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This study presents the first systematic comparison of MAIAC Collection 6 MCD19A1 daily
surface reflectance (SR) product with standard MODIS SR (MOD/MYD09). The study was
limited to four tiles located in mid-Atlantic United States (H11V05), Canada (H12V03),
central Amazon (H11V09), and North-Eastern China (H27V05) and used over 5000MODIS
granules in 2018. Overall, there is a remarkable agreement between the best quality pixels
of the two products, in particular in the Red and NIR bands. Over selected tiles, the
evaluation found that MAIAC provides from 4 to 25% more high-quality retrievals than
MOD09 annually, with the largest difference in tropical regions, confirming results of the
previous studies. The comparison of spectral characteristics showed a systematic MAIAC-
MOD09 difference increasing from NIR to Blue, typical of biases of a Lambertian
assumption in MOD09 algorithm. Over the North-Eastern China, MCD19A1 SR is
found more stable at wide range of aerosol optical depth (AOD) variations, whereas
MOD09 SR shows a consistent positive bias increasing with AOD and at shorter
wavelengths. The observed SR differences can be attributed to differences in cloud
detection, aerosol retrieval and in atmospheric correction which is performed using an
accurate BRDF-coupled radiative transfer model in MAIAC and a Lambertian surface
model in MOD09. While this study is not representative of the global performance because
of its limited geographical coverage, it should help the land community to better
understand the differences between the two products.
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INTRODUCTION

Since the launch of Terra in 1999 and Aqua in 2002, the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument aboard the Terra and Aqua satellites has greatly
enhanced our understanding of the Earth’s climate and the effects of human activity and natural
disasters on ecosystems through a suite of MODIS-based land products, including surface reflectance
(SR), vegetation indices (VI), biophysical parameters [e.g., leaf area index (LAI) and fraction of
absorbed photosynthetically active radiation (FPAR)], bidirectional reflectance distribution function
(BRDF) and albedo and others (e.g., Huete et al., 2002; Myneni et al., 2002; Schaaf et al., 2002;
Vermote and Kotchenova, 2008). Among abovementioned MODIS-based land products, SR serves
as a primary input to other MODIS-based land products and different applications including crop
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yield prediction. Thus, the accuracy of atmospheric correction is
very important because its uncertainty propagates to the
downstream higher-level MODIS land products.

In the current MODIS Collection 6 (C6), two independent SR
products are available, MOD09 (Vermote and Kotchenova, 2008)
and the Multi-Angle Implementation of Atmospheric Correction
(MAIAC) MCD19A1 (Lyapustin et al., 2018). Both are level 2
products derived from MODIS L1B calibrated top of atmosphere
(TOA) reflectance though with different cloud/cloud shadow
detection, aerosol retrieval and atmospheric correction
strategies. The MOD09 is a conventional approach capable of
processing a single scene of original swath measurements. It uses
standard MODIS cloud mask MOD35 (Ackerman et al., 2008;
Frey et al., 2008) augmented with internal cloud tests. The aerosol
retrieval relies on empirical spectral surface reflectance ratios. The
aerosol optical depth (AOD) is retrieved from 0.47 and 0.67 μm
simultaneously with selection of the aerosol model from four
generic models (smoke low absorption, smoke high absorption,
urban polluted, and urban clean) based on the best fit to the
MODIS TOA reflectance at 0.412, 0.443, 0.490 and 2.13 μm. The
atmospheric correction uses Lambertian approximation and
reports SR in MODIS land bands 1–7. In contrast, MAIAC
avoids empirical assumptions: it works with gridded top of
atmosphere (TOA) MODIS measurements and uses the time
series approach for detailed surface characterization.
Accumulation of such information, including spectral BRDF,
spatial and thermal contrasts etc. for each 1 km grid cell, helps
raise confidence and improve accuracy of cloud and cloud
shadow detection, as well as accuracy of snow detection
(Cooper et al., 2018). MAIAC aerosol retrieval uses dynamic
minimum reflectance method to characterize spectral surface
ratios at 1 km resolution and retrieves AOD at 0.47 μm using
the regional background aerosol models. The aerosol models were
developed for 8 regions over global land based on climatological
analysis of AERONET observations (Holben et al., 1998; Giles
et al., 2019; Sinyuk et al., 2020). Finally, MAIAC uses the high
accuracy semi-analytical Green’s function formulation for the
TOA reflectance as a function of surface BRDF (Lyapustin and
Knyazikhin, 2001; Lyapustin et al., 2012) to derive the
bidirectional reflectance factors (BRF). The BRF is reported for
the MODIS land bands 1-7, and for the unsaturated ocean bands
8–11. To implement the operational time series analysis, MAIAC
adopted a moving window algorithm storing up to 16 days of the
gridded MODIS TOA reflectance (Lyapustin et al., 2012; 2018).
MAIAC reaches its top performance once initialized, which may
take up to several months depending on cloudiness and snow
cover. Un-initialized, MAIAC shows a rather average
performance and is not useful for processing of a single scene.
The operational Collection 6 MODIS processing by the
MODAPS (MODIS Adaptive Processing System) used a buffer
1-year period to initialize MAIAC, and then process the entire
MODIS Terra and Aqua record starting in year 2000.

The atmospheric suite of MAIAC products (MCD19A2) has
been extensively validated in both regional and global analyses
[e.g., column water vapor (Martins et al., 2018)]. The high spatial
resolution (1 km) MAIAC aerosol optical depth (AOD) is the
most extensively studied and validated product by the Air Quality

and, recently, by the climate modeling community. Numerous
regional and global validation studies show a high quality of
MAIAC AOD product generally on par or exceeding
performance of the standard operational aerosol algorithms
(e.g., Martins et al., 2017; Lyapustin et al., 2018; Jethva et al.,
2019; Mhawish et al., 2019; Tao et al., 2019; Hammer et al., 2020;
Schutgens et al., 2020).

Since its introduction in 2011–2012, MAIAC SR product has
been used in land science applications, in particular over highly
cloudy tropical regions where MAIAC offers more high quality
pixels for vegetation trend and change analysis (e.g. Hilker et al.,
2012, 2014, 2015, 2017; Bi et al., 2015; Guan et al., 2015; Saleska
et al., 2016; Wu et al., 2018; Yang et al., 2018; Ploton et al., 2020).
In a limited study using seven MODIS tiles over the North and
South American continents in 2002, Chen et al. (2017)
demonstrated an improvement in the MODIS standard LAI/
FPAR retrievals when the algorithm used MAIAC SR input
instead of MOD09.

Despite a significant body of evaluation of MAIACMCD19A1
SR product, previous studies have been primarily limited to the
tropical forest ecosystems analyzing derived VIs. A comparison of
the SR between MCD19A1 and MOD09 over a larger range of
ecosystems, which is required for a better understanding of the
product differences, has been missing. This study provides such
comparison for four different regions of the world. Specifically,
we 1) give analysis of the quality assurance (QA) flags and the
number of cloud-free retrievals, 2) compare spectral reflectance in
the Blue—NIR region, most affected by atmospheric aerosol, and
3) analyze sensitivity of the two products to AOD variations.
While this study is limited geographically, it should be useful to
the land community to help understand the differences between
the two products.

For convenience, both MOD09 Lambertian SR and MAIAC
BRF products are called surface reflectance throughout this paper.

DATA AND METHODS

Study Area
Four MODIS tiles (H11V05, H11V09, H12V03 and H27V05),
encompassing a wide range of climate and terrestrial ecosystems,
were selected for this analysis (Figure 1). These MODIS tiles
cover four primary terrestrial biomes, including tropical,
temperate and boreal forests and agricultural crops along with
urban/residential areas.

MODIS tile H11V09 is located in central Amazonia where
pristine terra firme rainforest is dominant (Nepstad et al., 1994).
Amazonia is important for the Earth climate with its significant
contribution to the global water, energy and carbon fluxes and
rich biological diversity. High cloud cover during the wet season
and high aerosol concentration from biomass burning during the
dry season are factors complicating the remote sensing studies in
this region. MODIS tile H11v05 covers the mid-Atlantic region of
the United States with abundant evergreen coniferous and
broadleaf forests. More clouds can be found over forest and
crop-forest boundary due to mesoscale forest-breeze circulation
(Gambill and Mecikalski, 2011). MODIS tile H12V03 located at
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northern latitudes in Canada is one of the active areas in
atmospheric aerosol formation driven by the biogenic volatile
organic emission from vegetation and increasingly high rate of
fire events. Hence, this tile can serve as a good case study area for
evaluating the impact of snow, clouds and aerosol on the boreal
forest. Northern China with its wide aerosol variations from clear
to extremely polluted in a course of 7–10 days due to synoptic
cold fronts from the north (Streets et al., 2007) is an ideal natural
laboratory to test sensitivity of atmospheric correction to AOD
variations. We selected MODIS tile H27V05, which also shows a
large diversity of the land cover types and urbanization.

MCD19A1 and MOD/MYD09 SR Products
MAIAC provides a suite of atmospheric and surface products in
HDF4 format, including: 1) daily MCD19A1 (spectral
bidirectional reflectance factor (BRF), or surface reflectance at
1 km and 500 m; sub-pixel snow fraction and snow grain size for
detected snow at 1 km), 2) daily MCD19A2 (atmospheric
properties, including column water vapor (CWV), cloud mask,
aerosol optical depth (AOD) and wildfire smoke injection
height), and 3) 8-day MCD19A3 (spectral BRDF/albedo).
These products are generated on a 1 km sinusoidal grid in
different 1200 km tiles. For each tile, the daily data are
organized as separate layers representing different orbits.
MCD19A1 also provides quality assurance (QA) flags helping
select cloud-free pixels with the highest quality for subsequent

analysis (Table 1). Detailed description of QA can be found in the
MODIS MAIAC Data User’s Guide (https://modis-land.gsfc.
nasa.gov/pdf/MCD19_UserGuide_final_Feb-6-2018.pdf).

The MOD09 SR product is a swath product representing
original (not gridded) MODIS measurements. After re-
projection to the global Sinusoidal grid, the MOD09 SR is also
available as a separate gridded product (e.g., MOD/MYD09GA).
The QA information from the 1 km Reflectance Data State QA
and 1 km Reflectance Band Quality is the basis for the level 3
gridded composite products (Table 1). Both QAs are 16-bit layers
providing quality flags related to cloud state, cloud shadow,
aerosol loading and basic land cover characteristics, such as
the land/water, snow and detected fire.

Of importance to this study is the MOD09 aerosol quantity
flag (bits 6–7) that can take one of four values - “Climatology”
(00), “Low” (01), “Average” (10) or “High” (11). The “Low”
aerosol values refer to Aerosol Optical Thickness (AOT) at
550 nm less than 0.2, the “Average” is between 0.2 and 0.5,
and “High” is greater than 0.5. “Climatology” is used when
AOT is not retrieved, commonly due to the presence of
clouds, snow or thick haze. In this study, we initially used
“climatology/low” flag but found a significant cloud leak
through the “Climatology” value. The analysis below follows
Samanta et al. (2010) and Xu et al. (2011) and uses the “low/
average” flags. This increases the quality of MOD09 SR but may
decrease the number of high quality retrievals.

FIGURE 1 | Location of four MODIS tiles (from left to right: H11V09, H11V05, H12V03 and H27v05).

TABLE 1 | Quality Assurance (QA) flags of the MOD09 product and MCD19A1 products.

Product SDS name Flag Accepted values

MOD09 1 km reflectance band quality MODLAND QA bits 00 (Ideal quality—all bands)
— — Band 1 data quality 0000 (Highest quality)
— — Band 2 data quality 0000 (Highest quality)
— — Atmos. Corr. performed 1 (Yes)
— 1 km reflectance data state QA Cloud state 00 (Clear)
— — Internal cloud algorithm flag 0 (No cloud)
— — Cloud shadow 0 (No)
— — Cirrus detected 0 (None)
— — Pixel is adjacent to cloud 0 (No)
— — Aerosol quantity 01/10 (lLow/average)
MCD19A1 Status_QA Algorithm Initialize Status 1 (Algorithm is initialized)
— — Cloud mask 001 (Clear)
— — Adjacency mask Except 010 (surrounded by more than 8 cloudy pixels)
— — AOD level 1 (AOD is low (≤0.6))
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To match the swath MOD09 SR product with the gridded
MCD19A1 SR, the respective MOD09 SR granules were
reprojected to MAIAC’s 1 km global Sinusoidal grid. To
confirm the results, we also made a reverse analysis where
MAIAC data were sampled to match the original MOD09
swath data in order to ensure the equal number of pixels in
the comparison from both algorithms.

As Terra is an older satellite with higher calibration
degradation (Toller et al., 2013; Lyapustin et al., 2014), we
used the MODIS Aqua data for 2018 in this study. Thus, all
references to the standard MODIS algorithm (MOD09) below
imply the MODIS Aqua (MYD09) dataset. Spectrally, we limited
our analysis to four 1 km bands most commonly used in the land
studies: band 3 (Blue: 459–479 nm), band 4 (Green: 545–565 nm),
band 1 (Red: 620–670 nm) and band 2 (Near Infrared:
841–876 nm).

MCD19A1 product for four MODIS tiles in 2018 and
corresponding MYD09 granules were obtained from NASA’s
Level 1 and Atmosphere Archive and Distribution System
(LAADS Web).

METHODS

Even though MCD19A1 SR product has been extensively tested
by the land community, prior analysis mostly used VIs derived
from MCD19A1 SR. Our study expands the comparison further
into the following four aspects: QA filtering analysis in central
Amazon, a related analysis of data availability, cross-comparisons
of spectral SR across four study regions, and impact of AOD on
the two SR products.

The number of good quality pixels depends heavily on the way
users apply quality flags. Our analysis took a more careful look
into individual quality flags. First, for all MCD19A1/MODY9
scenes collected in 2018, we produced natural color images with
QA flags applied consecutively such that the performance of
individual flags can be visually assessed. Second, we evaluated the
number of cloud-free pixels after each individual quality flag is
applied. Further, using the best quality pixels, we generated
seasonal and annual histograms of SR in the Blue, Red and
NIR bands to study algorithms differences related to cloud
detection, adjacency to detected clouds or snow as well as to
the AOD level.

Because atmospheric scattering increases at shorter
wavelengths, spectral analysis is an important tool to assess
the overall accuracy of atmospheric correction. In this study,
MCD19A1—MYD09 scatter plots were produced for the Blue-
NIR bands for selected MODIS tiles.

Finally, we assessed AOD effects on the accuracy of
atmospheric correction for MODIS tile H27V05. Specifically,
we evaluated stability of the MCD19A1 and MYD09 SR with
AOD variations based on the histogram analysis for low/medium
and high AODs, performed AOD validation for both algorithms
for the XiangHe and XuZhou-CUMT AERONET (Holben et al.,
1998) sites, and obtained statistics of the MCD19-MOD09
difference for four bands from Blue to NIR as a function of
AOD. To obtain a broader picture of the aerosol retrieval

accuracy of the two algorithms, we added AOD validation for
the other AERONET sites located in tiles h11v05, h11v09, and
h12v03, respectively.

RESULTS AND DISCUSSION

QA Filtering
Compared with MOD09 QA structure using a total of 10 flags,
MAIAC MCD19A1 offers a very simple QA with only three
values: “AOD level”, “Adjacency Mask” and “Algorithm
Initialize Status” (Table 1). As long as cloud detection is
reliable, a simple QA has an advantage of transparency and
consistency of results, whereas variations in user’s choices in
case of complex QAmay lead to differences in the final results.
It is worth mentioning that MAIAC reports surface
reflectance only for the cloud-free pixels (QA flag Cloud
Mask � 001) whereas MOD09 reports SR for all pixels
including clouds.

To help understand contributions from individual QA flags,
we applied the QA flags from Table 1 sequentially. Figure 2
displays a general MOD09 QA filtering process for a sample
MODIS scene for tile H11V09. For simplicity, several flags were
grouped together (e.g., “cloud state”, “cirrus detected”, and
“internal cloud algorithm flag”). Figure 2 shows that cloud
flags alone, combining “cirrus detected”, “internal cloud
algorithm flag”, “shadow” and “adjacency to cloud” (Figures
2B–D), leave a large number of clouds undetected, consistently
with findings of Hilker et al. (2012). The “aerosol quantity” flag
cleans the MOD09 SR product significantly but also removes a
large proportion of cloud-free pixels (e). Finally, band1 and
band2 QA bits were found to have little effect on the final
result (f).

Figure 3 shows a similar QA filtering of MCD19A1. Plot (a)
shows that MAIAC gives a high-quality SR without any QA
filtering indicating a reliable cloud detection. Application of
“Initialization Status” (b) and “AOD level” (c) filters does not
change the result becauseMAIAC runs in the initialized state, and
aerosol loading in Amazon basin during the wet season is low. Of
the three QA flags, the “Adjacency Mask” has the largest impact
on MCD19A1 SR product. Figure 3D shows that it removes
50.8% of the good quality pixels if we apply the loose threshold of
“more than 8 cloudy pixels” in a 5 × 5 window (compare with
Figure 2D). The reduction is particularly significant in case of
scattered small cumulus clouds where application of adjacency
filter may significantly expand the area considered to be affected
by the clouds.

To confirm that MAIAC “adjacency” mask removes the good
quality pixels, we computed the histograms of surface reflectance
with and without “adjacency” filter. The respective histograms
shown for the Red and Blue bands in Figure 4 are essentially
identical (note the exponential scale of Y axis). The unfiltered
MCD19A1may have added 1-3 partially cloudy pixels to the total
of ∼3 × 105 good pixels. One clear outlier is a pixel with high
reflectance ∼0.16 in the Blue, and 0.26 in the Red. On the other
hand, removal of “Adjacency” filter nearly doubled the number of
the high quality pixels available for analysis for this particular
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scene. This suggests that the “Adjacency Mask”QA in the current
Collection 6 MCD19A1 product is largely redundant, and mostly
leads to a significant reduction in the number of reported high-
quality pixels.

Whether the “Adjacency Mask” is used or not, MAIAC gives
more cloud-free good quality retrievals than MOD09, e.g. from a
factor of 1.5 (used) to 3 (not used) for the particular scene of
Figures 2, 3. An annual statistics for this tile reported in (Hilker

FIGURE 2 | Illustration of QA filtering for tile H11V09 acquired in DOY 200, 2018: (A) TOA RGBMODIS image; (B–F) RGBMYD09 SR after incremental application
of QA filters: (B) “Cloud state” and “cirrus detected” and “internal cloud algorithm” flags; (C) added “cloud shadow”; (D) added “adjacency to cloud”; (E) added “aerosol
quantity”; (F) added “MODLANDQA bits” and “band1 data quality” and “band 2 data quality” and “Atm. Corr. performed”. The black color in images (B–F) shows filtered
pixels (fill values).

FIGURE 3 |MCD19A1 QA filtering for the scene in Figure 2: (A) RGB MCD19A1 SR, no QA; (B) added “Algorithm Initialized Status”; (C) added “AOD level”; (D)
added “Adjacency Mask” filter.
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et al., 2015) shows an increase from ∼20% during the dry season
to a factor of 2-3 on different months during the wet season (also
Bi et al., 2015; Chen et al., 2017).

Presented analysis compared gridded data which involved
resampling of MOD09 swath data to MAIAC 1 km grid.
Below, we will also conduct analysis using the MOD09 swath
data as primary where MAIAC data are resampled to represent
the swath pixels.

From the conducted QA analysis illustrated above in one
example, we define the best quality pixels that will be used in the
comparison study below. Specifically, we use all ten QA flags for
MOD09 and four QA flags for MCD19A1 with values specified in
the last column of Table 1 (Accepted values). Below, the resulting
pixels are interchangeably called as “best” or high” quality pixels.
It is worth mentioning that the selected QA filtering for MOD09
agrees with the established community practice (e.g. Samanta
et al. (2010); Xu et al. (2011)).

Analysis of High Quality Pixels
To further analyze the MCD19A1 - MOD09 difference in high
quality pixels, we generated quarterly SR histograms in bands 1-3
for tile H11V09 considering 3 cases shown in Figure 5. They
combine pixels masked according to their quality as: a) “high” by
both algorithms (Red lines); b) “high” by MAIAC and “low” by

MOD09 (Blue lines); c) “high” by MOD09 and “low” by MAIAC
(Black lines). Here, the solid and dashed lines show MAIAC and
MOD09 SR, respectively.

Figure 5 allows to draw several conclusions. First, histograms
of the high quality pixels (red) show a good match. A small
difference exists in the Blue band (B3) where MOD09 shows
slightly larger values, in particular from July through September.
Second, both algorithms are relatively conservative: histograms of
rejected pixels (b and c) closely match histogram 1) where both
algorithms agreed on high quality. At the same time, MAIAC is
less conservative rejecting fewer pixels than MOD09 (compare
blue and black lines).

An important feature of Figure 5 is the bi-modal distribution
of surface reflectance in all three bands in the 1st and 4th quarters.
It relates to the fact that over tropics the MODIS scan geometry
aligns with the principal plane in March and October providing
observations close to the “dark spot” and to the “hot spot” of
BRDF physically representing maximal and minimal shadowing,
whereas in other months it moves away ∼20–60° from the
principal plane (Bi et al., 2015; Petri et al., 2019). Because the
tile H11V09 is mostly homogeneous, the effect of clustering of SR
at extreme values manifests the reflectance anisotropy (BRDF).

While the NIR band shows the bi-modal distribution
throughout the year, observations in the principal plane in

FIGURE 4 |MCD19A1 SR histograms of unfiltered and filtered with “AdjacencyMask”QA for the Red (A) and Blue (B) bands for the sample MODIS H11V09 scene
of Figure 2.
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March and October cause a significant broadening of the
histogram, in particular from increase of the high values. A
comparison of the NIR SR between March (1st quarter) and
October (4th quarter) at the high end of reflectance shows an
additional increase by 0.02–0.05 in October despite the same
(principal plane) view geometry. This increase is manifested
much stronger in pixels retained by MAIAC but rejected in
MOD09 (blue line). It also translates to the increase in NDVI
during the dry season (approximately from September to
November) because change of NDVI over dense vegetation is
mostly driven by the NIR reflectance. Thus, this simple analysis
provides another argument in favor of the increase of
photosynthetic activity of the Amazon rainforest during the
dry season, a hypothesis originally put forward based on
MOD09 data (Huete et al., 2006) and later confirmed with
analyses of MAIAC data with BRDF-normalization to a fixed

view geometry which removes geometric variability from the
seasonal pattern (e.g., Bi et al., 2015; Saleska et al., 2016).

High aerosol concentration from the biomass burning during
the dry season is one of compounding factors in studies of the
photosynthetic seasonality in Amazonia. In both MAIAC and
MOD09, the Blue band, most susceptible to aerosol distortions,
shows a good stability during the 4th quarter with only rather
marginal increase compared to the other three quarters of the wet
season.

Finally, Figure 6 shows the equivalent annual histograms for
the three remaining tiles. The MAIAC and MOD09 results are
nearly identical in the red andNIR bands 1-2 butMOD09 is lower
on average by ∼0.003 in the Blue band for the mid-Atlantic
United States (H11V05) and Canada (H12V03) regions with
generally low aerosol loading. In north-east China (H27V05), a
comparison of cases 1) and 2) shows the difference in cloud

FIGURE 5 | Quarterly distributions (rows) of MCD19A1 and MOD09 surface reflectance in bands 1–3 (columns) from high quality pixels over Amazon tile H11V09
for 2018. The pixels are grouped in three categories according to their quality: (A) “high” in both algorithms (Red lines); (B) “high” in MCD19A1 and “low” in MOD09 (Blue
lines); (C) “high” in MOD09 (Black line) and “low” in MCD19A1. The solid and dashed lines represent the MCD19A1 and MOD09 SR, respectively.
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masking and QA flags between MOD09 and MCD19A1. For
instance, MAIAC adds more retrievals over urbanized areas with
higher reflectance in the Blue and Red bands (solid red and blue
lines) which are excluded by MOD09 (dashed blue line). The SR
histograms remain similar in the NIR (band 2), but the aerosol
effect becomes obvious at shorter wavelengths: comparing the
matching pixels (red lines) one can see that the MOD09 SR is
systematically larger than the MAIAC SR by ∼0.004 in the Red
and by 0.01 in the Blue bands. To understand the cause of the
discrepancy, we expanded this analysis to pixels corresponding to
moderate-to-high AOD (e.g. AOD in MODIS band 3 (0.47 μm)

AOD0.47 � 0.6–1.5 in MAIAC). The respective result, magnified
by a factor of 2.5 for the convenience of comparison, is presented
in green. These data show that MCD19A1 SR is very similar at
low AOD (best quality) and at high AOD, including the Blue
band, thus indicating a good stability of atmospheric correction at
a wide range of AOD variation. At the same time, the MOD09 SR
reveals aerosol under-correction resulting in the positive bias
which grows at shorter wavelengths where AOD is higher
(compare dashed Red and Green lines). While the difference
remains minimal in the NIR (B2), the AOD-sensitivity and a bias
become significant already in the Red band (B1). The summary

FIGURE 6 | Annual histograms of MCD19A1 and MOD09 surface reflectance in bands 1–3 (columns) from high quality pixels over tiles H11V05, H12V03 and
H27V05 (rows) for 2018. The red, blue and black lines represent cases (A), (B) and (C) as in Figure 5. The added histograms for H27V05 (green lines, magnified by a
factor of 2.5) show the SR distributions at high AOD. The solid and dashed lines stand for the MCD19A1 and MOD09 SR, respectively.

TABLE 2 | Comparison of the surface reflectance statistics (10th and 90th percentiles and the mean value) at low and high AOD for MOD09 and MCD19A1. For each
product, the top line represents the high quality pixels, and the bottom line represents pixels at moderate-high AOD (MAIAC AOD0.47 � 0.6–1.5) for tile H27V05.

Blue Red NIR

10% 90% Mean 10% 90% Mean 10% 90% Mean

MOD09 0.020 0.070 0.048 0.040 0.136 0.084 0.143 0.367 0.251
MOD09_High 0.030 0.077 0.056 0.050 0.143 0.098 0.161 0.349 0.249
MCD19A1 0.013 0.077 0.046 0.042 0.139 0.086 0.134 0.367 0.245
MCD19A1_High 0.015 0.078 0.047 0.040 0.138 0.085 0.154 0.356 0.245
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statistics for these results (10th and 90th percentiles and the mean
SR value) is shown in Table 2 which helps compare metrics for
the high quality pixels (e.g., solid red and blue lines for MAIAC in
Figure 6) with those at moderate-high AOD (e.g., solid green line
for MAIAC in Figure 6). MAIAC results remain the same within
0.001–0.002, while the MOD09 SR increases by ∼0.01 in the Blue
and Red bands.

Annually, based on the swath pixel-to-pixel comparison,
MAIAC provides 4, 25, 8 and 20% more high quality pixels
over mid-Atlantic United States (H11V05), Amazon (H11V09),
Canada (H12V03) and Northern China (H27V05) tiles. This

result directly follows from the fact that the number of pixels
accepted by MAIAC as “high quality” but rejected by MOD09
(blue lines) is always higher than the number of pixels accepted by
MOD09 as “high quality” but rejected by MAIAC (black lines).
As we discussed above, relaxing MAIAC adjacency criterion,
which is currently too conservative, will further increase this
difference, in particular in tropics during the wet season.
Furthermore, our analysis over the northern China reveals a
good stability of MAIAC SR at high AOD values, up to AOD0.47 �
1.5 where MAIAC performs atmospheric correction. The
cumulative histograms at high AOD are very similar to those

FIGURE 7 |MYD09—MCD19A1 surface reflectance scatterplots of the best quality 5 × 5 km2 aggregated pixels in four spectral bands across four study regions.
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representing the best quality at AOD0.47 ≤ 0.6. Relaxing the AOD
cut-off to ∼1.2 would increase the amount of high quality data by
another ∼20%. Such increase of AOD threshold makes sense over
the north China region where aerosol properties of mainly
industrial origin are rather stable with variations of aerosol
loading.

Comparison of Spectral Surface
Reflectance
While the cumulative histogram analysis reveals many generic
features, a more detailed understanding of MOD09-MCD19A1
difference can be gained using a pixel-by-pixel comparison. To
avoid errors from re-projection, bothMCD19 SR andMOD09 SR
data were aggregated to 5 × 5 km2 and only the best quality pixels
with >50% coverage were considered. Figure 7 summarizes the
analysis for each study area. It shows scatterplots of MOD09 SR
(y-axis) vs MCD19A1 SR (x-axis) and provides the intercept and
slope of the resulting least squares regression, Pearson’s
correlation coefficients, and associated root mean square error
and bias.

The pattern revealed in Figure 7 is very consistent across
different world regions: it changes systematically from NIR to
Blue with both slope and correlation decreasing towards shorter
wavelengths. This is particularly obvious for the Northern China
tile H27V05 with frequent high aerosol loading. Because
decreasing wavelength and increasing AOD both lead to the
relative increase of the diffuse (scattered) vs the directly
transmitted sunlight, such pattern is indicative of the
systematic differences in the radiative transfer model used in
atmospheric correction. MAIAC requires prior knowledge of
BRDF and computes bidirectional reflectance factor (BRF)
using a rigorous semi-analytical Green’s function solution
(Lyapustin and Knyazikhin, 2001; Lyapustin et al., 2012;
2018), while MOD09 uses an approximate Lambertian
formulation for atmospheric correction. In the latter case, the
surface reflectance for the direct Sun beam and for the diffuse sky
irradiance is the same regardless of the view geometry, AOD or
wavelength.

A systematic study of biases of the Lambertian approximation
which grow with the increase of the diffuse (scattered) relative to
the directly transmitted radiation was done byWang et al. (2010).
In that study, both Lambertian and accurate BRDF-based
atmospheric correction of MODIS Terra observations for
2000–2008 were performed consistently at several AERONET
sites using AERONET aerosol and water vapor information. The
slope of Lambertian SR vs BRF was found to decrease with the
optical path through the atmosphere which increases with solar
and view zenith angles, AOD, and at shorter wavelengths. For
instance, they observed the range of slopes 0.99–0.88 in NIR,
0.94–0.83 in Red and 0.85–0.64 in Green, which is consistent with
the range obtained here, 0.93–0.87 (NIR), 0.92–0.81 (Red) and
0.91–0.74 (Green) (compare Figures 2–5 fromWang et al. (2010)
with Figure 7). Figure 7 also illustrates the statement fromWang
et al. (2010) that the Lambertian model overestimates the
reflectance when BRF is low and underestimates it when BRF
is high.

These results are easy to explain considering two components
of the surface-reflected signal measured from space. The directly
transmitted Sun beam is proportional to the true BRF at a given
view geometry. The diffuse term representing sunlight scattered
in the atmosphere before and/or after reflection from the surface,
is proportional to hemispheric or double hemispheric integrals of
BRDF with direct and diffuse or diffuse only sunlight. This term,
therefore, is proportional to some average value of the BRDF
which changes little with view geometry. The Lambertian model
mixes these two contributions: because the diffuse term weighs
towards the average reflectance, the Lambertian SR (SRL) is
always lower than BRF when BRF is high, and higher than
BRF when BRF is low. The relative weight of the diffuse term
increases with the atmospheric optical depth and Sun/view zenith
angles. In the worst case scenario of a very high AOD and shortest
wavelength, SRL will be close to the mean diffuse reflectance and
will have minimal variation with the view geometry. On the
opposite end, SRL will be close to the true BRF at low AOD and
longer wavelengths where Rayleigh optical depth is low.

To illustrate these properties of the Lambertian
approximation, we arbitrarily selected a green vegetated pixel
and a brown soil pixel on the south of the mid-Atlantic tile. Using
MAIAC BRDF, we simulated the TOA reflectance for these pixels
for three different AOD levels (AOD0.47 � 0.05, 0.5, 1.5) for all
MODIS observations in 2018, and then computed SRL. The result
in Figure 8 shows scatterplots of SRL vs exact BRF for the Blue,
Green, Red and NIR MODIS bands for the vegetated pixel on the
top and soil pixel on the bottom. In each plot, retrievals for very
clear (AOD0.47 � 0.05), moderately hazy (AOD0.47 � 0.5) and
hazy (AOD0.47 � 1.5) conditions are shown by the black, blue and
red colors, respectively. One can see that theoretical Figure 8
essentially reproduces Figure 7 indicating that biases due to the
Lambertian surface approximation explain well the mainMOD09
- MAIAC difference pattern observed in this work. The different
aerosol retrieval accuracymay also be a contributing factor.While
the high accuracy of MAIAC AOD (MCD19A2) has been widely
documented in numerous local, regional and global studies, with
prognostic uncertainty model available for different regions of the
world (Lyapustin et al., 2018), such evaluation for the MOD09
AOD is currently missing although AOD uncertainty is one of the
major factors in the SR error budget.

Effect of AOD on Surface Reflectance
Besides discussed biases due to the Lambertian model, higher
AOD levels, usually associated with biomass burning, dust
outbreaks or industrial pollution, depending on the world
region, often bring higher variability in aerosol properties (e.g.,
particle size distribution, absorption). This variability works in
tandemwith the reduction of sensitivity of TOAmeasurements to
the surface reflectance at higher AOD, thus reducing the accuracy
of atmospheric correction. Analysis of the retrieval accuracy as a
function of AOD has long been an established practice in
validation of aerosol retrievals. However, such analysis for the
surface reflectance has never been done in the land community.

In general, finding proper conditions for such analysis is not
easy because it requires high short-term variability of AOD while
surface is stable. The longer-term aerosol variability can be high
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but it may be accompanied with the seasonal surface changes
making it more difficult to untangle atmospheric and surface
variations. In this sense, the selected Northern China region
represents an ideal natural laboratory providing atmospheric
variations from clear to extremely opaque in a matter of
7–10 days when the surface properties remain relatively stable.
The variations are caused by passage of the northern cold fronts
which initially drive atmospheric pollution 300–400 km south
creating low AOD conditions. However, the wind direction
gradually changes from the North to the South-West/South,
with a simultaneous reduction of wind speed, creating
stagnant conditions. This periodic variation gives rise to a
saw-tooth pattern of AOD which is superimposed on the local
cycle of aerosol emissions (e.g., Streets et al., 2007; Lyapustin et al.,
2011).

First, we conducted AOD validation at 0.47 μm for the
XiangHe and XuZhou-CUMT AERONET sites located in tile
H27V05 for MAIAC AOD reported in MCD19A2 product and
for MOD09 AOD reported as part of the MOD09 product suite.
The AOD data were averaged within 21 km box and matched to
AERONET record within ±30 min interval. The result for 2017 is
shown in Figure 9A. The MAIAC AOD offers a higher quality of
aerosol retrieval with R2 � 0.873 vs. 0.767, rmse � 0.21 vs. 0.27,
and ∼17% overestimation vs. ∼37% underestimation by MOD09.
The regional aerosol model over China in C6 MAIAC algorithm
was tuned to the AERONET data for the period of 2000–2012.
Due to government’s regulations, the pollution level has been
declining since about 2008–2010 (e.g., Hammer et al., 2020; Wei

et al., 2021) and the aerosol absorption has reduced as well, e.g.
(Lyapustin et al., 2011). The reduction of aerosol absorption since
2010 is taken into account in the upcoming MAIAC Collection
6.1 which will remove the small positive bias of MAIAC AOD in
this region. The 37% AOD underestimation by MOD09
algorithm is rather significant and systematic, with 96% of
data points below the 1:1 line.

To gain a broader understanding of the AOD retrieval
accuracy, we extended AOD validation to all other
AERONET sites located in the tiles of this study and having
measurements in 2018. In total, there was one site
(Rio_Branco) in tile h11v09, one site (Pickle_Lake) in tile
h12v03, and eight sites (Appalachian_State, Dayton, EPA-
Res_Triangle_Pk, IMPROVE-MammothCave, NASA_LaRC,
NEON_MLBS, NEON_SCBI, NEON_ORNL) in tile h11v05.
The cumulative AOD validation results for these tiles are
displayed in Figures 9B–D, respectively. The two
algorithms have a similar retrieval accuracy at Rio_Branco,
with MOD09 showing a slightly higher R2 and MAIAC giving a
better regression slope close to one. MAIAC shows a better
validation statistics over the mid-Atlantic United States
(Figure 9D). While MAIAC accuracy remains consistent
across all sites, the MOD09 shows a general
underestimation of AOD, and a considerable AOD
underestimation at NASA_LaRC (slope 0.3) and at
Pickle_Lake (slope 0.19). Presented analysis uses land-only
pixels: we removed the coastal and shoreline pixels adjacent to
water, to avoid a possible bias of the MOD09 AOD in areas of

FIGURE 8 | Simulated scatterplots of Lambertian SR vs accurate BRF for randomly selected vegetated green pixel (A) and brown soil pixel (B) in tile H11V05 in the
vis-NIR bands. The Lambertian SR was computed from the simulated TOA reflectance for all MODIS observations in 2018 using MAIAC BRDF model. The simulations
were performed for different levels of atmospheric opacity, including very clear (AOD0.47 � 0.05, black), moderately hazy (AOD0.47 � 0.5, blue) and hazy (AOD0.47 � 1.5,
red) conditions.
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the land-water transition. In summary, observed low bias of
AOD retrieval may affect the accuracy of MOD09 atmospheric
correction, in particular at shorter wavelengths.

Figure 10 shows the relative difference between MCD19A1
and MOD09 SR as a function of AOD for the 5 × 5 km2

aggregated pixels of tile H27V05. In this case, we allowed all

FIGURE 9 | AOD0.47 validation for MCD19 and MOD09 for XiangHe, XuZhou-CUMT H27V05 (A), Rio_Branco, H11V09 (B), Pickle_Lake, H12V03 (C) and
Appalachian_State, Dayton, EPA-Res_Triangle_Pk, IMPROVE-MammothCave, NASA_LaRC, NEON_MLBS, NEON_SCBI, NEON_ORNL, H11V05 (D) AERONET
sites. N gives the total number of AERONET match-up points for each tile. The black line shows a 1:1 correspondence to AERONET.

FIGURE 10 | A relative difference (MCD19-MOD09)/MCD19 in the Blue, Green, Red and NIR bands as a function of MAIAC AOD0.47 for the Northern China tile
H27V05.
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reported AODs. Given higher quality of aerosol retrieval and a
stable performance of MAIAC atmospheric correction with AOD
demonstrated above (Figure 6), this figure may be interpreted as
the bias of MOD09 SR as a function of AOD. Obtained results fit
the previous physical picture uncovered in Figures 6–8 and is
explained by the combination of biases from the aerosol retrievals
and from Lambertian reflectance model: while the slope of
regression line is practically negligible in the NIR where
Rayleigh and aerosol optical depth are the lowest, it gradually
increases towards the Blue band to 14.6%. Most of the relative
difference for all bands stays within 20% which, for the Blue band
on average translates to ΔSR∼0.008. Part of the scatter may be due
to rather high surface heterogeneity of tile H27V05 and to our
criterion of more than 50% coverage if different groups of pixels
were selected by the two algorithms in the 5 × 5 km2 aggregate
pixels.

CONCLUSION

This study is the first systematic comparison of MCD19A1 SR
product with standard MODIS MOD09 SR over four MODIS
tiles located in three different continents. A total of more than
5000 MODIS tiles/granules acquired in 2018 were used for this
analysis to obtain representative statistics and ascertain that the
results are consistent across primary ecosystems and robust over
different world regions. As a main result, we should mention a
remarkable agreement between the two products, in particular in
the Red and NIR bands mostly used in vegetation analyses. At the
same time, there are differences that may be important for the
broad range of land research and applications.

This study found that MCD19A1 SR QA is much simpler and
user-friendly compared to MOD09. Current MAIAC C6
generates adjacency mask by analyzing cloudiness in the 5 × 5
pixels neighborhood of the central pixel. Given the findings of this
work, we will limit adjacency analysis to the immediate neighbors
(3 × 3 window) in the upcoming Collection 6.1 MAIAC re-
processing. We will also re-structure the QA, e.g., replace the
“Algorithm Initialized Status”, which has no practical value in the
operational processing, with the “Aerosol Type”mask to indicate
wildfire smoke events or dust storms when the accuracy of
atmospheric correction may be lower. This should further
simplify MAIAC QA and make it more practical as a
descriptor of the data quality.

Presented study for four different regions confirms earlier
findings that MAIAC offers more high quality pixels for analysis
(e.g., Hilker et al., 2012; Bi et al., 2015; Chen et al., 2017). On the
annual basis, we found that MAIAC provides 4, 25, 8 and 20%
more high quality pixels than MOD09 over mid-Atlantic
United States (H11V05), Amazon (H11V09), Canada
(H12V03) and Northern China (H27V05) tiles, respectively.

Analysis over the Northern China showed that MAIAC SR has
a good stability in the full range of AOD variations (AOD0.47 <
1.5) for which it is reported. In contrast, the MOD09 SR was
found to increase with AOD in the Blue - Red range which is
related to a systematic underestimation of AOD in this region.

The AOD validation over available AERONET sites in the
selected tiles shows a uniform good accuracy of MAIAC, and
an underestimation of AOD by MOD09 which may affect its SR
at RGB wavelengths.

A cross-comparison of spectral SR indicates that the
MCD19A1 SR has a slightly larger range of values (both lower
and higher) compared to MOD09. The MAIAC-MOD09
difference is lowest in the NIR, and consistently increases
towards the Blue band, as well as with the increase of AOD.
Such pattern is consistent with biases caused by the Lambertian
assumption used in the MOD09 algorithm.

As a final note, we would like to mention that the reported
results represent four geographically limited regions, and
should not be generalized to the entire globe.
Understanding the global differences between the two
products will require a much larger effort. Nevertheless, the
presented methodological comparison approach, covering
data availability according to the product’s QA, analysis of
AOD retrieval accuracy and stability of SR with AOD
variations, and analysis of the surface model (Lambert vs
BRDF-based) used in the atmospheric correction should
help the land community to better understand the
differences between the MOD09 and MCD19A1 products.

The MCD19 Collection 6 product suite including 1) daily
MCD19A1 (spectral SR), 2) daily MCD19A2 (atmospheric
properties (including AOD), and 3) 8-days MCD19A3
(spectral BRDF/albedo), is available at https://lpdaac.usgs.gov/
data_access/data_pool.
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