the
generation of the unit vector of the transformed coordinate
system from the slope elevation and aspect.

SIS

-

-
-z

A "
\ Inclined

A6, ¢) A'(6,¢)

Figure 3. Change in the crown area projected to the ground
caused by the terrain effect. 81is the solar zenith angle, b is
half the height of the crown, and r is the crown radius.

X = x cos(—t) + y sin(—t),
Y = —xsin(—t) cos(—s) + y cos(—t) cos (—s)

+zsin (-s), 1)
Z = x sin(—t) sin (—s) — y cos(—t) sin (—s)

+zcos (—s).

Here, s and ¢ are the slope elevation and azimuth angles,

respectively. (x,y,z) is the original coordinate system, and
(X,Y,Z) is the transformed coordinate system.

Next, we calculate the geolocation of the sun and satellite in the

transformed coordinate system. In the original coordinate system,
a unit vector n, expressed by Equation (32), is calculated.

(1)

| = sin ZE - sin AZ, (32)
m = sinZE - cos AZ,
n = cos ZE.

Normal to '-\
the surface (Z) v
\

East (x)

Azimuth ofthe" - 'f
normal to the”

surface (Y) North (y)

Figure 4. Transformation of the local coordinate. s and ¢ are
the slope elevation and azimuth angles, respectively.

Here, ZE and AZ are the zenith and azimuth angles of an object
in the original coordinate system, respectively. The vector of
Equation (32) is calculated for the sun and satellite. This vector
n is substituted into (x, y, z) of Equation (31), and the unit vector
in the transformed coordinate system, n', is generated. By
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substituting n' into Equation (33), the transformed zenith and
azimuth angles of the object, ZE' and AZ', are generated,

respectively:
ll
n' =[m)
n!

I' = sin ZE' -sin AZ’, (33)
m' =sinZE' - cos AZ’,
n' = cos ZE'.

We can correct for the terrain effect by substituting the
transformed zenith and azimuth angles of the sun and sensor.
Previous studies have applied a Kgeo correction. However, in this
research, we investigate two models to correct for the terrain
effect by transforming the whole Kgeo and transforming the term
related to pg, which is impacted most substantially by the terrain
effect and is important for clarifying the performance of the
model.

2.6 Area Conversion for Terrain Effect Correction

Wu and Strahler (1994) proposed a formula expressed by
Equation (33) that converts the area of the shadowed background
A, into the adjusted area 4, to correct for the terrain effect:

A= A, cosBcosB
Z 7 cos(8 — tan~1(tan B cos ¢))

=c-A, (33)

Here, S is the slope elevation angle, @ is the solar zenith angle,
and ¢ is the relative azimuth angle between the normal slope and
an object, sun, or satellite. ¢ is a coefficient. In Equation (29),
Kjeo has terms representing the shadowed areas from
illumination direction sec §; and viewing directions sec 6;,. We
corrected for the terrain effect in kernel-driven BRDF models by
applying ¢ of Equation (33) to those terms.

Previous research has reported a terrain effect correction in
BRDF models, but the effect on the albedo estimated via BRDF
model parameters has not been reported. Therefore, in this
research, we assessed the accuracy of the albedo estimated using
BRDF model parameters.

3. DATA

We selected as a study area a tower at the Yamashiro
Experimental Forest in southern Kyoto Prefecture, Japan
(Yamashiro experimental forest, 2018). The soils are Regosols
with sandy loam or loamy sand texture and contain fine gravel
composed of residual quartz crystals from granite parent material
(Kaneko et al., 2007). Deciduous broad-leaved, evergreen broad-
leaved, and coniferous tree species account for 66%, 28%, and
6% of the living tree biomass, respectively (Goto et al., 2003).

Table 2 shows the details of the in situ measurements. We
measured BRF for wavelengths of 300-2500 nm at the top of the
tower at 26.5 m using a FieldSpec 3 spectroradiometer (ASD,
2018). For BRF measurements, we set the azimuth angle between
the solar and viewing directions to 15°, 45°, 90°, 135°, and 180°
to minimize measurement time. We set the angle to 15° instead
of 0° to avoid contamination by the equipment shadow. The
viewing angle was set to 0°, 15°, 30°, and 45°, as shown in Figure

5. We used a 5° field-of-view lens for the measurement. We also
measured the broadband albedo for wavelengths of 300-3,000
nm using an MR-60 spectrometer (EKO, 2018). The leaf area
index was also measured using an LAI-2200C plant canopy
analyzer (LI-COR, 2018).

For the terrain data, we downloaded a digital elevation model
with a spatial grid of 10 m from the Geospatial Information
Authority of Japan. The calculated slope elevation and aspect
were 6.8° and 228.6°, respectively.

Table 2. Measurements in the study area

Yamashiro Experimental Forest,

Site &
e . Forestry and Forest Products Research
Geolocation .
lat. 1 Institute (FFPRI)
(lat, lon) (34°47N, 135°50'E)
Sep. 25, 2017 (4.69)
Measurement Mar. 28, 2018 (1.15)

date Apr. 26,2018 (3.82)
(LAI value) May 16, 2018 (4.46)
Jul. 10, 2018 (3.58)

Relative ~ 135°
azimuth angle

(a)
/ —~ Sensor zenith
of - |
ol /180 . ﬁensor a“g?
- _.Q.... .‘. .:0. 45
7N \ .

\ 8
\-\;1

It

Relative 135° @

azimuth angle v 90
(b)

Figure 5. Measurement of BRF at the top of a tower in a forest
(a) from an oblique viewpoint and (b) at the nadir viewpoint.

4. EXPREMENTS

We derived the reflectance of MODIS bands 1 to 7 from the
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measured BRF data. The measured digital numbers of the
samples were converted into reflectances. Calculating the
spectral albedo using Equation (15) requires the atmospheric
optical depth T (L) at wavelength A. In the experiments, we used
T (A =550 nm) for all bands to simplify the calculation.

In the experiments, we examined five approaches to geometric
kernels in the kernel-driven BRDF model. In Model (a), we
applied a coordinate transformation to the surface reflectance
term in Ky, and in Model (b), we applied it to the whole Kge,.
In Model (c), we applied an area conversion to the surface
reflectance term in Ky, and in Model (d), we applied it to the
whole K, . For reference, in Model (¢), we calculated the albedo
by applying the existing method reported by Strahler et al. (1999),
which does not consider the terrain effect.

Table 3 shows the albedos estimated using Equation (16) for NTB
conversion. Some albedos in Table 3 had large residuals.
Therefore, we derived another NTB conversion formula from in
situ measurements, shown in Equation (34):

asw = 0.172a; + 0.108a; + 0.249a5 + 0.260a,  (34)

The non-negative coefficients in Equation (34) were derived
from 6 measurements in bare soil, 1 in grassland, and 3 in the
forest. Seven bands of narrowband albedos were used as
explanatory variables and broadband albedos were used as
explained variables. Equation (34) was obtained when Akaike’s
Information Criterion (Akaike, 1973) was minimized. The
validation of Equation (34) using another data set shows that the
RMSE was 0.014, and the formula was effectively accurate.
Table 4 shows the albedos estimated using Equation (34) for NTB
conversion.

5. DISCUSSION

In the experiments, we examined five approaches to geometric
kernels in the kernel-driven BRDF model using in situ
measurements in a forest. As a result, Model (a), which
transforms the coordinate of the surface reflectance term in Ky,
showed the best accuracy for broadband albedos. As shown in
both Tables 3 and 4, Model (a) generated the best results for the
data observed on April 26, May 16, and July 10, 2018. For the
data observed on March 29, 2018, the results for Model (a) were
the second best, but the differences from the best models in
Tables 3 and 4 were 0.0002 and 0.0012, respectively. For the data
observed on September 25, 2017, the estimates were not close to
the actual values.

Now, we discuss the factors that contributed to the results. We
separate the reflectance of the terrain and that of the canopy. The
reflectance of the terrain is deeply dependent on the terrain effect;
the relative geometry between the illumination and the slope is
affected by the terrain elevation and azimuth angles. On the other
hand, the canopy reflectance term may be independent of the
terrain effect because the canopy arrangement is not determined
by only the terrain elevation and azimuth angles. In this regard,
the Model (a), which transforms the coordinate of the surface
reflectance term in Kg,,, generates more reasonable results than
those of Model (b), which transforms the coordinate of the whole
Kgeo. Model (b), which also transforms the reflectance of the
canopy, is expected to overcorrect for the terrain effect.

The area conversion may have a similar performance to that of

the coordinate transformation. “Abs dif2,” defined as the
difference between the estimate of interest and the value
estimated by the existing model (Tables 3 and 4) indicates that
the results obtained by Model (c) are similar to those by Model
(a), and the results obtained by Model (d) are similar to those by
Model (b). Note that the area conversion requires the canopy
shape parameters. The area conversion in Models (c) and (d) may
work under an appropriate model of the canopy. However, the
results may depend on the canopy shape model. It may be
difficult to model the shape of the canopy. Therefore, the
coordinate transformation, independent of the canopy shape
model, is more reasonable than the area conversion.

In addition, we compared the albedos estimated using the NTB
conversion formula used for MODIS products with the albedos
estimated using the calibrated NTB conversion formula,
expressed by Equation (34). The results are shown in Tables 3
and 4, respectively. It is not the case that the results in Table 4
exceed those in Table 3. The performance of the calibration of the
NTB conversion formula should be investigated using more in
situ data.

6. CONCLUSIONS

We investigated the effects of the slope inclination angle on the
terrestrial albedo via a kernel-driven BRDF model. The terrain
effects can be expressed in a geometric scattering kernel and are
derived by transforming the local coordinate or by changing the
shadow area. We compared five models using in situ BRF data
measured at the top of a tower in a forest. As a result, Model (a),
which transforms the coordinate of the surface reflectance term
in Ky, showed the best accuracy for broadband albedos.

As a future task, we will investigate the performance of the
models using more in situ BRF data obtained under different LAI
values. In addition, we will use simulated data obtained using our
simulator (Jin and Susaki, 2017). Finally, we evaluate the
increase in computation time by considering the terrain effect and
the improvement in accuracy and determine which is more
suitable for operational terrestrial albedo products, BRDF models
without or with terrain effects.
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Table 3. Broadband albedo obtained by applying the NTB
conversion formula reported by Liang (2000). Gray column
denotes the best result. “Abs difl” and “abs dif2” denote the
differences from the actual value and from the value estimated
using the existing model, respectively.

Sep. 25, 2017 (actual : 0.1759)
model | estimate | abs dif1 | abs dif2

a 0.1598 0.0161 0.0185
b 0.1810 0.0051 0.0027
c 0.1625 0.0134 0.0158
d 0.1742 0.0017 0.0041

existing| 0.1783 0.0024 -

Mar. 29, 2018 (actual: 0.1248)
model | estimate | abs dif1 | abs dif2

a 0.1038 | 0.0210 0.0013
b 0.1040 | 0.0208 | 0.0015
c 0.1016 | 0.0232 0.0009
d 0.1036 | 0.0212 0.0011

existing| 0.1025 0.0223 -

Apr. 26, 2018 (actual: 0.1561)
model | estimate | abs dif1 | abs dif2

a 0.2031 0.0470 | 0.0316
b 0.2310| 0.0749 0.0037
c 0.2068 | 0.0507 0.0279
d 0.2273| 0.0712 0.0074

existing| 0.2347 0.0786 -

May 16, 2018 (actual: 0.1683)
model | estimate | abs dif1 | abs dif2

a 0.1838 | 0.0155 0.0015
b 0.1849 0.0166 0.0004
c 0.1841 0.0158 0.0012
d 0.1854 0.0171 0.0001

existing] 0.1853 0.0170 -

Jul 10, 2018 (actual: 0.1483)
model | estimate | abs dif1 | abs dif2

a 0.1554 0.0071 0.0082
b 0.1639 0.0156 0.0003
c 0.1579 0.0096 0.0057
d 0.1627 0.0144 0.0009

existing| 0.1636 0.0153 -

Table 4. Broadband albedo obtained by applying the NTB
conversion formula generated by calibration with in situ
measurements. Gray column denotes the best result. “Abs dif1”
and “abs dif2” denote the differences from the actual value and
from the value estimated using the existing model, respectively.

Sep. 25, 2017 (actual : 0.1759)
model | estimate | abs dif1 | abs dif2

a 0.1280 0.0479 0.0166
b 0.1481 0.0278 0.0035
c 0.1299 0.0460 0.0147
d 0.1401 0.0358 0.0045

existing 0.1446 0.0313 -

Mar. 29, 2018 (actual: 0.1248)
model | estimate | abs dif1 | abs dif2

a 0.1074 0.0174 0.0009
b 0.1062 0.0186 0.0003
c 0.1064 0.0184 0.0001
d 0.1086 | 0.0162 0.0021

existing 0.1065 0.0183 -

Apr. 26, 2018 (actual: 0.1561)
model | estimate | abs dif1 | abs dif2

a 0.1642 0.0081 0.0273
b 0.1873 0.0312 0.0042
c 0.1674 0.0113 0.0241
d 0.1851 0.0290 0.0064

existing 0.1915 0.0354 -

May 16, 2018 (actual: 0.1683)
model | estimate | abs dif1 | abs dif2

a 0.1499 0.0184 0.0052
b 0.1461 0.0222 0.0014
c 0.1473 0.0210 0.0026
d 0.1451 0.0232 0.0004

existing 0.1447 0.0236 -

Jul 10, 2018 (actual: 0.1483)
model | estimate | abs dif1 | abs dif2

a 0.1364 0.0119 0.0066
b 0.1294 0.0189 0.0004
c 0.1337 0.0146 0.0039
d 0.1284 0.0199 0.0014

existing 0.1298 0.0185 -
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