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Abstract: Recently, much attention has been given to using geostationary Earth orbit (GEO) meteoro-
logical satellite data for retrieving land surface parameters due to their high observation frequencies.
However, their bidirectional reflectance distribution function (BRDF) information content with a
single viewing angle has not been sufficiently investigated, which lays a foundation for subsequent
quantitative estimation. In this study, we aim to comprehensively evaluate BRDF information from
time-series observations from the Advanced Himawari Imager (AHI) onboard the GEO satellite
Himawari-8. First, ~6.2 km monthly multiangle surface reflectances from POLDER onboard a low-
Earth-orbiting (LEO) satellite with good angle distributions over various land types during 2008 were
used as reference data, and corresponding 0.05° high-quality MODIS (i.e., onboard LEO satellites) and
AHI datasets during four months in 2020 were obtained using cloud and aerosol property products.
Then, indicators of angle distribution, BRDF change, and albedos were retrieved by the kernel-driven
Ross-Li BRDF model from the three datasets, which were used for comparisons over different time
spans. Generally, the quality of sun-viewing geometries varies dramatically for accumulated AHI
observations according to the weight-of-determination, and wide-ranging anisotropic flat indices are
obtained. The root-mean-square-errors of white sky albedos between AHI and MODIS half-month
data are 0.018 and 0.033 in the red and near-infrared bands, respectively, achieving smaller values of
0.004 and 0.007 between the half-month and daily AHI data, respectively, due to small variances in
sun-viewing geometries. The generally wide AHI BRDF variances and good consistency in albedo
with MODIS show their potential for retrieving anisotropy information and albedo, while angle
accumulation quality of AHI time-series observations must be considered.

Keywords: Himawari-8 AHI; BRDF retrieval; albedo; kernel-driven Ross-Li model; weight of deter-
mination (WoD); POLDER; MODIS; GEO-LEO inter-comparison

1. Introduction

The intrinsic reflectance anisotropy has been of great concern for decades and is usually
described as a bidirectional reflectance distribution function (BRDF), which plays a key role
in quantitative remote sensing inversion [1-3]. Considering that only limited angles are
available in practice, the pattern of sun-viewing geometry has a critical influence on BRDF
reconstruction across the whole illumination and viewing of hemispherical space. In early
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laboratory experiments, manually controlled multiangle observations show reflectances at
the principal plane, and hotspots can help to better fit the BRDF variance [4-6]. A noise
amplification factor was designed to quantitatively evaluate the quality of the sun-viewing
angle distribution, which was called the weight-of-determination (WoD) [7-9]. When
observations are limited, a median sampling density of view zenith angle (VZA) every
15 degrees and relative azimuth angle (RAA) every 30 degrees can capture the primary
BRDF characteristic [6]. A series of studies have confirmed these conclusions regarding
BRDF properties [10-17] which provide important guidance in further applications of
multiangle data [18,19].

For global monitoring, numerous BRDF studies have been performed that are based
on multiangle data from low-Earth-orbiting (LEO) satellites. For polarization and direc-
tionality of the Earth’s reflectances (POLDER) onboard polarization and anisotropy of
reflectances for atmospheric science coupled with observations from a Lidar (PARASOL),
multiangle observations are collected by multiangle plane array scanning and two monthly
accumulative multiangle surface reflectance datasets, including a total of approximately
20,000 homogeneous pixels worldwide at 6 x 7 km (~6.2 km) in 2006 and 2008, have been
released [20,21]. In each set of POLDER data, there are usually hundreds of observations
with few WoDs that indicate a high-quality angle distribution. Unfortunately, only the two
datasets are available due to instrument malfunction. The Moderate Resolution Imaging
Spectroradiometer (MODIS) onboard Terra and Aqua with a daily passing frequency is
another important BRDF data source. Based on accumulated multiangle observations at
a moving window of 16 days, the 500-m spatiotemporally continuous archive of BRDF
parameter products that are retrieved from the widely used kernel-driven Ross-Li model
has been generated since 2000 [22,23]. There are usually a few to a dozen high-quality
observations under clear-sky conditions over 16 days, and the WoD is used as one of the
quality indicators [7]. Based on a series of BRDF indicators, a previous study showed that
MODIS can capture more BRDF variances than POLDER, which is attributed to the finer
spatial resolution [24]. BRDF datasets from the two sensors have been widely used for
BRDF-related research, such as BRDF characteristics and sensitive land surface parameter
inversions [25-31]. However, due to limitations in the revisit cycle of LEO satellites, these
multiangle data are collected once a day or every few days at a particular time and can
hardly acquire the intradaily variations in reflectance anisotropy.

Compared with the LEO satellites, geostationary Earth orbit (GEO) satellites have
significantly higher revisit frequencies on hourly or even shorter timescales, where mul-
tiangle reflectances can also be obtained considering varying solar angles over time [32].
In particular, cloud coverage of LEO satellite observations may further reduce the avail-
able data number, while much more effective observations can be obtained from the high
temporal resolution of the GEO satellites [33,34]. GEO satellites initially serve to monitor
rapid meteorological changes and more applications have recently been performed to
retrieve land surface parameters, such as land surface temperature, solar incident radiation,
and surface albedo [35]. In particular, the World Meteorological Organization (WMO) is
leading activities on sustained, coordinated processing of environmental satellite data for
climate monitoring (SCOPE-CM), where the operational meteorological satellite agencies of
the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT),
National Oceanic and Atmospheric Administration (NOAA), and the Japan Meteorological
Agency (JMA) have been involved to coordinate the generation of the essential climate
variable (ECV) land surface albedo including global daily climate data records (CDRs)
and 10-day composites except for the poles [36,37] as well as validation [38]. Currently,
benefiting from the high temporal, spatial, and spectral resolutions, the new generation
of GEO meteorological satellites that were developed in Europe (Meteosat), the United
Sates (Geostationary Operational Environment Satellite-R (GOES-R)), Japan (Himawari),
China (Fengyun (FY) series), and Korea (Geo-KOMPSAT-2A (GK-2A)) [39] have garnered
much attention. Among these satellites, the time-series reflectance product of the Ad-
vanced Himawari Imager (AHI) that is onboard Himawari-8, obtained every 10 min since
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July 2015, has been widely used. These accumulated multiangle data are promising for
revealing the intradaily variation in BRDF and all the daily clear-sky observations were
input into the Ross-Li model to reconstruct BRDF and then used for retrieving the land
surface albedo [33] and vegetation phenology [34] for the AHI. In addition, instantaneous
bidirectional observations were also used for snow detection [40] and fraction of absorbed
photosynthetically active radiation (FAPAR) estimation [41].

However, these simple compositions of daily-scale GEO satellite data for reconstruct-
ing BRDF in current studies may result in uncertainties because the different sun-viewing
geometries would highly affect the accuracy of BRDF inversion [6,9,42]. In addition, the
overall angle pattern and BRDF variances have not been sufficiently investigated which
strongly impacts a series of further applications that are associated with the intrinsic re-
flectance anisotropy. Therefore, there is a high demand to investigate the quality of angle
combinations from GEO satellites as well as evaluate the subsequent retrieval accuracy of
BRDF and other parameters.

In this study, we aimed to systematically evaluate the BRDF information underlying
the time-series bidirectional observations from GEO satellites by using a series of BRDF
indicators and using AHI data as an example. Snow-free POLDER multiangle data within
the AHI observation scope were selected as reference data, and concurrent AHI and MODIS
monthly accumulated multiangle data were obtained. Cross comparisons were performed
between the three sensors over different time spans, including angle distribution, BRDF
fitting, BRDF indicators, and albedo estimations, with the help of the hotspot-revised
Ross-Li BRDF model. We analysed the BRDF changes in AHI and MODIS using a series of
BRDF indicators, as well as the results for AHI-like diurnal time-series nadir measurements.
Finally, explanations and limitations of this paper, as well as future works, are discussed.

2. Data

In this study, BRDF information that was retrieved from the AHI was compared with
those of POLDER and MODIS in the red and near-infrared (NIR) bands. The relative
spectral responses for POLDER [20], MODIS [22], and AHI [32] in the two bands are shown
in Figure 1, and extremely similar responses in the NIR band can be observed. In the
red band, the band range of AHI covers that of POLDER and MODIS, and the central
wavelengths for AHI and MODIS are very close. These similar spectral responses for the
three sensors indicate the data comparability in the two bands.

----POLDER-Red (637.5-700 nm, 670 nm) ——POLDER-NIR (810-915 nm, 865 nm)
----MODIS-Red (614-681 nm, 645 nm) ——MODIS-NIR (820-899 nm, 858 nm)
=== AHI-Red (600-680 nm, 640 nm) ——AHI-NIR (840-870 nm, 860 nm)
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Figure 1. Relative spectral responses for POLDER, MODIS, and AHI in the red and NIR bands.
POLDER-Red, MODIS-Red and AHI-Red refer to the results for POLDER, MODIS and AHI data in
the red band, respectively; POLDER-NIR, MODIS-NIR and AHI-NIR are the results for the three

sensors in the NIR band.

To investigate the overall change in AHI BRDF information, 1815 fine-screened sets of
multiangle surface reflectance datasets of POLDER were referenced [24]. These ~6.2 km
POLDER data at “pure and homogeneous” pixels that were selected by the MODIS Veg-
etation Continuous Fields (VCF) product (i.e., MOD44B) were accumulated monthly in



Remote Sens. 2022, 14, 139

4 of 31

2008 and have good angle distributions; therefore, they can act as reference data for BRDF
analysis. Considering that there were no AHI data before July 2015, 361 sets of diurnal AHI
data from the same location and during the closest months with the 2020 POLDER data
that were gridded at 0.05° were utilized within the effective observation scope of the AHI.
Notably, the cloud and aerosol property products were also used for selecting high-quality
observations. In addition, MODIS data in the composite Climate Modelling Grid (CMG)
archive at 0.05° were also used for cross comparison.

After performing quality control by removing data with a large solar zenith angle
(SZA) (i.e., >85°), cloud cover, and poor aerosol optical depth (AOD), there were 213 sets
of monthly accumulated AHI datasets in total among the 361 sets. After 65 atmospheric
correction [43] to obtain the AHI surface reflectances from these top of atmosphere (TOA)
observations, 198 sets of monthly accumulated data with reasonable surface reflectances
(i.e., >0) for the two bands remained. For MODIS CMG;, all 361 pixels can collect effective
monthly multiangle data. The overlapping data for AHI and MODIS CMG were used
for analysis which included 198 sets of data in total, as shown in Figure 2 and Table 1.
According to Figure 2, these selected pixels are spread over the effective observation scope
of the AHI (—60°S~60°N, 80°E~160°W, red rectangle in Figure 2), except in the western
hemisphere. From Table 1, we can see that these selected high-quality AHI data come from
various land cover types that are based on the MODIS IGBP classification product over four
actual seasons in both the northern and southern hemispheres. Specifically, a vegetation
pixel in a mixed forest area of northeast China (48.81°N, 122.94°E) during the summer was
selected for the case study (red circle in Figure 2).
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Figure 2. The spatial distribution for the 198 sets of concurrent POLDER, MODIS, and AHI pixels.
Table 1. Seasons and land cover types of the selected pixels.
Season IGBP
Spring Summer Autumn Winter 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
16 72 32 78 0 20 1 0 1 2 5 3 33 16 0 16 0 10 0 5
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2.1. POLDER Multiangle Reflectance

Benefitting from good angle sampling, the POLDER multiangle observations were
used as reference data in the BRDF analysis. The wide field of view optics and the matrix
array detector of POLDER provide two-dimensional pictures of the Earth, and up to
16 (average is 14) observations of the target are available for every overpass at 13:30
local time [20,21]. Generally, POLDER can collect hundreds of multiangle observations
across a month, especially to capture BRDF-sensitive angles near the principal plane and
hotspot with a maximum view angle of 70°. Therefore, POLDER multiangle data have
been widely used for BRDF analyses [24], hotspot reflectance analyses [16,44,45], and
sensitive parameter estimations [27,30,46—48]. According to a previous study [24], 1815 fine-
screened sets of monthly accumulated multiangle reflectances for snow-free POLDER pixels
were utilized in this study. These ~6.2 km POLDER data at homogeneous pixels were
accumulated monthly in 2008, and there were 361 sets of data in total that were located
within the observation scope of the AHI. The data in the optical bands, including the red
(channel 3, 670 nm) and NIR (channel 5, 865 nm) bands, were used to investigate BRDF
properties.

2.2. AHI Time-Series Observations

The AHI onboard the Japanese GEO satellite Himawari-8 is positioned above 140.7°E
and 0.02°S, and the 10-min TOA reflectance product from July 2015 to the present was
released from the Japan Aerospace Exploration Agency (JAXA) P-Tree system (ftp:/ /ftp.
ptreejaxa.jp/, accessed on 16 November 2021) [32]. The AHI can scan the Asia-Pacific
region every 10 min through 16 channels, where the nadir spatial resolution is 500 m for
the red band (channel 3, 640 nm) and 1000 m for the NIR band (channel 4, 860 nm). The
AHI observes the same target from a constant angle, resulting in a fixed VZA and view
azimuth angle (VAA) for each pixel. The spatial distribution of viewing angles for the AHI
is shown in Figure 3, and the VZA increases with distance to the satellite position while the
VAA changes with azimuth. Considering that the effective observation scopes of the AHI
(—=60°S5~60°N, 80°E~160°W) are approximately one-third of the Earth except for the poles,
the furthest four pixels away from the position point can achieve the largest VZA of 84.5°.

S50°E 100°E 150°E 160°'W 50°E 100°E 150°E 160°W

(a) (b)

Figure 3. The spatial distribution of viewing angles for the AHI. (a) VZA. (b) VAA. The red rectangles
refer to the effective observation scope of AHIL

The full-disk L1 AHI data that were gridded at 0.05° were used for cross comparison,
which has a spatial resolution that is closest to POLDER. The pixel size expansions in the
north-south and west-east directions are nonnegligible and increase with the distance to
the nadir position of the AHI [40]. The expansion rate is less than 5 for most pixels within
the AHI observation scope, so the pixel size in the boundary can be enlarged to 2.5 and
5 km given the nadir spatial resolution in the red (500 m) and NIR (1 km) bands. Therefore,
the coarse resolution at the grid size of 0.05° (~5.2 km) should sufficiently mitigate the
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geolocation errors, especially in the scope boundary, which was reported as average values
of 150 m (north-south) and 500 m (east—west) [34,49]. Moreover, the corresponding 10-min
cloud (V1.0) and aerosol (V3.1) properties (i.e., aerosol optical thickness (AOT), also called
AOD) products at 0.05° were also collected. To investigate the overall data characteristics
during a year, AHI data in four typical months (i.e., January, April, July, and October)
of different seasons in 2020 were used for analysis. Specifically, AHI data in the whole
month that were closest to the 361 sets of POLDER data were collected and discussed in
Section 2.1.

First, the 10-min diurnal TOA reflectances during the four months were filtered by
cloud and aerosol property products. The detailed filtering indicators are shown in Table 2,
with the aim of obtaining high-quality observations in cloud-free conditions with reliable
AOT values. After removing data at large SZA (i.e., >85°), cloud cover, and poor AOD data
from the 361 sets of AHI data, 213 sets of monthly accumulated multiangle data remained.
Then, these high-quality diurnal AHI TOA reflectances that were obtained every 10 min
were transferred into surface reflectances through the 6S atmospheric correction model [43]
by inputting the AOD at 550 nm, and 198 sets of monthly accumulated snow-free AHI
surface reflectances were obtained with reasonable values ranging from 0 to 1 in the red
and NIR bands. Finally, the obvious outliers were filtered to reduce uncertainty, where
one set of observations was removed in this study. As shown in Figure 2, these selected
AHI data were widely distributed in the whole effective observation scope, and the largest
VZA reached 66.1°. Among the 198 sets, a vegetation pixel in the mixed forest area of the
Inner Mongolia Autonomous Region, Northeast China (48.81°N, 122.94°E) in July 2020
was selected for the case study, and the POLDER data were obtained in August 2008.

Table 2. Quality control for the AHI data.

Flag Item Value
Angle SZA 0°~85°
AOD >0
Data availability 0—Available
Land/Water 0—Land
Cloud flag 0—Clear
Aerosol property Retrieval status 0—Successful
AQOD confidence 00—Very good, Ql_GOOd’
10—Marginal
Additional cloud flag
(Near-by-cloud test) 0—Clear
Snow /ice 0—No for snow-free data
Turbid water 0—No

010—Clear, 100—Successful: Low
Cloud retrieval algorithm flag confidence, 101—Successful: High
confidence
Cloud mask confidence level flag 00—Clear, 01—Probably clear

Cloud property

2.3. MODIS CMG Multiangle Reflectance

In addition, the Collection 6 daily MODIS land surface reflectance product (i.e.,
MODO0ICMG & MYD0O9CMG) for the composite CMG archive at 0.05° was also used
for cross comparison (https:/ /search.earthdata.nasa.gov/, accessed on 16 November 2021).
The across-track scan angle of MODIS ranges from 0 to 55°, and the curvature of the Earth
elongates the scan line and makes the VZA as large as 65°. The gridded MODIS product ac-
tually represents information from a larger area as the VZA increases [50,51], and, therefore,
0.05° CMG data that are aggregated from finer products can theoretically contain a larger
region. The CMG data combine MODIS observations from Terra (overpass at 10:30 local
time) and Aqua (overpass at 13:30 local time), and observations over 16 days have always
been accumulated to obtain multiangle reflectances for retrieving BRDF properties [22,23].


https://search.earthdata.nasa.gov/

Remote Sens. 2022, 14, 139

7 of 31

Only data that were retained after performing atmospheric corrections with the highest
quality for the first seven bands were used, as shown in Table 3, and these data were
obtained under snow-free and clear-sky conditions. Consistent with POLDER and AH]I,
data in the red (channel 1, 645 nm) and NIR (channel 2, 858 nm) bands were used. Finally,
all 361 sets of MODIS data at the same locations as the POLDER pixels have high-quality
multiangle observations for monthly accumulations.

Table 3. Quality control for the MODIS CMG data.

Flag Item Value
Atmospheric correction performed 1—yes
Coarse resolution QA Band 1-7 data quality four bit range 000—highest quality
MODLAND QA bits 00—ideal quality all bands
Coarse resolution MOD35 snow /ice flag 0—no
state QA Cloud state 00—clear

2.4. Field Measurements of Diurnal Time-Series Nadir Reflectance

Based on AHI-like daily automatic continuous measurement experiments of nadir
surface reflectances in a previous study [52], we attempted to preliminarily validate the
BRDF change in sensors onboard GEO satellites. The experimental area was in Gucheng,
Baoding, China (39.14455°N, 115.73785°E), and the plot was a 2 m X 4 m area that was
planted with maize. Field measurements on four clear days were selected from July to
August 2020 (i.e., 20 July, 2 August, 11 August, and 21 August), which covered the main
growth stages of maize. Although apparent scaling issues between these field sites and
AHI pixels are non-negligible, these valuable automatic measurements remain promising
to provide evidence considering the similar observation mode to that of the GEO satellites.
A spectrally and radiometrically calibrated spectrometer QE65Pro (Ocean Optics Inc.,
Dunedin, FL, USA) was embedded in this automatic measurement system to collect spectral
reflectance, which included effective surface nadir reflectance from 480 nm to 800 nm with
a resolution of 0.9 nm.

The red band (channel 1, 670 nm) and NIR band (channel 2, 800 nm) were used for
analysis. In addition, simultaneously measured photosynthetically active radiation (PAR)
data were used to determine the stability of surface reflectance observations, and abnormal
reflectances were replaced by a linear interpolation of their closest measurements when a
sudden change in PAR appeared. Finally, to guarantee the same temporal resolution as the
AHI, the field data were reprocessed to be values every 10 min from the initial measurement
frequency ranging from 5 to 10 min.

3. Methods

The flowchart of the evaluation of BRDF information for time-series AHI data is shown
in Figure 4, including ~6.2 km POLDER, 0.05° MODIS CMG, and 0.05° AHI monthly
collected multiangle data at 198 pixels, as shown in Figure 2. As reference data with
high-quality angle sampling, the POLDER dataset contains the monthly accumulated
bidirectional reflectances, which are also simply called bidirectional reflectance factors
(BRFs) [20]. Then, the MODIS data that are spatiotemporally synchronous with the AHI
data were also collected for a whole month that is same as POLDER, which were also
accumulated for half a month considering the 16-day collections in the MODIS BRDF
parameter product [22,23]. For the AHI, the monthly collected dataset was divided into
three accumulation spans: a day, half a month, and a month. Before applying AHI data,
the AHI TOA reflectances were processed into surface values using the 65 atmospheric
correction model by inputting the corresponding AOD data as introduced in Section 2.2.
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Figure 4. Flowchart for evaluating the BRDF information of time-series AHI data.

In this study, the evaluation of AHI BRDF information was mainly performed based
on cross comparison. A hotspot-revised version of the Ross-Li model called RossThick-
LiSparseReciprocal-Chen (RTLSR_C) [16,53] was used to calculate a series of evaluation
indicators. The WoD was used to analyse the angle sampling quality of these multiangle
data from the three sensors. Before analysing a series of BRDF indicators that were retrieved
from the RTLSR_C model, model fitting accuracies were obtained by the root mean square
error (RMSE) between the remotely sensed and the fitted multiangle reflectances. Based on
data with a small WoD and fitting RMSE values, the BRDF variables for concurrent AHI
and MODIS data were derived to perform cross comparisons, and AHI BRDF archetypes
were extracted to investigate their dominant anisotropy characteristics. Finally, black sky
albedo (BSA) and white sky albedo (WSA) for the two sensors were used to investigate the
albedo estimation ability of the AHL

3.1. The Hotspot-Revised Kernel-Driven Ross-Li Model

The semi-empirical linear kernel-driven Ross-Li BRDF model has been widely em-
ployed for BRDF analysis, and robust RossThick-LiSparseReciprocal (RTLSR) combination
models [54,55] have been selected as the operational algorithm for retrieving MODIS BRDF
parameter product [22,23] with good accuracies [51,56,57] among a series of kernel com-
binations [8,58,59]. Therefore, this study applied the Ross-Li model to evaluate the BRDF
information of the AHI, and a hotspot-revised model called RTLSR_C was used [16,53].
The general model expression is given in Equation (1), where R refers to the surface bidirec-
tional reflectance as a function of three angles (5ZA (8;), VZA (0,), and RAA (¢)) and the
waveband A, which is composed of three scattering types: isotropic scattering kernel (1.0),
volumetric scattering kernel (K,,;), and geometric-optical scattering kernel (Kgeo)- fisos fools
and fg, are weight coefficients of the three scattering kernels. By applying a corrected expo-
nential hotspot function that was developed by Chen and Cihlar [11] to the volumetric and
geometric-optical scattering kernels, the hotspot-revised RTLSR_C model has significantly
enhanced the hotspot fitting capability compared with the RTLSR model and shows the
best fitting accuracy among various hotspot-revised kernel combinations [60]. The kernel
models are presented in Equations (A1)-(A9) in Appendix A and observations at phase
angles & < 5° in Equation (A2) are usually used as hotspot data.

R(0s,00,9,A) = fiso(A) + fool(A)Kvol(8s,0v,¢) + fgeo(A)Kgeo(0s,00,p) 1)

The best hotspot parameters of the hotspot reflectance height (C;) and width (Cy)
in the RTLSR_C model at several typical bands have been given based on a wide search
from sufficient hotspot observations of POLDER [53], and the average optimal hotspot
parameters in the red band (C; = 0.5, C; = 3.4°) and NIR band (C; = 0.5, C, = 3.0°) were used
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in model inversion. By inputting multiangle reflectances to the model, the three weight
coefficients of f;s,, foor, and feeo can be determined where the fitting RMSEs between the
observed and modelled multiangle reflectances achieve the minimum, such as the global
MODIS BRDF parameter products [22,23]. Subsequently, directional reflectance at arbitrary
solar-view orientations can be simulated.

3.2. Calculation of BRDF Evaluation Indicators Based on the RTLSR_C Model

By inputting these time-accumulated surface multi-angle reflectances of POLDER,
MODIS CMG, and AHI to the RTLSR_C model, a series of BRDF evaluation indicators
were calculated for comparisons.

The WoD was used to evaluate the angle sampling quality of the multiangle data from
the three space-borne sensors as shown in Equation (2), which reflects the amplification
of noise from reflectance observations to WSA inversions, where K and U refer to the
kernel values and their weights, respectively. A WoD that is less than 2.0 shows good
angle sampling [42]. The WoD indicates the overall patterns of sun-view angle distribution,
which was used to preliminarily diagnose the potential of retrieving high-quality BRDF
information from the AHI.

WOD = [U]T[KTK] — 1[U] )

In addition, the fit-RMSE was used to assess the fitting accuracy of the RTLSR_C
model as shown in Equation (3), which calculates the discrepancies between the observed
directional reflectances R.p,s and the fitted results Ry,oqe1- fit-RMSE less than 0.02 and 0.05
in the red and NIR bands, respectively, can meet a general accuracy requirement [61]. That
is, if there is a small fitting RMSE in the inversion of the RTLSR_C model, the retrieved
BRDF change in the whole sun-view hemisphere space shows good reliability.

. - 5
flt _ RMSE — \/Z}/’—] (Robs] (951 97}/ (Pr i)__sRmodelf (95, 9_0, (PI /\)) (3)

After quality control by WoD and fitting RMSE, a series of BRDF indicators were
retrieved by the RTLSR_C model to investigate BRDF information. The first kind of
indicator includes the three kernel coefficients (fis,, fyo1, and fgeo), which describe the weight
of scattering types. The second kind of indicator refers to the anisotropic flat index (AFX)
calculated as the ratio of WSA to f;5, [15], which is sensitive to the scattering type. An AFX
value that is larger than 1.0 means that volumetric scattering is prominent, while an AFX
value of less than 1.0 indicates dominant geometric-optical scattering. Based on these BRDF
indicators, we explored the difference in BRDF between the AHI and MODIS accumulated
multiangle data for half a month and a whole month, considering the 16-day and monthly
collections of MODIS [22,23] and POLDER [20], respectively. Then, the discrepancies
between the AHI data at different accumulation spans including a day, half a month, and a
whole month were also investigated.

In addition, several BRDF archetypes for daily accumulated AHI data were extracted
by classifying their AFXs using an iterative self-organizing data analysis technique algo-
rithm (ISODATA) [24]. The fit-RMSEs between multiangle reflectances that were modelled
by each set of BRDF parameters and their average for each AFX class were counted, and
the optimal classification number was determined when the fit-RMSEs decreased to 80%
compared to the errors of non-classification. Consequently, the average BRDF parameters
for each AFX class were called BRDF archetypes, which represent the dominant BRDF
shapes and can usually capture ~90% of the total variance in these AHI BRDF data.

Finally, BSA and WSA can be calculated by integrating the simulated bi-directional
reflectances over the viewing radiation hemisphere and over both the viewing and incident
radiation hemispheres, respectively [23]. Formulas of BSA, WSA, and AFX are shown in
Equations (A10)—(A12) in Appendix A. Similar to the BRDF analysis, the difference in albedos
between AHI and MODIS as well as AHI data at different accumulation spans were examined,
and statistical parameters of RMSE, Bias, and R? are shown in Equations (A13)~(A15).
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4. Results and Analysis
4.1. AHI BRDF Information at a Typical Vegetation Pixel
4.1.1. Angle Distribution of AHI Time-Accumulated Observations

Angle distributions were compared between POLDER, MODIS CMG, and AHI for
the selected typical vegetation pixels in the mixed forest area (48.81°N, 122.94°E) at the
coarse spatial resolution. The basic information for the three sets of data is shown in Table 4,
where the POLDER data were collected in August 2008, and the MODIS and AHI data
were collected in July 2020. In addition, the statistics and distribution of the monthly
accumulated sun-viewing angles for the three sensors are shown in Figure 5.
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Figure 5. Statistics and distribution of the monthly accumulative sun-viewing angles for POLDER,
MODIS, and AHI at a mixed forest pixel. The larger circles refer to the solar angles and the smaller
circles refer to the viewing geometries. (a) refers to the angle distribution of POLDER in August
2008 and the colours indicate the different solar angles. (b—d) refer to the accumulated angles for
MODIS for the first half of the month, the second half of the month, and the whole month in July
2020, respectively; the colours indicate the different solar angles. (e f) present the ranges of SZA
and SAA during July 2020. (g) presents the number of AHI observations for each day in July 2020.
(h—k) refer to the accumulated angles for the AHI on four typical days, 1 July, 3 July, 14 July, and
22 July 2020, respectively. (I-n) refer to the accumulated angles for the AHI for the first half of the
month, the second half of the month, and the whole month in July 2020, respectively, and the colours
indicate the different observation dates.
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Table 4. Information on multiangle data compared with POLDER and MODIS at a typical vegetation

pixel.
Dataset Spatial Time Monthly Obs. g, (o) SAA () VZA ©) VAA ()
Resolution Number
POLDER ~6.2 km August 2008 72 31.2-38.4 186.0-215.8 8.2-65.9 0.8-356.5
MODIS CMG 0.05°(~5.2 km) July 2020 27 25.9-35.5 131.8-225.2 9.3-59.2 69.7-293.2
AHI 0.05°(~5.2 km) July 2020 214 26.4-69.8 77.6-263.4 58.5 157.0

From Table 4, the AHI achieves the maximum number of high-quality monthly accu-
mulated observations (i.e., 214) benefiting from its 10-min revisit frequency [Figure 5n],
while MODIS has the least (i.e., 27) with a revisit cycle of a day at 10:30 and 13:30 local time
[Figure 5d]. POLDER obtains a middle rank (i.e., 72) with a two-day cycle at 13:30 local
time and multiangle observations at approximately 14 angles each time [Figure 5a]. The
POLDER and MODIS data that were obtained at fixed local times show a smaller change in
solar angles than the time-series AHI data. Considering that the SZAs are symmetrical in
the morning and afternoon, the SAAs of POLDER are only larger than 180° for its overpass
in the afternoon, while MODIS has a wider range of SZAs because it can scan the Earth in
the morning and afternoon. The AHI has the widest range of solar angles, including the
SZA and solar azimuth angle (SAA), owing to the 10-min revisit frequency, and the viewing
angles are constant. POLDER VAAs are widely distributed from 0° to 360°, while few
viewing azimuths can be obtained for MODIS, and the two sensors can capture a similar
VZA range. Significantly, POLDER can obtain multiangle data at much wider viewing
azimuths than MODIS and AHI, and, therefore, it has more potential to provide sufficient
BRDF information [20].

Monthly accumulated sun-viewing geometries for the AHI are analysed in detail in
Figure 5e-n. First, there is only a small change in the SZA and SAA between different days
in a month along with the local time, as shown in Figure 5e—f; thus, the accumulated sun-
viewing geometries during a day can be mostly equivalent to those during a month. The
number of diurnal cloud-free multiangles of the AHI pixel ranges from 0 to 33 [Figure 5g],
and there are 12 days in July 2020 where the data can meet the full-inversion requirements
of the Ross-Li model (i.e., num. obs. > 7) [7]. In addition, there are six days where the
observation number of high-quality accumulations changes from one to six, for which the
Ross-Li model cannot be used. Notably, there are no high-quality accumulated AHI data
for the remaining 13 days ascribed to cloud cover or low-quality aerosol properties.

The angle distribution on four typical days [Figure 5h-k)] as well as half a month and
the whole month [Figure 5l-n)] are presented. The temporal accumulated solar angles
for the AHI are close to the cross plane of the sensor, and a wide SZA change can be
collected if the day presents a mostly clear sky, such as 14 July [Figure 5j]. Although the
AHI observes the Earth every 10 min, the final high-quality diurnal multiangle reflectances
that are collected under clear skies usually remain limited because of clouds or other
unfavourable atmospheric conditions. High-quality observations are always collected
during a continuous span that is concurrent with weather conditions. In terms of half-
month and monthly accumulated geometries, there is only a small difference between them
due to similar solar angles, as shown in Figure 5e—f, as well as with daily accumulations,
although many more angles can be collected for a half-month or a month than a day.

Figure 5 shows that the AHI can provide angles that are similar to the MODIS pattern
that are obtained by the Terra or Aqua satellites, while the geometries for the solar angles
and viewing angles are opposite. Considering the reciprocal property of the RTLSR_C
model [62], the model inversion results are invariant when the solar angles and viewing
angles are changed. Therefore, the AHI is expected to provide BRDF information that is
similar to that of MODIS at 0.05°. The final AHI accumulated angles are closely related to
weather conditions, which leads to a dense distribution of solar angles during a continuous
span under clear-sky conditions.
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4.1.2. Retrieval Accuracy of BRDF and Albedo for AHI

AHI data for 12 days in July 2020 were input into the RTLSR_C model to retrieve BRDF
and albedos, where the effective observation numbers are larger than seven. Comparisons
of bidirectional reflectances between the RTLSR_C fitting results and observations from
POLDER, MODIS, and AHI at typical pixels are shown in Figure 6, and the BRDF in the
principal plane and the modelled WSAs and BSAs at 5 SZAs are shown. In addition, the
total inversion accuracies of the RTLSR_C model are listed in Table 5, including the results
for the three sensors at half-month and monthly scales and for the AHI on four typical days
[Figure 5h-k].
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Figure 6. Comparison of bi-directional reflectances and albedos between the RTLSR_C-modelled
results and observations from POLDER, MODIS, and AHI at a mixed forest pixel. (a—c) present
comparisons of the modelled and observed bi-directional reflectances (i.e., BRFs) in the red band for
all observation geometries and principal plane, as well as comparisons of BSA and WSA, respectively.
The red dots in (b) refer to observations near the principal plane, and the two observations with
VZAs that are close to the SZA of 38° are hotspot data. BSA_0 in (c) refers to the BSA when the SZA
is zero (nadir), and BSA_15, BSA_30, BSA_45, and BSA_60 refer to the BSAs for SZAs of 15°, 30°, 45°,
and 60°, respectively. (d—f) refer to the results that are similar to (a—c) but in the NIR band.

From Table 5, the WoDs decreased dramatically as the observation numbers of AHI in-
creased. Notably, although observation number 12 can meet the full-inversion requirement,
the WoD remained much larger than 2.0 on 3 July because the solar angles were gathered
at one side of the viewing plane, as shown in Figure 5i. Similarly, for the high-quality angle
distribution on 1 July with a WoD of 0.29 [Figure 5h and Table 5], the WoD would increase
up to 99.31 when removing only the solar angle on the left of the viewing plane. These
results show that the accumulated observations of the AHI on only one side of the viewing
plane can usually represent an unqualified angle distribution with a large WoD, and, there-
fore, these observations that are collected from a short continuous span of clear sky cannot
be further used to model sufficient BRDF information. Among all 12 days, there were
5 days where the WoDs were less than 2.0. For half-month and monthly accumulations, all
the WoDs were less than 2.0 for the POLDER, MODIS, and AHI data, and the WoD for the
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monthly accumulated AHI data was 0.03. These qualified WoDs indicate that accumulative
time-series AHI observations have the potential to achieve good angle sampling quality.

Table 5. Inversion accuracy of the RTLSR_C model based on multiangle observations from POLDER,

MODIS, and AHI.

Band Dataset Day Number WoD  Fit-RMSE  Bias R2 AFX WSA
of Angles

POLDER 1-30 72 0.08 0.0027 0.0000 0.85 0.99 0.032

MODIS 1-16 12 0.94 0.0147 0.0000 0.24 1.19 0.036

g 17-31 10 1.57 0.0099 0.0000 0.40 0.44 0.017

1-31 2 0.59 0.0122 0.0000 027 0.88 0.029

Red 1-16 174 0.04 0.0055 0.0000 0.01 0.89 0.036

17-31 40 0.19 0.0031 0.0000 0.26 055 0.032

1-31 214 0.03 0.0055 0.0000 0.04 0.80 0.034

AHI 1 21 0.29 0.0032 0.0000 - 1.00 0.034

3 12 66.28 0.0026 0.0000 - 1.00 0.035

14 25 0.46 0.0051 0.0000 0.30 0.88 0.029

2 8 468.70 0.0016 0.0000 0.87 0.26 0.022

POLDER 1-30 - - 0.0063 0.0000 0.99 091 0.305

1-16 - - 0.0272 0.0000 0.66 0.90 0.383

Ng/[DéS 17-31 ; ; 0.0201 0.0000 0.80 117 0.421

1-31 - - 0.0248 0.0000 0.67 1.00 0.398

NIR 1-16 - - 0.0212 0.0000 0.60 1.00 0.421

17-31 - - 0.0066 0.0000 0.89 0.63 0.408

1-31 - - 0.0235 0.0000 0.59 0.93 0.411

AHI 1 - - 0.0048 0.0000 0.94 0.83 0.421

3 - - 0.0069 0.0000 0.50 1.05 0.430

14 - - 0.0159 0.0000 0.86 0.95 0.360

2 - - 0.0031 0.0000 091 1.20 0.402

Among the 31 days in July 2020, the number of days for collecting high-quality AHI observations of 0, 1~6, and
>7 are 13, 6, and 12, respectively.

In addition, the RTLSR_C-modelled bidirectional reflectances and observations from
the three sensors show a high consistency in the red and NIR bands [Figure 6a,d]. Small
fit-RMSEs of 0.0055 and 0.0235 were obtained in the red and NIR bands, respectively, for the
monthly accumulated AHI data in Table 5, and the fit-RMSEs for diurnal data were always
less than those for half-month and monthly data. These small fitting errors of the Ross-Li
model also indicate the good ability of the AHI multiangle data to describe BRDF variation.

In the principal plane [Figure 6b,e], only the POLDER data have captured hotspot
observations at two angles with VZAs (i.e., 33.9° and 40.3°) close to the SZA of 38° as well
as small RAAs, while there are no data among the high-quality monthly accumulations for
MODIS and AHI. The BRDF shapes that were retrieved from the monthly data of the three
sensors are similar to the AFXs, and the results of concurrent MODIS and AHI data in July
2020 show a high consistency in the NIR band. The modelled BRDF shapes from the daily
accumulated AHI data with large WoDs (i.e., >2.0) are shown as black dashed lines, and
some of them present an obvious difference from the results of the monthly accumulations,
especially in the red band. Therefore, the accumulated AHI multiangle data that gain large
WoDs are not recommended for further use following quality control of the MODIS BRDF
parameter product [7]. In addition, in the Ross-Li model inversion from the AHI multiangle
observations, some inverted kernel coefficients only contained anisotropic scattering, while
the results for volumetric and geometric-optical scattering are zero. This situation occurs
more frequently in the red band (eight days) than in the NIR band (three days) among all
12 days, which leads to constant bidirectional reflectance fittings that are generally close to
the results from the monthly data (i.e., blue lines).
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In terms of albedos, similar BSAs and WSAs were estimated from monthly accumu-
lated multiangle data for MODIS CMG and AHI [Figure 6¢,f], and a high consistency that
can be seen in the NIR band complied with BRDF comparisons in Figure 6e. In addition, the
range of albedos that were estimated from diurnal AHI data for all 12 days (light blue area)
covered those from monthly accumulations for MODIS and AHI, and narrower albedo
ranges with good angle distributions (i.e., WoD < 2.0, light yellow area) were closer to the
monthly results of the AHI (blue dots) for 5 days. Regarding the AHI data that only have
retrieved coefficients of isotropic scattering, the estimated BSAs and WSAs are constant,
including the results in the red band on 1 July 2020, shown in Table 5.

Based on the results from the mixed forest pixel, the daily accumulated AHI multiangle
data with good angle distributions (i.e., WoD < 2.0) can achieve stable BRDF fittings and
albedo estimations, while large uncertainties between AHI and MODIS easily occur when
using AHI daily data in a low-quality angle distribution (i.e., WoD > 2.0). Considering the
reciprocal property of the RTLSR_C model [62], accumulated AHI multiangles are similar
to those of MODIS onboard the Terra or Aqua.

4.2. AHI BRDF Variance at 198 Snow-Free Homogeneous Pixels
4.2.1. BRDF Fitting

Based on high-quality atmospheric-corrected AHI multiangle surface reflectances ac-
cumulated for a month at 198 POLDER pixels, as introduced in Section 2.2, the BRDF fitting
accuracies of the AHI were examined. Moreover, the concurrent monthly accumulated
observations of MODIS were used for cross comparison. The numbers of accumulated
observations for the three sensors at 198 pixels over different time spans are listed in Table 6.
POLDER only provides monthly accumulations and MODIS collects data for half a month
to a whole month. In contrast, the AHI can collect data at multiple time scales from a day
to a month. The time resolution advantage of AHI data makes it convenient to investigate
the subtle changes in BRDF over time.

Table 6. Numbers of accumulated observations at 198 pixels over different time spans.

Dataset Statistics Month Half a Month Daily
Total 198 396 6506
min 42 - -
POLDER max 243 - -
mean 128 - -
min 3 1 -
max 48 26 -
MODIS CMG mean 33 16 -
1-6 (%) 0.5 45 -
>7 (%) 99.5 95.5 -
min 1 0 0
max 1294 709 56
mean 231 114 7
AHI 0 (%) 0 19.6 67.6
1-6 (%) 24.2 20.6 8.6
>7 (%) 75.8 59.8 23.8

Similar to the results for the case study in Section 4.1, the average numbers of accumu-
lated observations for the three sensors show the same pattern. The AHI can usually collect
the largest number of observations during a month for the 198 pixels, with an average
number of 231 ranging from 1 to 1294, while the MODIS obtains the least number (i.e., 33)
ranging from 3 to 48. The large difference in the AHI data number reflects the dramatic
changes in weather conditions [32]. Moreover, the POLDER attains a medium average
number of 128 for monthly accumulated data, ranging from 42 to 243. In terms of data
accumulations for half a month, the average data numbers for AHI and MODIS are 114
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and 16, respectively. Surprisingly, only seven high-quality observations can be obtained for
the daily AHI data, which is in accord with previous results [33] and appears to be a much
lower data number considering the 10-min observation frequency. All the POLDER data
have met the full-inversion requirements of the Ross-Li model [23], which benefits from
its multiangle observation mode. For MODIS and AHI, 99.5% (i.e., 197) and 75.8% (i.e.,
150) of the 198 sets of monthly accumulations can obtain high-quality data of more than
seven respectively, and the lower percentage of AHI may be ascribed to our critical quality
control with respect to cloud and aerosol properties, as shown in Table 2 in Section 2.2. On
a half-month scale, most MODIS data numbers are more than seven, with a percentage of
95.5% compared with a total of 396 sets, while the result for AHI can only achieve 59.8%.
There are 220 sets of data with more than seven observations for both MODIS and AHI. In
terms of daily scale for all 6506 days, approximately one-fourth of the AHI observations
(i.e., 23.8%, 1548 sets) can obtain high-quality observations of more than seven.

Overall, the AHI can obtain multiangle data at a finer time resolution, such as a daily
scale, than POLDER and MODIS. Considering that critical quality control was performed
in this study, most of the data were lacking in multiangle data as the aim was to perform a
full inversion of the Ross-Li model for AHI. At both the month and half-month scales, the
AHI has a significantly larger amount for the average observation number for each set of
accumulations. The time resolution advantages of AHI have enabled a gain in the quantity
of the accumulated data, which is promising to support BRDF analysis on a fine time scale.

Based on the accumulated multiangle data with angle combinations greater than seven
for all three sensors, the modelled BRDF and albedos were compared following the case
study. The case study in Section 4.1 demonstrated that the WoD can act as an effective
indicator to guarantee the quality in further BRDF and albedo estimation; therefore, it was
also used here. All the monthly POLDER data attain small WoDs of less than 0.7, and
the WoDs for the monthly accumulated MODIS data are less than 1.6. For AHI, 24 out of
150 sets of data have a WoD that is larger than 2.0, with some as high as 3102. In terms of
the half-month scale of 220 sets, 7 sets of MODIS data have a WoD that is larger than 2.0
with a maximum of 19.9, as well as 35 sets of AHI data where values reach 8149.4 for the
most undesirable angle distribution. For the 1548 sets of AHI daily accumulations, there
are 474 sets of data with a WoD that is larger than 2.0 up to 164,756.2, which also shows
the dramatic change in AHI data that are affected by atmospheric conditions. Overall,
the accumulated observations with small WoDs were further used for BRDF and albedo
analyses, including 126, 181, and 1066 sets of observations at monthly, half-month, and
daily scales, respectively.

Although all the AHI observations with SZAs less than 85° [Table 2] could be used for
the final analysis, only data with SZAs that were less than 75° remained after removing the
abnormal data of the retrieved surface reflectances, as introduced in Section 2.2. In addition,
the VZAs are also less than 66.1°, as introduced in Section 2.2. Thus, these reasonable
snow-free AHI surface multiangle data are more applicable for the Ross-Li model, which
has a potential issue regarding large angles [60,63].

The typical angle distribution among 126 sets of high-quality monthly AHI data with
a WoD that is less than 2.0 is shown in Figure 7, which is associated with the accumulated
AHI data in the summer and winter along with several sets of latitude and longitude.
Considering the data integrity in collecting a relatively complete change in the angle
distribution of the AHI during a month, several sets of data that were affected by fewer
disturbances of undesirable atmospheric conditions were selected and used to investigate
the typical characteristics of AHI angle variances. Figure 7a—f refers to the results in the
southern hemisphere, and Figure 7g—h shows those in the north, which present the pattern
of solar angles [31,34] and viewing angles along with the seasons and locations.
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Figure 7. The typical angle distribution for the monthly accumulated AHI data within the observation
scope. The latitude, longitude, and month are labelled in each plot. (a—f) refer to the results in the
southern hemisphere, and (g,h) shows those in the north.

Figure 7b,d show that the solar angles are invariant with longitude at a fixed latitude,
where changeable viewing angles follow the patterns in Figure 3. For different seasons,
significantly higher SZAs were obtained in winter [Figure 7c] than in summer [Figure 7b]
for the same position, showing straight line and circular arc shapes, respectively. The
winter possesses overall lower solar altitudes at local noon (i.e., larger SZA near 45° in
Figure 7c) than those in summer (i.e., smaller SZA near 0° in Figure 7b), and thus, it leads
to a slow change in the SZA from the values at noon to 90° at dawn and twilight in winter.
In terms of the results in spring and autumn, there is a medium change in the solar angles
between those in winter and summer. As the latitude approaches the equator, the overall
shapes of the solar angles remain similar in summer [Figure 7a,b,e] and winter [Figure 7c,f],
and the SZAs at local noon change based on the relative distance between the latitude and
the solar angle. In the northern hemisphere, a symmetrical distribution of solar angles
about the azimuth lines of 90° and 270° can be obtained, including comparisons in summer
[Figure 7c,g] and winter [Figure 7a,h)].

Based on these high-quality multiangle data with observation numbers that were
greater than seven and small WoDs, comparisons of the reflectances between the accu-
mulated observations and values that were fitted by the RTLSR_C model from the three
sensors during a whole month, half a month, and a day are shown in Figure 8. POLDER
has collected a certain number of hotspot observations (the red dots in Figure 8), and few
hotspot observations are also obtained for MODIS. However, no hotspot data remained
after quality selection for the AHI. From Figure 8a—f at the monthly scale, although the
average observation numbers for the AHI are the highest in Table 6 without considering
the WoD, the data number decreases to less than that of POLDER after further selecting
high-quality data with small WoDs. This switch shows that the quality of the multiangle
data cannot be simply measured by the data number and that the angle distribution quality
also plays an essential role. Similarly, the MODIS data still attain the lowest data number
among the three sensors before selection by WoD. Notably, the results at the half-month
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scale [Figure 8g—j] are highly consistent with those at the monthly scale [Figure 8c—f], which
are attributed to similar angle distributions. Overall, all the data from the three sensors
can achieve a good BRDF fitting accuracy from the RTLSR_C model with an R? that is
larger than 0.9, and all the fit-RMSEs are less than 0.02 in both the red and NIR bands.
There are relatively large discrepancies for MODIS, with fit-RMSEs of approximately 0.02,
while POLDER and AHI can better fit the observed reflectances with fit-RMSEs of less than
0.01. Among all the BRDF fitting results for the three sensors at three time scales, the fitted
bidirectional reflectances from the daily scale for AHI show the optimal consistency with

observations in the two bands (i.e., fit-RMSE < 0.0050, bias = 0.0001, and R? = 1.00).
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Figure 8. Comparisons of reflectances between the observed and RTLSR_C-fitted values from AHI-
and MODIS CMG-accumulated observations during a whole month, half a month, and a day. The
red dots represent data near the hotspot direction, and the black dots are data at the remaining
geometries. The sensors, bands, and time spans are labelled in each plot. (a—f) refer to the results at
the month scale for the three sensors in the red and NIR bands, and (g—j) refer to those for AHI and
MODIS at the half-month scale. (k1) refer to the results for AHI at daily scale.

Comparisons of the BRDF parameters that were retrieved from the AHI- and MODIS
CMG-accumulated observations are shown in Figure 9, including the results between
MODIS and AHI on a half-month scale and those between the half-month and daily scales
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for the AHI. For comparisons between the two sensors in the left two columns, f;5, shows a
much better consistency than the other two coefficients (i.e., fyo; and feeo), with R? values that
are greater than 0.82. The small discrepancies in the isotropic scattering kernel coefficient
indicate that the two sensors can obtain similar reflectance magnitude results which implies
close nadir reflectances that are further modelled. However, when the data for the two
sensors are used to derive parameters that are sensitive to f,,; and feeo, the results would
more likely be inconsistent. In contrast, the results between the AHI at half-month and daily
scales in the right two columns show a significantly higher consistency than those between
the two sensors. All the R? values are larger than 0.77 for the three kinds of coefficients
in the two bands and f;, still presents optimal agreement with R? values that are greater
than 0.95. These comparisons show a better consistency within one sensor, although in
different time spans than those between different sensors in the same span, which may
partly be ascribed to the small change in the angle distribution for sensors onboard the
GEO satellites at a monthly scale. In addition, the results for the monthly data between the
AHI and MODIS (not illustrated here) are similar to those on a half-month scale.
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Figure 9. Comparisons of BRDF parameters that were retrieved from AHI- and MODIS CMG-
accumulated observations during a day and half a month. (a) refers to comparisons of fis, that was
retrieved from half-month (black circle) and daily (grey dot) AHI data with those from half-month
MODIS data in the red band, and (b) is similar to (a) but in the NIR band. (¢,d) refer to comparisons
of fiso that were retrieved from the AHI data between the half-month scale and daily scale in the red
and NIR bands, respectively. (e-h) refer to the results similar to (a—d) but for f,,, and (i-1) are those

for fgeo-
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4.2.2. Retrieval of BRDF Variables and Archetypes

The statistics of the AFXs that were retrieved from these high-quality multiangle data
of the three sensors are listed in Table 7, and Figure 10 presents the results comparison for
these AFXs. Compared with POLDER, MODIS and AHI can obtain a wider number of
changes in AFXs, especially for the AHI that attains the largest standard deviations from
Table 7 and Figure 10a. The average AFXs for the AHI at the three time scales are highly
consistent and close to the results of MODIS and POLDER. Similar to the comparisons of
the three kernel coefficients in Figure 9, the results with regard to the AFX also show a
better consistency in different time spans of the AHI than those from the AHI and MODIS.
Specifically, the RMSEs of the half-month data between MODIS and AHI are 0.32 and
0.15 with small biases in the red and NIR bands, respectively, and the results between the
daily and half-month AHI data are 0.07 and 0.05, respectively. As a composite index of the
three kernel coefficients to describe the dominant scattering type, the overall agreement in
the AFX between MODIS and AHI, in addition to some discrepancies, shows the BRDF
similarity in the two sensors, which is attributed to similar angle patterns. Notably, the
good consistency in these AHI AFXs between the daily and half-month scales also indicates
subsequently similar BRDF information.
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Figure 10. Comparison of AFXs that were retrieved from the accumulated observations of POLDER,
MODIS CMG, and AHI during a day and half a month. (a) refers to the variance ranges of AFX that
were retrieved from accumulated multiangle observations of the three sensors at different time spans.
(b) refers to comparisons of AFX that were retrieved from half-month (black circle) and daily (grey
dot) AHI data with those from half-month MODIS data in the red band, and (c) is similar to (b) but
in the NIR band. (d,e) refers to comparisons of AFX that were retrieved from AHI data between the
half-month scale and daily scale in the red and NIR bands, respectively.
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Table 7. AFXs retrieved from high-quality POLDER, MODIS CMG, and AHI multiangle data
(number > 7, WoD < 2).

Accumulation Data

Band Time Spans Dataset Number AFXmin AFXmax AFXmean AFXgq
POLDER 0.535 1.302 0.786 0.115

month MODIS CMG 126 0.344 1.523 0.815 0.175

Red AHI 0.476 1.646 0.838 0.190
- . MODISCMG 81 0.507 1.689 0.821 0.164

alf a mont AHI 0.426 2,072 0.874 0.305

daily AHI 1066 0.466 2222 0.803 0.139

POLDER 0.717 1.150 0.917 0.086

month MODIS CMG 126 0.717 1216 0.955 0.122

NIR AHI 0.426 1.681 0.948 0.159
MODIS CMG 0.621 1.244 0.972 0.131

half a month AHI 181 0.622 1.728 0.963 0.145

daily AHI 1066 0.698 1.759 0.963 0.111

Considering that an adequate amount of dataset for the AHI was obtained only on
the daily scale, BRDF archetypes were extracted from the 1066 sets of filtered high-quality
daily accumulated AHI multiangle data, as shown in Figure 11 and Table 8. There are four
and five archetypes in the red and NIR bands, respectively. Benefitting from the wide range
of AFXs, the daily accumulated AHI multiangle observations can capture BRDF shapes
that are dominated by geometric-optical scattering (AFX < 1.0) and volumetric scattering
(AFX > 1.0), which also demonstrates that the AHI can capture wide changes in reflectance
anisotropy. The number and range of archetypes are similar to those that are extracted
from the MODIS data [15], where six BRDF archetypes were obtained with AFXs ranging
0.382 to 1.946 in the red band and from 0.541 to 1.361 in the NIR band. Therefore, the AHI
accumulated multiangle data are promising as a new and essential BRDF source.

Red SZA=30° NIR SZA=30°
10| __jnitial BRFs 1.0 —initial BRFs
— normalized BRFs (class 1) — normalized BRFs(class 1)
08— class 2 1 08 —class 2 .
class 3 A t c:ass 2
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Figure 11. BRDF archetypes that were extracted from the 1066 sets of daily accumulated high-quality
AHI observations. (a) Red band. (b) NIR band.
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Table 8. AFX ranges for the BRDF archetypes that were derived from the 1066 sets of daily accumu-
lated high-quality multiangle observations.

Bands AFX Range Data Number AFXmean AFXgq
[0.466, 0.697] 191 0.640 0.047
[0.697,0.812] 432 0.753 0.032
Red [0.812, 0.997] 381 0.878 0.043
[0.997, 2.222] 70 1.148 0.189
[0.698, 0.840] 135 0.783 0.031
[0.840, 0.927] 264 0.889 0.024
NIR [0.927, 1.000] 278 0.961 0.021
[1.000, 1.102] 303 1.044 0.028
[1.102, 1.759] 94 1.173 0.083

4.2.3. Estimations of WSA and BSA

A comparison of BSA and WSA is shown in Figure 12 and Tables 9 and 10, which
were retrieved from the AHI- and MODIS CMG-accumulated observations during months,
half months, and one day at selected high-quality pixels with WoDs that were less than
2.0. Figure 12 shows comparisons of BSA and WSA between the half-month AHI and
MODIS CMG data, as well as the results between the daily and half-month AHI data.
Overall, the albedos agree with discrepancies less than 0.05, especially for the AHI data
that were accumulated in different time spans. Despite the larger differences in BRDF
shapes that are indicated by the AFX, as shown in Figure 10, the albedos present much
higher consistencies, which may be attributed to the smoothing effect of the integral
from bidirectional reflectances. However, the surface parameters that are highly sensitive
to specific angles, such as the clumping index (CI) [25,27,29,47,64], may attain larger
discrepancies between MODIS and AHI

Table 9 lists the statistics of the comparisons between AHI and MODIS for half-month
and monthly accumulated multiangle data. All the RMSEs are less than 0.02 and 0.05 in
the red and NIR bands, respectively, compared with MODIS, except BSA at an SZA of
60°. The discrepancies in WSA at the half-month scale are shown here in the red band
(RMSE = 0.018, bias = 0.004) and NIR band (RMSE = 0.033, bias = 0.016). These RMSEs have
exactly met the general absolute accuracy requirement [7] which shows that the estimated
albedos from the AHI data are comparable to the operational MODIS albedo product. The
generally good consistencies in albedo between the two sensors comply with the results in
a previous study [33] which shows the potential of albedo estimation from the AHI data. In
addition, most results from the half months attain slightly higher consistencies than those
under a monthly scale, which may be ascribed to the theoretically smaller BRDF change in
a shorter time span.

Figure 5 presents a similar angle distribution pattern among months for the AHI so it
is necessary to investigate the substitution among the massive time-series AHI data. The
albedo discrepancies for AHI data between the daily and half-month spans, as well as the
monthly spans, are listed in Table 10, and all the total RMSEs are less than 0.01 between the
daily and the half-month and monthly time spans in the red and NIR bands. Compared
with the results from longer spans (i.e., monthly), the albedos that were retrieved from
the daily data are more consistent with those from shorter spans (i.e., half-month) in the
red band (RMSE = 0.004, bias = 0.001) and NIR band (RMSE = 0.007, bias = 0.000). The
results that are associated with time spans may be attributed to the small change in the
SZA and surface dynamics over time during the day, and larger discrepancies are more
likely to appear over a longer time span. Therefore, when high-quality observations are
lacking due to cloud contamination and other undesirable atmospheric conditions, the
daily accumulated AHI data can be used to present BRDF changes from half a month to
a month.
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Figure 12. Comparisons of BSA and WSA that were retrieved from the AHI- and MODIS CMG-
accumulated observations during a day and half a month. (a,b) Comparisons of BSA that were
retrieved from MODIS and AHI in the red and NIR bands, respectively, and the colours indicate the
BSAs at different SZAs. (c,d) refer to similar results as (a,b) but for WSA. (e-h) refer to similar results
as (a—d) but for those retrieved from half-month and daily accumulated AHI data.
Table 9. Discrepancies in the retrieved albedos between the high-quality AHI and MODIS CMG
observations (number > 7, WoD < 2).
Band ‘iccumulation - Number — p BSAO  BSA15 BSA30 BSA 45 BSA 60  WSA
Time Spans of Pixels
RMSE 0.0152 0.0151 0.0151 0.0168 0.0242 0.0198
month 126 Bias —0.0024 —0.0021 —0.0011 0.0009 0.0048 0.0028
Red R? 0.93 0.93 0.93 0.92 0.86 0.90
RMSE 0.0157 0.0154 0.0149 0.0156 0.0223 0.0181
half a month 181 Bias —0.0033 —0.0029 —0.0016 0.0010 0.0061 0.0035
R2 0.92 0.92 0.93 0.92 0.87 0.90
RMSE 0.0340 0.0335 0.0325 0.0334 0.0433 0.0369
month 126 Bias 0.0101 0.0103 0.0110 0.0126 0.0157 0.0142
NIR R? 0.69 0.70 0.72 0.74 0.66 0.72
RMSE 0.0294 0.0290 0.0284 0.0296 0.0389 0.0330
half a month 181 Bias 0.0113 0.0115 0.0123 0.0139 0.0171 0.0156
R? 0.78 0.79 0.80 0.80 0.71 0.77

BSA_O refers to the BSA when the SZA is zero (nadir), and BSA_15, BSA_30, BSA_45, and BSA_60 refer to the
BSAs for SZAs of 15°, 30°, 45°, and 60°, respectively.
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Table 10. Discrepancies in the retrieved albedos between daily, half-month, and monthly accumulated
high-quality AHI observations (number > 7, WoD < 2).

Band Accumulation  Number Error BSA 0 BSA 15 BSA 30 BSA 45  BSA_60 WSA
Time Spans of Data
RMSE 0.0060 0.0057 0.0051 0.0044 0.0060 0.0048
month Bias ~0.0009  —0.0008  —0.0004 0.0003 0.0018 0.0010
Red R2 0.99 0.99 0.99 0.99 0.99 0.99
RMSE 0.0038 0.0036 0.0031 0.0030 0.0052 0.0038
half a month Bias ~0.0003  —0.0003  —0.0001 0.0003 0.0009 0.0006
1066 R2 0.99 0.99 1.00 1.00 0.99 0.99
RMSE 0.0098 0.0094 0.0082 0.0070 0.0101 0.0077
month Bias ~0.0004  —0.0003  —0.0002 0.0000 0.0005 0.0002
NIR R2 0.97 0.97 0.98 0.98 0.97 0.98
RMSE 0.0072 0.0069 0.0059 0.0054 0.0091 0.0066
half a month Bias ~0.0003  —0.0003  —0.0002 0.0000 0.0003 0.0001
R2 0.98 0.98 0.99 0.99 0.98 0.99

(a)

4.3. BRDF Information on AHI-like Daily Time-Series Nadir Observations for Maize

Based on the AHI-like daily time-series measurements of nadir surface reflectance
every 10 min for maize in the summer of 2020, as introduced in Section 2.4, we attempted
to preliminarily validate the BRDF changes in sensors onboard GEO satellites. Because
the observations over four days were collected over a month, highly similar results were
obtained. Consequently, the results for one day are presented here in Figure 13, which
refers to the results for the data that were collected on day 234 in 2020. Although large
SZAs can be obtained to 90° at dawn and twilight, only data with SZAs that were less
than 80° were used for analysis considering the potential issue of the Ross-Li model
regarding large angles [60,63]. The angle distribution of diurnal accumulations is shown
in Figure 13a, where arc-shaped solar angles can be observed with dense sampling due
to a continuous clear sky. The viewing zenith angle of 0° conforms to that of the AHI in
the nadir direction while there are few high-quality observations along the equator due
to undesirable atmospheric conditions. Similar to the AHI in Sections 4.1 and 4.2, this set
of field measurements did not capture observations near the hotspot direction and a total
of 75 sets of angles were collected by relatively complete time accumulations. The WoD
is 2.58, which indicates an acceptable quality of angle distribution, although it is slightly
more than the critical value of 2.0.
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Figure 13. BRDF variances of the AHI-like daily time-series field measurements of nadir surface
reflectances for maize. (a) The spatial distribution of the accumulated sun-viewing angles. (b,c) refers
to the comparisons of reflectances between the observed and RTLSR_C-fitted values in the red and
NIR bands, respectively.
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Comparisons between the observed and RTLSR_C-retrieved reflectances are shown in
Figure 13b,c. Generally, good agreement can be seen in both the red and NIR bands, with
RMSEs of 0.0042 and 0.0368, respectively. The biases are close to 0.0. The good performance
of the RTLSR_C inversion for the AHI-like measurements also demonstrates the validity of
the BRDF information that was retrieved from the AHI data.

5. Discussion

Over past decades, multiangle observations that were acquired by MODIS, POLDER,
and other radiometers onboard LEO satellites have been widely used to produce routine
BRDF products and validate models, where data at different viewing angles and solar
angles with consistent overpass times during a day can be collected. Moreover, as another
essential observation mode, sensors onboard GEO satellites, can monitor the Earth every
few to dozens of minutes which can capture the change in the diurnal surface bidirectional
reflectances along with solar angles at a high temporal resolution. With the increasing
application of retrieving surface parameters that are based on these GEO satellites, there
is an urgent need to comprehensively investigate their BRDF patterns as a foundation for
subsequent parameter retrievals.

Thus, 10-min AHI diurnal time-series observations (0.05°, ~5.2 km) at the same loca-
tions and seasons in 2020 as POLDER homogeneous snow-free pixels in 2008 (~6.2 km) [24]
were collected and screened by the observation scope and cloud and aerosol conditions.
These selected pixels are widely distributed in the AHI scope, covering various vegetation
and soil types across four seasons. Here, the monthly collected POLDER data acted as
reference data for their acknowledged sufficient angle sampling [20]. Considering that
the AHI data that were released since July 2015 cannot be directly compared with the
POLDER data in 2008, concurrent MODIS CMG multiangle observations in 2020 (0.05°,
~5.2 km) were also used for cross comparison. First, AHI BRDF information at a typical
vegetation pixel was investigated and compared with those for POLDER and MODIS,
including the angle distribution patterns, BRDF fittings, and albedo estimations that were
retrieved from the hotspot-corrected kernel-driven RTLSR_C model. Then, comparisons for
all the selected high-quality AHI data were performed for a comprehensive analysis at the
daily, half-month, and monthly scales, and the BRDF archetypes were extracted to explore
their dominant BRDF change. Finally, the AHI-like daily time-series nadir measurements
for maize were also used for auxiliary validation, where the angle distribution and BRDF
fitting were investigated.

Our main findings indicate that the accumulated AHI multiangle data can capture a
wide BRDF change, achieving good consistency in BRDF and albedo estimations with those
of MODIS. Due to intensive observation, diurnal multiangle data with wide solar angles can
be obtained for the AHI which is difficult for MODIS due to only two passes during the day.
After removing data that were obtained in undesirable cloud and atmospheric conditions,
only seven high-quality observations were obtained on average, which can exactly meet
the full-inversion requirements of the Ross-Li model [7]. Notably, these AHI observations
show similar angle distributions between different days of a month due to slow changes in
solar angles. Similar to MODIS [16], the AHI cannot capture hotspot observations well, and,
therefore, their reconstruction is highly dependent on the BRDF models with a good ability
in hotspot modelling (e.g., the RTLSR_C model). By using the angle indicator WoD, sun-
viewing geometries for partial daily accumulated AHI data attain undesirable quality and
most AHI data at the half-month and month scales present acceptable angle quality. The
wide range of AFX and BRDF archetypes indicates that the AHI can capture broad BRDF
changes, although with constant viewing angles. The overall good consistency, especially
for fiso, leads to more consistent WSA and BSA retrievals between AHI and MODIS at the
half-month and monthly scales, which may also be ascribed to their comparable angle
patterns by considering the reciprocal property of the Ross-Li model [62]. The results
agree with the validation in shortwave albedo estimations in a previous study [33] and
angle combination quality is recommended to be considered in future work. Particularly,
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small discrepancies for the AHI data that were accumulated between different time spans
present coincident BRDF and albedo estimations from similar angle patterns. In addition,
reductions in averaged BSAs and WSAs that were retrieved from the AHI data in summer
compared with spring and autumn complies with a previous study [63], and BSAs increase
as SZA increases. These phenomena indicate the AHI data can capture the general seasonal
pattern of surface albedo.

Some potential limitations need to be discussed in this study. In terms of the accu-
mulated sun-viewing geometries, the AHI can rarely capture observations directly along
the principal plane, which always presents the most significant anisotropy [5], similar to
MODIS [65], and observations along the cross-principal plane generally show a Lambertian
reflectance with subtle anisotropy [66]. Subsequently, a certain amount of data may retrieve
dominantly isotropic scattering without reflectance anisotropy, as described in Section 4.1,
which does not accord with the actual conditions with a nonnegligible BRDF effect. In
this study, the solar and viewing zenith angles are within a common range for these selected
high-quality AHI data (SZA < 75°, VZA < 66.1°), while BRDF reconstruction at large zenith
angles within the whole effective observation scope (75° < SZA < 90°,75° < VZA < 84.5°) is
a challenge for the Ross-Li model [60,63]. It should be noted that the reciprocity still yields
failure over heterogeneous land surfaces, and thus can be negligible at the scale of remote
sensing pixels [62,67,68]. Meanwhile, a dismatch of the spatial resolution between POLDER
(~6.2 km) and the other two sensors (i.e., MODIS and AHI, ~5.2 km) needs to be noted, and
homogeneous POLDER pixels and larger representative areas of MODIS and AHI pixels
will reduce the influence that is induced by the scale differences. The POLDER data are
mainly used to compare angle distributions, and only BRDF and albedo consistencies at
MODIS and AHI pixels were investigated at the same spatial resolutions. In addition, the
differences in the spectral responses of the three sensors in the red band should also be
noted, although the central wavelengths are very close between MODIS and AHIL

This study illustrates and quantifies the pattern of sun-viewing geometries and the
variability in the retrieved BRDF indicators and the subsequent albedos for the AHI,
which reveals the potential of multiangle information from sensors onboard GEO satellites.
According to the good consistency of the angle distribution and the BRDF and albedo
retrievals for the AHI pixels during a month, angle combinations for multiple days at
different diurnal local times are recommended to derive BRDF variances more accurately
under the assumption of their subtle changes during a month [20,22]. Snow pixels that
are mainly spread across the two poles in POLDER were not included in this study and
are beyond the scope of the AHI, and the BRDF property needs to be investigated in the
future based on observations in medium-low latitudes. In addition, this study focuses on a
coarse spatial resolution of 0.05° considering the inter-comparison with the high-quality
POLDER multiangle dataset [20] and the BRDF information in the AHI data at a finer
spatial resolution should be further investigated. Inter-comparisons between the AHI and
the successor of MODIS (i.e., Visible Infrared Imaging Radiometer Suite (VIIRS)) [69] also
need be explored.

6. Conclusions

The intrinsic BRDF characteristic lays a foundation for wide applications that are asso-
ciated with surface reflectance in quantitative remote sensing. Previous BRDF studies have
mostly focused on LEO satellites and only a few results on multiangle information from
GEQO satellites have been reported. In this study, the onboard GEO satellite Himawari-8
AHI was taken as an example, for which a series of BRDF indicators and albedo retrievals
were derived to evaluate the underlying BRDF information through the hotspot-revised
kernel-driven RTLSR_C model. The GEO-LEO inter-comparisons were performed at a
monthly scale between the AHI-, MODIS-, and POLDER-accumulated multiangle obser-
vations at a coarse spatial resolution of 0.05° over various land types and seasons, and
concurrent AHI and MODIS data were also compared at a half-month scale. The results
show that the AHI can attain much more clear-sky multiangle data than those of MODIS
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and even of POLDER, and an arc or straight line in the solar angle pattern with hardly any
hotspot directions can be seen in summer and winter, respectively. Moreover, both the total
observation number and angle symmetry about the viewing plane impact the quality of
the AHI angle distribution, and accurate reflectance fittings (i.e., fit-RMSEs < 0.01) were
reconstructed by the RTLSR_C model in both the red and NIR bands for well-distributed
observations (i.e., WoD < 2.0). The derived BRDF parameters of the AHI are generally
consistent with those from MODIS, especially for fis,. A total of four and five dominant
BRDF archetypes were extracted from a wide range of AFXs for the AHI in the red and
NIR bands, respectively. Particularly, the results at daily and monthly scales express a
significantly high consistency, which may be attributed to the tiny variance in the angle
distribution during a month. Similarly, the derived albedos also show agreement between
the AHI and MODIS, with WSA RMSEs at the half-month scale of 0.018 and 0.033 in the red
and NIR bands, respectively, as well as much smaller RMSEs of 0.004 and 0.007 between
the half-month and daily scales for the AHI, respectively.

This study provides an overview of BRDF variances in the AHI, and their good
consistency with those of MODIS shows the promising potential of BRDF data sources from
sensors onboard GEO satellites. In particular, the AHI observations present a similar angle
pattern with that from MODIS, and the angle indicator WoD is recommended to select high-
quality angle combinations instead of simply and crudely employing all time accumulated
observations. Meanwhile, the results provide evidence for the potential of retrieving albedo
based on AHI multiangle observations as implemented in previous studies, and albedos
that are retrieved from different days in a month can act as alternatives for each other
to handle a lack of data for AHI and even for MODIS. Considering the AHI’s ability in
capturing BRDF information, new methods for retrieving more surface parameters that are
sensitive to reflectance anisotropy can be developed. The AHI and MODIS observations
as well as the VIIRS data may be fused to improve current albedo product accuracy
considering their complementarity in temporal resolution and sun-viewing geometries.
In addition, BRDF and albedo change from the AHI data at finer spatial resolutions (e.g.,
500 m and 1 km), intraday and seasonal scales, and terrain regions [70] also need to be
further investigated.
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Appendix A

Some variables and statistical parameters of comparison discrepancies in the eval-
uation are shown as follows. First, formulas of the hotspot revised volumetric scatter-
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ing kernel (i.e., RossThick-Chen, Krrc) [16] and geometric-optical scattering kernel (i.e.,
LiSparseReciprocal-Chen, Ky src) [53] are shown in Equations (A1)—(A9). The term 1 + C;
exp (—¢&/Cy) is the so-called hotspot function that are previously suggested by Chen and
Cihlar [35] to represent a simplified version of the hotspot effect in the four-scale model,
where C; and C; are two adjustable hotspot parameters that modify the height and width
of the original shape of the two scattering kernels. Observations at phase angles & < 5° in
Equation (2) with respect to a specific SZA are usually used as hotspot data. In addition, h
is the mean height from the center of the crown to the ground, and b and r are the mean
vertical half-axis and mean horizontal radius, respectively, of the modelled ellipsoid crown.
Therefore, h/b and b/r represent the shape and relative height, respectively, of the crown.
In general, h/b and b/r are set to values of 2 and 1, respectively.

BSA and WSA are integrals of directional reflectances over only the reflected hemi-
sphere or bi-hemisphere as given in Equations (A1) and (A2), where R, angles (i.e., 65, 0,
and ¢), and band A are the same as Equation (1) in the main text. Then, AFX is defined as
the ratio of WSA to fs, as shown in Equation (A3). The statistical parameters of RMSE, Bias
and R? in Equations (A4)-(A6) were used to measure discrepancies between reference data
x and comparative data y. In addition, the abbreviations used in this study are listed in
Table Al.
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BRDF Bidirectional Reflectance Distribution Function
BRF Bidirectional Reflectance Factor
BSA Black Sky Albedo
CDR Climate Data Records
CI Clumping Index
CMG Climate Modelling Grid
ECV Essential Climate Variable
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ISODATA Iterative Self Organizing Data Analysis Technique Algorithm
JAXA Japan Aerospace Exploration Agency
JIMA Japan Meteorological Agency
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