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Abstract: Measurements of solar radiation reflected from Earth’s surface are the basis for calculating
albedo, vegetation indices, and other terrestrial attributes. However, the “bi-directional” geometry of
illumination and viewing (i.e., the Bi-directional Reflectance Distribution Function (BRDF)) impacts
reflectance and all variables derived or estimated based on these data. The recently released MODIS
BRDEF/ Albedo Model Parameters (MCD43A1 Collection 6) dataset enables retrieval of directional
reflectance at arbitrary solar and viewing angles, potentially increasing precision and comparability
of data collected under different illumination and observation geometries. We quantified the ability
of MCD43A1 Collection 6 for retrieving directional reflectance and compared the daily Collection 6
retrievals to those of MCD43A1 Collection 5, which are retrieved on an eight-day basis. Correcting
MODIS-based estimates of surface reflectance from the illumination and viewing geometry of the
Terra satellite (MOD09GA) to that of the MODIS Aqua (MYD09GA) overpass, as well as MCD43A4
Collection 6 and Landsat-5 TM images show that the BRDF correction of MCD43A1 Collection
6 results in greater consistency among datasets, with higher R? (0.63-0.955), regression slopes
closer to unity (0.718-0.955), lower root mean squared difference (RMSD) (0.422-3.142), and lower
mean absolute error (MAE) (0.282-1.735) compared to the Collection 5 data. Smaller levels of
noise (observed as high-frequency variability within the time series) in MCD43A1 Collection 6 in
comparison to Collection 5 corroborates the improvement of BRDF parameters time series. These
results corroborates that the daily MCD43A1 Collection 6 product represents the anisotropy of surface
features and results in more precise directional reflectance derivation at any solar and viewing
geometry than did the previous Collection 5.

Keywords: directional reflectance; BRDF correction; Moderate Resolution Imaging Spectroradiometer
(MODIS); MCD43A1 Collection 6

1. Introduction

Reflection of solar radiation from complex surfaces varies with the directions of incoming and
outgoing energy. Characterized by the bi-directional reflectance distribution function (BRDF) [1],
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this anisotropy effects the estimates of surface and top-of-atmosphere (TOA) reflectance, as well as all
derived variables and their interpretation [2]. The effect is particularly severe for sensors with wide
viewing swaths—including the MODIS sensor, which has a viewing swath of 2330 km.

A semi-empirical BRDF model is implemented in the standard MODIS BRDF/ Albedo (MCD43)
data product [3]. The model, originally proposed by Roujean, Leroy, and Deschamps [4] and later
modified to account for the “hot spot” and other processes [3], is a linear model with two functions
(i-e., kernels) and three parameters (i.e., kernel weights). The formulation of the kernels used to produce
the MCD43 product were developed by Ross (1981) (i.e., “Ross—thick”) and by Li and Strahler (1992)
(“Li—sparse”) [3,5].

The Ross-Li model estimates reflectance (p) as the sum of three terms [6]:

P(GS/ 0y, 47) =ko+kiF (951 0, 47) + kze(GSI 0, Qb) 1)

where F; and F, are analytical kernel functions of the solar or illumination angle (6s), relative
azimuth (¢), and viewing angle (6,), and k; are kernel weights. The first, isotropic term kg represents
bidirectional reflectance for 65 = 6, = 0. The second k; x F; and the third terms k, x F; represent the
volumetric and geometric scattering contributions to the surface reflectance, respectively.

The MODIS BRDF/Albedo Model Parameters (MCD43A1) data are estimates of the
Ross—Thick/Li—Sparse-Reciprocal spectral model parameters (k; of Equation (1)) that best fit the
cloud-free, atmospherically-corrected MODIS Terra and Aqua reflectance values observed at each
pixel location over a 16-day period [7]. Operational since 2001, Collection 5 of the dataset is retrieved
every eight days. Collection 6 of the MCD43A1 dataset, now being distributed, is retrieved daily and
represents the best-fit BRDF based on a 16-day observation period [8]. Unlike MCD43A1 Collection
5, in which the nominal date represents the first day of the retrieval period, the date associated with
daily Collection 6 retrieval is the center of the moving 16-day input window.

Collection 5 of the MODIS MCD43A1 dataset has been validated using ground measurements and
images from the Enhanced Thematic Mapper Plus (ETM+) sensor aboard Landsat-7 [9]. Jin et al.
examined the MODIS BRDF algorithm performance using the product quality assurance (QA)
fields and compared retrieved albedos with those observed at ground stations [10]. Roman et al.
validated satellite retrievals from global land-surface albedo and reflectance anisotropy products
against tower-based measurements and Enhanced Thematic Mapper Plus (ETM+) retrievals of surface
albedo [11,12]. Wang et al. assessed the MODIS standard Bidirectional Reflectance Distribution
Function (BRDF)/Albedo product over tundra, grassland, agriculture, and forest surface types using
ground-based albedo measurements [13,14].

Confident use of the new Collection 6 MODIS BRDF parameters dataset for Earth-science
investigation requires independent validation of the dataset and an assessment of its ability to serve
retrieval of higher-level surface attributes. Although directional reflectance is difficult to measure at
ground stations, evaluating MODIS BRDF parameters and their impact on estimation of directional
reflectance will improve consistency of satellite measurements over time, over large areas, and between
sensors, and information which is needed to precisely calculate vegetation and other indices affected
by reflectance anisotropy [15].

This paper evaluates the quality of MCD43A1 Collection 6 by using it to generate BRDF-corrected
MODIS directional reflectance and compares the resulting estimates to nearly coincident MODIS and
Landsat TM observations compared to Collection 5. High-frequency noise in time-series directional of
directional reflectance based on MCD431A1 Collection 6 and Collection 5 were compared to assess the
improvement of MCD431A1 Collection 6 to represent land surface phenology.
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2. Methods
2.1. Data

2.1.1. MODIS Data

The MODIS Daily Surface Reflectance data products from the Aqua satellite (MYD09GA) and
Terra satellite (MOD09GA) are seven-band datasets computed from the MODIS Level 1B land bands,
1 through 7. Corrected for the effects of atmospheric gases and aerosols, each product is an estimate
of the surface reflectance for each band as it would have been measured at ground level with no
atmospheric scattering or absorption [16]. Terra and Aqua are in sun-synchronous orbits; the Terra
(formally EOS AM) spacecraft crosses the equator at 10:30 a.m. local time (descending node), and
Aqua (formally EOS PM) crosses at 1:30 p.m. local time (ascending node), thereby providing two
views with different sun-target-sensor geometries of each location daily [17].

The MODIS Bidirectional Reflectance Distribution Function and Albedo (BRDF/Albedo) Model
Parameters dataset (MCD43A1 Collection 6) is a 500-m, daily resolution dataset. The Julian date in
the granule ID of each file represents the 9th day of its 16 day retrieval period, with the observations
weighted to estimate the BRDF and albedo for that day. The MCD43A1 provides the three model
weighting parameters (ko, k; and k; in Equation (1)) for each of the visible (VIS), near infrared (NIR),
and shortwave bands—i.e., bands 1-7 [16]. Collection 5 of the MCD43A1 dataset is retrieved every
eight days within a 16-day acquisition period, and Collection 6 is retrieved daily. The MODIS Nadir
BRDF-Adjusted Reflectance (NBAR) data product (MCD43A4 Collection 6) provides estimates of
surface reflectance corrected to nadir viewing angle for the seven MODIS “land” bands at 500-m
spatial resolution [7,18]. The estimates are corrected to an illumination angle of local solar noon, which
varies in space and time. Comparing surface reflectance throughout the year or over large spatial
scales requires correcting the estimates to the same illumination and viewing geometries [19,20], which
limits the application of MCD43A4 for the time series analysis and comparisons over large regions.

2.1.2. Landsat Data

A Landsat-5 Thematic Mapper (TM) image from WRS-2 Path25/Row34 and date 25 August 2010
was processed through the Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS,
version 1.2.0) to compensate for atmospheric scattering and absorption effects [21] and then used to
assess the utility of MCD43A1 BRDF parameters for estimating directional reflectance at its illumination
and viewing angles. The respective MODIS bands have similar spectral response functions and are
highly correlated with the six Landsat multispectral measurements [22] (Table 1). Terra and Landsat-7
are in the same orbit, with nadir observations by Terra MODIS occurring approximately 15 min after
Landsat-7 ETM+ observations. However, the orbit of Landsat-5 differs from MODIS Terra [21]. Thus,
whereas Landsat-7 ETM+ has similar solar and view geometry as coincident MODIS observations
(e.g., MODO09GA), there is a larger difference in solar and view zenith angles between Terra MODIS
and Landsat-5 TM.

Table 1. Bands information comparison of MODIS and Landsat.

MODIS ™ Landsat-7 ETM+
Band MODIS Band Bandwidth Landsat-5 TM Bandwidth ETM+ Bandwidth
R 1(B1) 620-670 3 630-690 3 630-690
NIR 2(B2) 841-876 4 760-900 4 780-900
B 3(B3) 459-479 1 450-520 1 450-520
G 4(B4) 545-565 2 520-600 2 530-610
SWIR1 6(B6) 1628-1652 5 1550-1750 5 1550-1750
SWIR2 7(B7) 2105-2155 7 2080-2350 7 2090-2350
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2.2. Analysis

2.2.1. BRDF Correction

We normalized the MODIS surface reflectance (MOD09) bands (pN ) to the observation geometry
derived from reference data (e.g., MYD09GA, Landsat-5, or MCD43A4) using the c-factor approach [23],
by multiplying the observed reflectance (p) by the ratio between normalized reflectance based on the
MCD43A1 parameters and reflectance modeled using observed viewing, illuminating and azimuthal
angles. The normalized reflectance, oV, was therefore computed as:

p(GSOI Gvo/ fpo) = kO + k1F1 (6501 61)0/ ‘Po) + k2F2 (Gso/ 61}0/ (Po) (2)

o~ (Bsp, Oop, Pp) = ko + k1 F1 (sp, Oop, ¢p) + kaFa(Bsp, Oop, ¢p) @)

kO + lel (Gsp/ va/ (Pp) =+ kZFZ(Gsp/ va/ (Pp)
kO + lel (950/ 9001 470) + kZFZ(Gso/ 9210/ ¢o)

where p is the observed reflectance, and pN is the normalized reflectance, i.e., after correction for

PN(GSPI var(Pp) = p(GSOI Bvo, (Po) 4)

directional effects. 85, 640, and ¢, are the sun zenith, view zenith, and relative azimuth angles from
the observed geometry, respectively; 0sp, 0yp, and ¢, are sun zenith, view zenith, and relative azimuth
angles from the predicted geometry. The isotropic term ko, volumetric term k; and geometric term
ky can be acquired from MCD43A1 product. Only the high-quality parameters (labeled as “Full
BRDF inversion” (value: 0) in the BRDF_Albedo_Band_Mandatory_Quality_Band layer for each
band [16]) were used in the correction. Following correction, we extracted the—band 1 through 7
surface reflectance, viewing, and illumination angles, and the quality index from the daily MOD09GA
and discarded observations based on the threshold values for cloud state and aerosol quantity or
acquisition geometry shown in Table 2 [24].

Table 2. Threshold values used to filter the input data.

Quality Index Threshold
Land/water flag land
View angle (°) <70
Sun zenith angle <70
Aerosol quantity low
Observation coverage (%) >5
Pixel adjacent to cloud No
Internal cloud algorithm No cloud
Cirrus detected None
Cloud shadow No
Cloud state Clear

2.2.2. Assessment of Directional Reflectance Estimates

To compare the utility of the MCD43A1 Collection 5 versus Collection 6 datasets for estimating
directional reflectance, Equation (4) was applied to MODO09GA using the viewing and illumination
angles from nearly coincident MYDO9GA, MCD43A4 Collection 6, and Landsat-5 TM images.
The coefficient of determination (R?), mean absolute error (MAE), and root mean squared difference
(RMSD) [25] were then used to quantify the agreement between the corrected directional reflectance
derived from MCD43A1 Collection 6 and Collection 5 and the coincident estimates from MYDO9GA
and Landsat TM.

Equation (4) was applied to correct MODGA SR to the solar and view geometry of MYD09GA,
using parameters from MCD43A1 Collection 6 and Collection 5, and the resulting estimates were
compared. Only high-quality pixels from MOD09GA and MYD09GA were used, as identified by the
QA layer (Table 3) from MODO09GA and MYDO09GA. MODO09GA was also corrected to nadir viewing
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and solar zenith angle at local solar noon to evaluate the consistency of MCD43A1 Collection 6 with
NBAR data (MCD43A4 Collection 6).

Table 3. The results of corrected reflectance noises of the typical illumination and observation
geometry for four different types of land cover samples (correction 1 based on MCD43A1 Collection 5,
and correction 2 based on MCD43A1 Collection 6).

. Band 1 Band 2
Location
Land Type (Lat/Lon) Google Map Data
Noise NoiseR (%) Noise NoiseR (%)
MODO09GA 135.669 42.33 522.016 24.19
Evergreen 30.309°N/
forest 83.972°W Correctionl 69.082 20.05 170.065 7.93
Correction2 47.484 18.48 134.952 7.44
MODO09GA 151.703 43.34 727.333 29.54
Deciduous 32.521°N/ )
forest 90.647°W Correction] ~ 47.629 20.04 152.969 6.71
Correction2 38.955 13.01 137.455 5.46
MODO09GA 304.480 22.88 529.426 20.27
Farmland 38.895°N/ ;
a 99 949°W Correctionl 133.383 11.14 210.133 8.59
Correction2 132.603 11.07 203.796 8.46
MODO09GA 299.887 26.29 469.396 21.49
Grassland 39.821°N/ ;
SS. 102.27°W Correctionl 79.168 6.8 112.152 5.47
Correction2 64.347 6.26 97.115 4.85

A Landsat-5 image acquired on the same date as MOD09GA data was used as standard to
compare the performance of the two MCD43A1 collections. To maximize comparability, the Landsat
image was aggregated with the MODIS projection and pixel footprint, and samples were taken from
spatially-homogeneous regions of the overlapping images. The range of values was calculated as the
difference within the 9 MODIS pixels in the 3 x 3 window centered in each MODIS pixel, and the same
was done for each Landsat pixel within the neighborhood. The focal MODIS pixels with both ranges
<0.03 were assumed to be homogeneous and fit for analysis [26]. To minimize the impact of cloud
movement between Landsat and MODIS acquisitions, cloud and shadow pixels from either MODIS or
Landsat were excluded from the sample.

MCD43A1 Collections 5 and 6 parameters were applied to time-series of MOD0O9GA to assess
the performance of BRDF correction using high-frequency variation as a criterion. MOD09GA were
corrected to a typical illumination and observation geometry for space-borne remote sensing: with
the sun at 45° from zenith and nadir viewing. For daily MODO09GA, the contaminated pixels over
365 days were filtered as described in Section 2.2.1, and MODO09GA were corrected to the standard
geometry. We quantified noise (the high-frequency variability within the time series) as the difference
between the center observation from a triplet of successive observations (i, i + 1 and i + 2) and the
estimated value assuming a linear interpolation between the two extremes [24,27]:

n—2 o 2
42 (Yit1 — %(dwm —day;) —y;)
Noise(y) = \| = N3 ©)
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where y; represents the observed reflectance in a given day (i, i + 1, or i + 2). This index of noise
increases with the mean of the observations; to compare noise among features with different average
reflectance values, we also calculated a relative index of noise as:

Ay 2
1 =2\ yir1 — (gay ey (dayien — day;) — ;)
NoiseR(y) = —— b2~ PAi 6
W) === l; i ©)

Absolute and relative noise metrics were calculated for the year 2015 in four land cover types
(evergreen forest, deciduous forest, farmland and grassland) in MODIS Tile h10v05, corrected to the
standard geometry for MODIS bands 1 and 2 using MCD43A1 Collection 6 and Collection 5 parameters.

3. Results

3.1. Comparison of MODIS Directional Reflectance Estimates

Correlation between the original estimates of directional reflectance from MODIS Terra and Aqua
(MODO09GA and MYDO09GA, respectively) (Figure 1a) was weak in every band. Regression slopes
ranged from 0.661 and 1.198, and R? < 0.8 in each band, except for NIR. MAE ranged from 1.341 to
2.515 and increased with wavelength.

BRDF correction increased the correlation between Terra and Aqua estimates of directional
reflectance, suggesting that this portion of the deviation was due to BRDF effects (Figure 2).
MODO09GA estimates of surface reflectance had higher correlation with the MYDO09GA (Figure 1c)
after BRDF-correction based on MCD43A1 Collection 6 parameters, with regression slopes > 0.9 and
R? > 0.8 in all bands. RMSD and MAE were reduced by 42%. However, correction based on Collection
5 of the MCD43A1 parameters yielded weaker consistency between the sensors, with slopes further
from unity, lower R?2, and reductions of RMSD and MAE 31% lower than that of the result derived
from of the Collection 6 parameters (Figure 1b).
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Figure 1. Density plots of MYDO09GA SR relative to: (a) original MOD09GA SR; (b) corrected MOD09GA
Collection 5 SR; and (c) corrected MOD09GA Collection 6 SR.
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Figure 2. (a-d) Solar and view zenith angle differences across MODIS Tile h10v05 on 9 June 2015.
(a,b): solar and view zenith angle for MODIS Terra observation; (c,d): for MODIS Aqua observation.

The corrected MODO9GA and corresponding NBAR estimates of directional reflectance
(MCD43A4 Collection 6) were highly correlated (Figure 3), with R? > 0.9 for all six bands and slopes
~ 1.0. RMSD between corrected MOD09GA and MCD43A4 ranged from 0.422 to 1.269 percentage
points of reflectance, and MAE ranged from 0.282 to 0.921 percentage points. Additionally, the spread
of this comparison was narrower than the result from MODIS Terra-Aqua data (Figure 1b,c), with the
slopes of closer 1:1, higher R? and lower RMSD and MAE. This is likely explained by the fact that
MCD43A4 represented a 16-day average reflectance, and MCD43A1 parameters were fitted from
the observed data during the 16-day period, while MOD09GA /MYDO09GA directional reflectance is
an instantaneous product.
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Figure 3. Density plots comparing MCD43A4 Collection 6 and corrected MODO09GA using MCD43A1
Collection 6.
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3.2. Comparison of MODIS to Landsat Directional Reflectance

Large differences were evident between estimates of surface reflectance from Terra MODIS and
coincident Landsat-5 TM measurements (Figure 4a). RMSD between the MOD09GA estimates and
the aggregated Landsat-5 TM estimates ranged from 3.499 to 9.561. MAE ranged from 3.119 to 8.901,
and R? < 0.5 for each band. The differences between the two sets of estimates were likely due to
differences in solar geometry: the solar zenith angle of the TM image was 34.69°, and the view zenith
angle was ~0° across the narrow (~185-km) swath, while the corresponding solar zenith angles across
the MODIS image varied between 27° and 37°, with view zenith angles > 50°.

After BRDF correction, consistency of Landsat-5 TM and MOD(09GA was greatly increased
(Figure 4b,c). Regression slopes were closer to unity in each band, except for SWIR2 (Figure 4c).
Compared to the original MOD0O9GA result, RMSD and MAE values for each of the six bands
were reduced by 67%, and the largest RMSD and MAE was 3.142 and 1.6. These were lower
than the minimum values (3.499 RMSD and 3.119 MAE) found in the comparison of the original,
uncorrected MODO09GA.

BRDF correction using MCD43A1 Collection 6 eliminated much of the observed differences.
Although the corrected MODO09GA using MCD43A1 Collection 5 had similar linear correlations
with lower R? and greater RMSD and MAE decreased by 59% (Figure 4b), the relationship based
on the MCD43A1 Collection 6 was more strongly linear in terms of slope, R>, RMSD, and MAE
(Figure 4c). However, the difference between MODIS- and Landsat-based estimates of surface
reflectance were larger compared to the MODIS Terra-Aqua comparison, in which R? > 0.8 for each
band (Figure 1b,c). This is likely due to differences between sensors’ spectral responses and different
orbits [26]. Additionally, there were still some discrepancies in comparison to Landsat-5 TM SR,
particularly for two MODIS SWIR bands (0.63 and 0.334 for R? values, respectively). Due to the
wavelength differences between Landsat-5 and MODIS bands (Table 1), MODIS and TM bands do
not have the exact same spectral response functions, which are likely source of the SR differences [28].
There was also an large unexplained deviation for the MODIS SWIR2 band.
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Figure 4. Density plots of comparisons between coarsened Landsat-5 TM and original MOD09GA SR
(a); corrected MODO09GA SR using MCD43A1 Collection 5 (b); and Collection 6 (c).

3.3. Analysis of Time-Serial MCD43A1

The MCD43A1 Collection 5 parameters showed significant high-frequency variability, beyond
what would be expected within any 16-day period [29]. After calibration, MCD43A1 Collection 6
parameters were more continuous than either the uncalibrated time series or the Collection 5 MCD43A1
(Figure 5). The two versions of BRDF parameters significantly reduced the high-frequency noise in
the estimates of directional reflectance (Figure 6). After BRDF correction, temporal signatures that
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were undistinguishable from noise in the original MOD09GA time series became discernible. When
comparing estimates derived from MCD43A1 Collection 5, directional reflectance from MCD43A1
Collection 6 showed modest improvement, although there was a large improvement of BRDF
parameters—indicating that variability in the MCD43A1 parameters do not have a discernable
impact on the reflectance time series. These probably result from many factors, including undetected
shadow or errors in atmospheric correction, measurement noise, or non-linear reflectance temporal
variations [30].

Noise in time-series of directional reflectance derived from two corrections was significantly
lower than original MODOOQ9GA (Table 3). The directional reflectance from MCD43A1 Collection 6
changed more steadily (Figure 6), and the NoiseR decreased by nearly 63% for the red band and 73%
for the NIR band, while the corresponding values for MCD43A1 Collection 5 correction were 56% and
65%, respectively.
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Figure 5. The variation of isotropic (kg), volumetric (k;) and geometric (k;) BRDF parameters of red
and NIR bands for a deciduous forest sample (Time: 2015; Location: 32.521°, —90.647°).
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Figure 6. Plot of time-series of MODIS SR change for MODIS red and NIR bands for the deciduous
forest sample (correction 1 with MCD43A1 Collection 5; correction 2 with MCD43A1 Collection 6;
and data information correspond to Figure 5).

4. Discussion

4.1. The Value of Directional Reflectance Correction

The ability to retrieve directional reflectance at arbitrary geometries has several potential
applications [31-35]. BRDF-related spectral variations over time are often confused with land-cover
change [7], with biases introduced by such inappropriate data fusion potentially exceeding minimum
sensitivity levels of climate models [2,36]. These effects can be pronounced [37,38] in data based
on measurements from wide-angle sensors, such as the NOAA Advanced Very High Resolution
Radiometer (AVHRR), MODIS, the Multi-angle Imaging Spectroradiometer (MISR), the Polarization
and Directionality of Earth Reflectance (POLDER) sensor, and the recent Visible Infrared Imaging
Radiometer Suite (VIIRS). BRDF effects have even been found in imagery collected by narrower-swath,
medium -resolution sensors such as Landsat and Systeme Probatoire d'Observation de la Terre
(SPOT) [39]. After correcting multi-source and/or time-serial data to consistent illumination and
viewing geometries, these effects could be minimized, and spectral variations can be better assumed to
reflect real changes in surface properties [40]. Furthermore, if directional reflectance can be derived
from coarse, medium- and higher-resolution sensors, their increased comparability could result in
fusion of multi-temporal and multi-resolution data [23], further facilitating long-term monitoring of
land-cover change [41,42].
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4.2. Variability of the MCD43A1 Product

Even after the correction parameters were derived from the full BRDF inversions, some differences
were still apparent between corrected MOD09GA and MYDO0O9GA. A systematic under-estimation
was visible as regression slopes < 1.0 in all bands except NIR (Figure 1c), and is likely to be caused
by three factors. First, for some observation geometry configurations, F; and F, (Equation (1)) are
highly uncorrelated, which make the inversion of their respective parameters poorly constrained [8].
Second, the MODIS BRDF parameters (MOD43A1 Collection 6) are fitted from the observed data
during a 16-day period, whereas MYD0O9GA directional reflectance is an instantaneous product [9].
Third, the difference between the two estimates could have resulted from small changes in surface
features during the time difference of satellite overpassing (10:30 a.m. and 1:30 p.m., respectively) [43].
Therefore, to thoroughly estimate the quality of the MCD43A1 product for directional surfaces, the
factors that cause low-quality magnitude inversions [16] should be taken into account and validation
on the larger continental and global scales is needed in the future validation research.

The scattering properties of electromagnetic radiation vary across wavelengths, and so the BRDF
effect responds differently to the surface reflectance of every band. RMSD values varied from 0.644 to
2.029 among the six bands (Figure 1). If anisotropy is equal between bands, Normalized Difference
Vegetation Index (NDVI, a ratio index between two bands) will not change regardless of BRDF
correction. Yet, compared to the original NDVI (Figure 7a), the correlation of the corrected result
using MCD43A1 Collection 6 (Figure 7c) increased from 0.883 to 0.937, and the slope (0.992) was
closer to 1. The RMSD value was reduced by 40%, demonstrating the disproportional BRDF effects
on different bands [44,45]. Compared to the corrected MODO9GA result with MCD43A1 Collection
5 (Figure 7b), the spread of the Collection 6 result was narrower, with higher R? and lower RMSD
and MAE, demonstrating the improvement of MCD43A1 Collection 6 over Collection 5. Moreover,
it is important to note that BRDF correction improves the precision of even of ratio-based vegetation
indices (VI) [46], due to its mitigation of the different anisotropies of different wavelengths.
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Figure 7. Comparison of MYD09GA NDVI with MOD09GA NDVI (a) and corrected NDVI using
MCD43A1 Collection 6 (c) and Collection 5 (b).

5. Conclusions

The recently released Collection-6 of the MODIS BRDF/ Albedo Parameters dataset (MCD43A1),
enables estimation of direction directional surface reflectance at arbitrary illumination and viewing
geometries and improves upon the utility of Collection 5 of the MCD43A1 dataset from two aspects.
When corrected to the illumination and viewing geometries of nearly coincidental MYD09GA and
Landsat-5 TM images using the Collection-6 MCD43A1 parameters, MOD09GA (MODIS Terra)
estimates of surface reflectance yielded higher R?, regression slopes closer to 1:1, lower RMSD,
and lower MAE compared to the same results yielded by the Collection-5 parameters. Additionally,
comparisons of high-frequency noise in time-series of corrected surface reflectance suggests that
MCD43A1 Collection 6 can more precisely discriminate real changes in the land surface better than
was possible with the previous, Collection 5, dataset.
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