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Abstract: The techniques and analyses employed by remote sensing provide key information about
atmospheric particle properties at regional and global scales. However, limitations in optical spectral
models used to represent the different types of aerosols in the atmosphere and their effects (direct
and indirect) are still one of the major causes of sources of uncertainties and substantial impacts
in climate prediction. There are no studies yet in South America, especially in the Amazon Basin,
that have evaluated the advantages, disadvantages, inconsistencies, applicability, and suitability of
the MODIS sensor (Moderate Resolution Imaging Spectroradiometer) destined for monitoring the
ambient aerosol optical thickness over rivers and continents. In this study, the results of the DT (Dark
Target) algorithm for products with 3 km and 10 km resolutions were systematically evaluated for
six sites in the Amazon rainforest. The comparisons between the products were carried out with
the AERONET (Aerosol Robotic Network) measurements, which were used as reference. Statistical
parameters between AERONET vs. MODIS were also evaluated based on biomass burning records
in the site regions. Here, the DT 10 km product showed satisfactory performance for the Amazon
region, with observations between the expected error (EE) limits above 66%, in addition to R > 0.8
and RMSE < 0.3. However, the regional analysis for the two sites in the central and southern regions
of the Amazon basin did not have the same performance, where the results showed an EE of 24 and
47%, respectively. The DT 3 km product did not perform well in any site, with an EE below 50%.
Both products overestimated the AOD, but the 3 km product overestimated it approximately four
times more due to its algorithm setup. Thus, we recommend the 10 km product for general analysis
in Amazonia. Regional biomass burning records showed a direct relationship with the AERONET
vs. MODIS DT with overestimation of both products. All variations between products and sites
were justified based on the difficulty of retrieving surface reflectance and the model selected for local
aerosols. Improvements in the optical spectral model currently implemented in the algorithms, with
more realistic representations of the main types of the aerosol present in the Amazon Basin, may
contribute to better performance among the evaluated products.

Keywords: AERONET; Amazon; MODIS DT; remote sensing

1. Introduction

Atmospheric aerosols are defined as particulate matter suspended in the air, con-
stituted of a diversity of chemical compositions, ranging from a few nanometers to tens
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of micrometers. These particles play an important role in the climate system, and due
to their high spatial and temporal heterogeneity, they contribute to the uncertainties in
the terrestrial radiative balance [1-3]. The direct climatic impacts of aerosols are related
to the processes of scattering and absorption of solar radiation [4-9]. Additionally, the
aerosols act as seeds for cloud formation, giving to the cloud’s different aspects of their
physical properties, such as albedo and lifetime, changing, for instance, the efficiency for
the precipitation process [9,10].

The challenges associated with the spatiotemporal characterization of the aerosol optical
properties require a joint effort of long-term measurements in a huge variety of regions [5,11].
The need for these measurements has been fulfilled by the AERONET network (Aerosol
Robotic Network), which performs continuous monitoring of a variety of aerosol physical
parameters in different sites of the world [12]. Although AERONET provides important
continuous information on optical properties, their limitations are mainly related to the fact
that the photometers perform only local measurements, which also requires maintenance and
calibrations from time to time. In this context, satellite remote sensing offers an unprecedented
opportunity to advance the understanding of the aerosol—climate relationships and assist in
understanding the complex atmospheric dynamics [4,5,11].

The use of remote sensing through spectrometers such as MODIS (Moderate Reso-
lution Imaging Spectroradiometer), aboard the Terra and Aqua satellites, has shown the
ability to provide different aerosol and cloud properties on a global scale [13]. In the newly
released MODIS product Collection 6 (C6), the aerosol optical depth (AOD), which is a
unitless quantity, goes beyond the traditional 10 km resolution data of the level 2, with a
new global product with 3 km spatial resolution [14]. Although the new AOD 3 km product
follows the same principles as the AOD 10 km, it can assist in constructing new products
that assess smoke plumes and aerosol gradients at local and regional scales [15,16].

AOQOD retrieved by the set of algorithms of the MODIS instrument applies three different
features: Dark Target (DT), Deep Blue (DB), and a combination of them (DTB) [11]. The
DT 10 km AOD was already validated for humid regions with vegetated surfaces [17].
However, this algorithm is limited in its capacity for bright surfaces (e.g., desert regions).
For these cases, it has been recommended to use the DB algorithm [18]. Recent works
have evaluated the applicability of MODIS algorithms in various regions of the world,
such as the semi-arid region of the USA [19], huge variety of sites in China [16,20], South
America [21,22], Saudi Arabia [23], Peru [24], and globally [11,25-27].

Particularly for Brazil, the 10 km AOD MODIS products have already been applied
to analyze radiative fluxes [6,28] and their effects on the carbon balance [29] over the
Amazonian region. This same product was also evaluated by Lanzaco et al., 2016 [21] on
some South American sites and used by Pérez Ramirez et al., 2017 [30] to complement some
discussions on AERONET measures. In a global analysis, Wei et al. [11] performed some
comparisons and evaluations between the different algorithms (DT, DB, and DTB), focused
on their inner performance. Although there are studies that applied the MODIS data for the
Amazonian region, the DT 3 km product was never applied and validated for the rainforest.

This study aims, therefore, to evaluate the local and regional application of AOD
MODIS products for spatial resolutions of 3 km and 10 km (Dark Target algorithm) over
different sites of the Amazon. In particular, the MODIS estimates against AERONET’s
benchmark measurements on six Amazon sites were evaluated in addition to the quantifi-
cation of AOD variations as a function of biomass burning records in the region.

2. Data and Methods
2.1. AERONET Data

AERONET is a global aerosol monitoring network, installed and maintained by
NASA'’s Earth Observing System (EOS) [12]. Its measurements allow near real-time moni-
toring of aerosol optical depth in several wavelengths, and a variety of aerosols’ physical
and optical properties. Products provided by AERONET are freely available online at
http:/ /aeronet.gsfc.nasa.gov/ (accessed on 10 June 2019), which also contains specific
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information about the monitoring system. The network follows a protocol for data quality
assurance, divided according to the level of processing, which varies between 1.0, 1.5, and
2.0. At level 2.0, which is the highest quality level, the data undergo a final calibration with
corrections for local factors and earns a network certification. In this study, we prioritize
the use of level 2.0 data. For the AOD analysis, we focused on the measurements taken on
500 nm, since this wavelength is commonly used because of its proximity to the MODIS
estimates at 550 nm [31].

The Extinction Angstrom Exponent (EAE) for the spectral range of 440-870 nm was
used as a proxy of the spectral dependence of the AOD, which also allows the conversion
of the AOD 500 nm to AOD 550 nm, which is the wavelength of MODIS products where
the AODs are retrieved. The following equation was used for the AOD interpolation:

)

550\ ~EAE
%)

AODs50 nm = AODsg0 nm (

The sites considered in this study belong to the region known as the Brazilian Legal
Amazon, herein referred to as the Legal Amazon, which comprises the Brazilian states
of Amazonas, Acre, Rondénia, Roraima, Para, Maranhao, Amap4d, Tocantins, and Mato
Grosso. AERONET data were extracted over the Abracos Hill (AH) and Ji Parana (JP) sites
in Rondonia, Alta Floresta (AF) and Cuiaba-MIRANDA (CM) in Mato Grosso, Manaus
EMBRAPA (ME) in Amazonas, and Rio Branco (RB) in Acre (Figure 1). The analysis
comprised a maximum period of 16 years, from 2002 to 2017, depending on the data
availability in each site. Site locations are shown in Figure 1, and more information about
them can be obtained elsewhere [32].

I Forest
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I Secondary vegetation

Urban area

I No Forest
B Hydrography

50°0°,

Legend

Legal Amazon

I Brazil

I South America
Yk AERONET Sites

-70°0" -60°0"

Figure 1. Site locations considered in this study. The red stars represent AERONET sites and the
dashed area is the Legal Amazon. The acronyms represent the sites, where AH is Abracos Hill, AF
is Alta Floresta, RB is Rio Branco, JP is Ji Parana, MN is Manaus, and CM is Cuiaba Miranda. The
figure also shows the 50 km x 50 km clippings from which the MODIS 3 km and 10 km estimates
were extracted on each site, as well as the land use in these regions.
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2.2. MODIS Data

MODIS is a spectroradiometer with 36 spectral bands, measuring light in the wave-
length range from 0.4 to 41.2 um, with three different spatial resolutions. Bands 1 and 2
have a spatial resolution of 250 m, bands 3 to 7 of 500 m, and the others with resolution of
1 km. Its orbit sweeps an imaging area of 2300 km, providing almost daily coverage of the
Earth’s surface and atmosphere [33]. The 10 km and 3 km DT products have already been
evaluated on regional and global scales, with expected errors spanning from 15 and 20%,
respectively [14,16,34-38]. The AOD 550 nm retrieved by the DT algorithm has a spatial
resolution of 3 and 10 km; data were downloaded from http:/ /ladsweb.nascom.nasa.gov
(accessed on 10 June 2019).

The DT algorithm has been applied to MODIS sensor data since 1999, when Terra
satellite was launched. There are two DT algorithms, the first being used to retrieve aerosol
information over the ocean and the second particularly over land. The algorithms have
been continuously improved, periodically producing new collections of higher quality data.
This study uses data from collection 6 (C6). The advantages of DT C6 is that it has better
resolutions than in the previous collections, especially in clouds and smoke plume detection,
with AOD data available for both 10 km [38] and 3 km [14,15] resolution standards.

The DT algorithm was originally developed for surface area with dark vegetation,
where the measured reflectance at the top of the atmosphere is initially corrected for
absorption by various gases before being arranged into the 10 km x 10 km (400 pixels)
or 3 km x 3 km (36 pixels) area. The pixels are then processed to remove clouds, desert,
snow/ice, and groundwater. Over land, 20% of the total darkest and 50% of the total
brightest pixels are ignored. Finally, up to 11 (for 3 km) and 120 (for 10 km) pixels remain
on which to perform aerosol retrieval by averaging their spectral reflectance. In addition to
AQOD values, other parameters associated with the recovery process, e.g., surface reflectance
and cloud fraction, were archived in product files; these variables can be used to identify
the original uncertainty during recovery and compare the two products [16].

This study uses data obtained from the Aqua satellite, which passes over the study
areas at approximately 13:30 h (local time). The MODIS DT products, MYD04_L2 (Aqua)
level 2, were obtained based on the physical locations of the AERONET radiometers.
To match the instant AOD value provided by MODIS with the repeated measurements
observed by AERONET, we followed the widely used method of averaging AERONET data
within 30 min of MODIS pass time. Satellite data passes are placed with spatially averaged
MODIS AODs within 5 x 5 pixels of the MODIS product 10 km from the AERONET site
location. This record (shown in Figure 1) was also used for the extraction of the MODIS
3 km product. The MODIS data for an area of 50 km x 50 km were then used in the average
calculation of the AOD and compared with the AERONET measurements and with each
other [16]. Regarding the clippings of selected areas, the total number of pixels on each
clipping ranged from 50 to 256 for the 3 km product and from 5 to 25 for the 10 km product.
Only recoveries with minimum fractions above 30% were used of the total of each pixel on
the clippings centered on the AERONET website [11].

2.3. Complementary Measurements

Data on fire spots over the Legal Amazon were used to complement the analysis
of variations in AOD. Monthly data were obtained from the National Institute for Space
Research (INPE), at https://queimadas.dgi.inpe.br/queimadas/portal (accessed on 1 July
2022) [39]. Measurements from the Aqua reference satellite were used (afternoon period)
between 2002 and 2017. Table 1 shows the characteristics of the data used in this study.
Although the fire records may not be representative of the instantaneous impacts, the
overall monthly accumulated over the Legal Amazonia may be showing direct relationships
between the records of fires and the regional elevations of AOD over the rainforest.
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Table 1. Overview of the products used in this study, where SR stands for spatial resolution and QA
is the quality assurance.

Data Product/Description/Acronym SR
AOD 500 nm/V3 Levell 2.0/ AOD AERONET -

AERONET EAE 440-870 nm/V3 Level 2.0/EAE -
DT MYD04_L2/QA = 3 Level 2.0 (AOD MODIS 3 km) 3km
MODIS (AOD 550 nm) - iy vhs 12/0A = 3 Level 2.0 (AOD MODIS 10 km) 10 km
INPE Fire Spot/QA 1 km/HS 1 km

2.4. Statistical Evaluations

Through linear regression statistical models, the MODIS 3 km and 10 km AOD prod-
ucts were evaluated as a function of the AERONET 550 nm AOD reference measurements.
The slope, intercept, and significance level were obtained for each site. The errors and the
statistical significance of the MODIS DT AODs were also evaluated through metrics such as
Root Mean Square Error (RMSE), Mean Absolute Error (MAE), Relative Mean Bias (RMB),
the Pearson correlation coefficient (R), and the expected error (EE). The equations used to
calculate the statistical parameters are shown below; procedures to obtain the quantities
were performed similarly to Almazroui (2019) [23] and Che et al. [20]:

= 2
RMSE = \/ L (MODIS ;) — AERONET;) )", )
MAE — % Y- (|MODIS;) — AERONET| ), 3)
i=1
RMB = % ) |MODIS ;) / AERONET ; |, )
i=1

», (AERONET ;) — AERONET ) (MODIS ;) — MODIS )

’ ©)

R pr—
___\2 N\ 2
\/ r; (AERONET;) — AERONET) 5L, (MODIS ;) — MODIS )
AEE = %(0.05 + 0.2 AOD AERONET). ©6)

The monthly values calculated for the statistical parameters were used to assess the
sensitivity of MODIS products for fire outbreaks in the Amazon.

3. Results
3.1. AOD MODIS Local Assessment for 3 and 10 km

The time series of the AERONET AOD and the MODIS DT 3 km and 10 km AOD are
shown in Figure 2. All sites present an evident seasonality, which is already expected due
to the impact of emissions from fires that occur in the dry season on the region [31,32,40].
In general, the maximum AQOD values in all sites are directly related to the regional fire
events. The high loads of aerosols emitted by the regional biomass burning that occurs in
central and northern Brazil, in the region locally known as the deforestation arc [31], cover
extensive areas over South America and can impact locations relatively distant from their
origin emission [29,41-45].

Figure 2 also shows the data coverage for each site. For AH, the period in common
between the AERONET data and the MODIS AODs is between the years 2002 to 2006, for
JP, from 2006 to 2017, and for MN, from 2011 to 2017. For the other sites, these intervals
cover the entire period of analysis from 2002 to 2017. The AOD magnitude values vary
from site to site. For MN, the maximum AOD values of AERONET do not exceed 2.0. For
2015, particularly, the MODIS DT 10 km AOD recorded values above 2.5. The MN site
in central Amazon is also influenced by fire events, but not with the same proportion as
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the other sites [32]. AOD magnitudes above 3.0 are typical for other sites [32]. The time
series shows that the MODIS DT data for the maximum AOD values are slightly higher
than the AERONET measurements. The AOD MODIS 3 km product is similar to the 10 km
estimates, both in good agreement with the AERONET measurements.

Abracos Hill - AH Alta Floresta - AF

5 . 5 ;
afp-a)il g Town 4t-b) oy g ‘
AERONET
D 3 54 = T — . D 3 - {4 . 4
o, l | l - J‘ gyl J A
1 N B VRS DS ok s ‘ 1+ ] . H 21 O ! H
0 lh : ‘Jf'j"«’ J"\li"d’l'hj‘){‘ ] 0 .JJ Wt .A'l Jd&‘!m-\’.
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Date Date
Rio Branco - RB Ji Parana - JP
5 . - - T 5 - - .
4t -©) 4t d)
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Figure 2. Time series AOD AERONET AOD and MODIS DT 3 km and 10 km for the analyzed sites:
(a) Abracos Hill, (b) Alta Floresta, (c) Rio Branco, (d) Ji Parand, (e) Manaus, and (f) Cuiaba Miranda.

A systematic evaluation of the MODIS DT AODs for each site was performed using
linear regression models, which are shown in Figure 3, where the punctual measurements
available on each site are represented. The regressions show similar behavior in practically
all sites, and the regression lines show an overestimation of the AOD by both MODIS DT
products. Figure 3 also shows that the linear fit varies from site to site. For MN, the R? was
0.78 and 0.79 for the 3 km and 10 km products, respectively, while for AF, these values were
0.87 for both products. The differences between the fits may be associated with the aerosol
model used and the possible differences in the characteristics of local aerosol sources [16].
During the dry season, all sites are influenced by regional Biomass Burning Aerosol (BBA);
however, different land cover can affect properties in the aerosol emitted by the biomass
burning and by different surface reflectances. There is also the possibility that regional
and long-range transported aerosols influence the local characteristics of the atmosphere,
which impacts the absorption and scattering processes of solar radiation by the particles.
Palacios et al. [32] reported that the CM site is influenced both by local pasture burning
and by aerosols from fires that occur to the north and northeast of this site, whereas the AF,
JP, and AH sites are considerably close to the deforestation arc and are directly impacted
by the fire events that take place in this region. A similar observation was obtained by
Morais et al. [31].
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Figure 3. Linear regression models obtained between AOD from AERONET and from MODIS DT 3
km and 10 km (where the punctual measurements available on each site are represented): (a) Abracos
Hill, (b) Alta Floresta, (c) Rio Branco, (d) Ji Parand, (e) Manaus, and (f) Cuiaba Miranda. All models
were statistically significant, with p-value < 0.001.

The regression models in Figure 3 are complemented with the statistical parameters
shown in Table 2, which show the RMSE, MAE, RMB, and R for each site. Table 2 also shows
the number of observations for each regression point. The joint analysis of Figure 3 and
Table 2 shows that the AOD MODIS 3 km and 10 km products present similar performances
regarding the RMSE. However, the behavior of these estimates is different between the
analyzed sites. For the AH, AF, RB, and JP sites, the slopes between the 3 km and 10 km
products practically did not vary, whereas these values ranged drastically between the sites
for the 3 km product, from 1.17 in AF to 1.46 in AH.

Table 2. Statistical parameters calculated for the linear regression models between AOD AERONET
and AOD MODIS DT 3 km and 10 km: Amount (N) of observations of the AERONET and MODIS
pairs used in all calculations; Root Mean Square Error (RMSE); Mean Absolute Error (MAE); Relative
Mean Bias (RMB) and Correlation coefficient. AH—Abracos Hill, AF—Alta Floresta, RB—Rio Branco,
JP—]Ji Parana, MN—Manaus, CM—Cuiaba Miranda. The table also shows the relative difference
between the parameters of the 3 km and 10 km products.

3 km 10 km Relative Difference (%)
Site N RMSE MAE RMB R N RMSE MAE RMB R RMSE MAE RMB R
AH 261 0.30 0.20 1.59 0.90 128 0.27 0.18 1.23 0.92 10 10 22 2
AF 1535 0.18 0.11 1.27 0.93 921 0.20 0.10 0.92 0.93 10 9 27 0
RB 1117 0.16 0.12 1.82 0.91 635 0.15 0.09 1.18 0.94 6 25 35 3
JP 1063 0.18 0.13 1.71 0.93 639 0.19 0.10 1.12 0.94 6 23 34 1
MN 432 0.10 0.14 2.33 0.89 105 0.06 0.08 1.73 0.87 40 43 26 2
CM 1834 0.15 0.10 1.00 0.87 1341 0.12 0.10 0.72 0.88 10 0 28 1
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The statistical parameters shown in Table 2 do not show significant differences between
the RMSE and the MAE for the 3 km and 10 km products. However, the RMB points to an
overestimation of the 3 km product, compared to the 10 km one. The average difference in
RMB between MODIS DT products was 22-35%. The correlation coefficients (R) reinforce
the excellent agreement between the MODIS DT estimates and the AERONET reference
measures, the values had minor variations between 0.87 and 0.94, and all comparisons had
a significance level of p < 0.001. Slight variations in R between sites can also be associated
with land cover (surface reflectance) and local aerosols properties. The products clearly
varied from region to region [46]. The expected error (EE) shown in Figure 4 complemented
the analysis of these spatial variations. The EE was calculated according to Remer et al. [14].

80 T T T T T

I 3 km
I 10 km
70 1

60

20

AH AF RB JP MN cM Al

Site
Figure 4. Bar plot showing the percentage of observations that are within the expected error (EE),
estimated by the following equation 6 for each site. The dotted line represents the 66% mark,
considered the minimum percentage for the product to have a good performance.

As shown in Figure 1, it is possible to attribute the main differences between the
sites by the land use of the selected areas. The AH, AF, RB, and JP sites presented similar
systematic errors, a fact justified by the land use in each site, with typical pasture vegetation,
forest residues, and small urban regions. As for the MN site, there is a complex mix of
landscapes that contain dense forest vegetation, a strong contribution from urbanization
and water regions. The CM site, on the other hand, is composed mainly of non-forest
features. According to Machado et al. [47], the metropolitan region of Cuiaba, 20 km
from the AERONET CM site, is composed of a mosaic of urban buildings, agricultural
plantations, pasture, and exposed soil.

Figure 4 shows the percentage of points that are between the EE for each site. Accord-
ing to Remer et al. (2013) [14], the products would have a good match if more than 66% of
the points were within the limits of the EE. The results show that all values of EE for the
3 km product are below the expected limit of 66%. The MN site had the worst performance
for the 3 km product, with 24.07% of the points satisfying the condition. The EE for the
other sites varied between 49.15% (RB) and 61.86% (AF).

As for the MODIS DT 10 km product, the sites belonging to the deforestation arc
showed similar behavior. AH had 64.84% of the points within the EE. AF, RB, and JP
exceeded the minimum percentage, showing a good match, with 69.38, 71.34, and 67.40%,
respectively. The performance for the 10 km at the MN and CM sites were unsatisfactory,
with 48.57 and 47.05% of the points within the EE, respectively. On average, the MODIS
DT 3 km product did not perform well for the Amazonian sites, with only 49.47% of the
points within the limits of the EE, while the 10 km product had a satisfactory performance
of 66.22% satisfying the criteria.
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Here, we hypothesize that the 3 km product obtains radiometric detail with infor-
mation on the smoke that AERONET cannot detect from the ground. The 10 km product
looks better, not because the optical model has better physical parameters, but very likely
because the average reflectance pattern is more homogeneous across the observed area. For
instance, for the MAIAC product at 1 km, the disagreement with AERONET data could
be more relevant, considering that the distribution of spot fires is quite heterogeneous for
areas of 3, 10, and 1 km. Depending on the surface type, some aerosols will be invisible to
MODIS, and others will stand out due to the complex relationship between the spatial and
radiometric resolutions, a classic problem of remote sensing techniques.

3.2. AOD MODIS DT Regional Assessment

A general analysis of the MODIS DT products for the Amazonian region was per-
formed in Figure 5a, which shows the time series of the integrated measurements of all
sites for AOD AERONET and AOD MODIS DT 3 km and 10 km. The results show a similar
seasonal behavior between the AERONET measurements and the MODIS DT estimates.
Figure 5b shows the differences between the AERONET measurements and the MODIS
DT 3 km and 10 km products, as well as the difference between the 3 km and 10 km
products. The differences between AERONET with the 3 km and 10 km products indicate
that the magnitudes vary more for the 3 km product. In this case, 92% of the differences
are negative, with values reaching values lower than —1, evidencing the overestimation
of the AOD for all atmospheric conditions. The differences between AERONET and the
10 km product are less pronounced, with values mainly ranging between 0 and —1. The
differences between the 3 km and 10 km products can be attributed to different ways of
estimating the algorithms [16], a fact also verified by Figure 5d.
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Figure 5. (a) Time series of AODs obtained by AERONET, MODIS DT 3 km, and MODIS DT 10 km
for all analyzed sites. (b) Difference between the AODs obtained by AERONET and all MODIS DT
data. (c) Linear regression with the integrated measurements of all sites for the AERONET AOD
measurements and the MODIS DT 3 km and 10 km products. The dashed line represents the x =y
line. (d) Linear regression between the AOD products MODIS DT 3 km and 10 km.
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Figure 5¢ shows the linear regression models between the AODs from AERONET and
from MODIS DT 3 km and 10 km for the integrated set of observations, together with the
statistical parameters, which are shown in Table 3. Although there is a large dispersion
between the points, the R? of the regressions were 0.72 and 0.69 for the 3 km and 10 km
products, respectively, values with a significance level of p-value < 0.001. The linear fits
in Figure 5¢ show that both MODIS DT products 3 and 10 km overestimate the AOD,
where the slope of the fits are 1.12 and 1.04, respectively. In particular, the 3 km product
overestimates about 12% more. Table 3 shows that, for the 3 km product, the RMB was 1.83,
while for the 10 km product, it was 1.17. The statistical parameters show that the errors
associated with both products are similar, with MAE of 0.13 and 0.11 and RMSE of 0.21
and 0.22 for the 3 km and 10 km products, respectively. As for the slope for the regressions,
they were also similar, with differences less than 10%.

Table 3. Statistical parameters calculated for the linear regression model (shown in Figure 6¢,d)
between the integrated measures of all sites, AOD AERONET x AOD MODIS DT 3 km, AOD
AERONET x AOD MODIS DT 10 km, and AOD MODIS DT 3 km x AOD MODIS DT 10 km.
N—Number of observations, a—slope, b—intercept, R?—coefficient of determination, RMSE—root
mean square error, MAE—mean absolute error, and RMB—relative mean bias.

Parameters AERONET x 3 km AERONET x 10 km 3 km x 10 km
N 4281 3198 3525
a 1.12 1.04 0.91
b 0.008 0.009 0.005
R? 0.72 0.69 0.84
RMSE 0.21 0.22 0.16
MAE 0.13 0.11 0.008
RMB 1.83 1.17 0.80
p-value <0.001 <0.001 <0.001
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Figure 6. (a) Time series of integrated AOD measurements for MODIS DT 3 km and 10 km products
(monthly average) and records of fire outbreaks over the Legal Amazon. (b) Characteristic year with
average values for MODIS DT 3 km and 10 km products and records of fire outbreaks.
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The linear regression in Figure 5d shows the relationship between the 3 km and 10 km
products, which shows a good agreement between the estimates with an R? of 0.84 and a
p-value < 0.001. The linear fit below the 1 x 1 line reinforces the larger magnitudes for the
3 km product. The low error values (Table 3) also reinforce the good agreement between the
products; however, as will be discussed in detail later (Section 4), the differences between
the retrieval algorithms and the variations of the analyzed surface can favor the differences
in the estimation process, contributing to scattering observations for certain AOD values.

3.3. MODIS DT AOD Sensitivity to Fire Outbreaks

The AODs MODIS DT 3 km and 10 km for the Amazonian region were aggregated
into monthly averages, shown in Figure 6a, which also shows the monthly cumulative for
the fires over the Legal Amazon. The peaks show the characteristic seasonal behavior of the
region. The AOD variations directly follow the fire outbreak records increase. Through the
time series, it is possible to observe that monthly averages of AOD above 1.0 are recurrent
for years in which fire records reach the 50,000 fire outbreaks. The time series also shows
annual variations, where records of fires are more intense in the period from 2002 to 2007
and in different years such as 2010 and 2017, which is in accordance to what was reported
by Morais et al. [31].

Seeking a direct relationship between the fire records and the AOD, we estimated the
characteristic average year, as shown in Figure 6b, which shows the monthly average of
hotspots accumulations and the monthly average of the AOD MODIS DT. The behavior
shown in Figure 6b shows the increase in fire records in July. From June to July, the
records of hotspots increased by approximately 50%. From June to September, when the
occurrence of biomass burning is more pronounced, this percentage increases by about
ten times, compared to the other periods. The increase in AOD presents a slight lag at
the beginning of July but reaches its maximum in September, which is the same month
where the fire occurrences have reached their maximum value. From October onwards,
with the intensification of precipitation records in the region, the fire outbreaks and the
AOQOD values decreased.

The errors associated with the AERONET comparisons were related to the average
distribution of the monthly accumulated hotspots to assess the sensitivity of the AOD
MODIS DT. Figure 7 shows the relationship between fire outbreaks with RMSE, MAE,
RMB, and R. The statistical error parameters, RMSE and MAE (Figure 7a,b), showed a good
linear relationship for the 10 km product (blue adjustment) with an R? of 0.88 and 0.84,
respectively. This result indicates that the increase in fire records explains approximately
90% of the rise in RMSE and MAE for the 10 km product. For the 3 km product (red
adjustment), the linear relationship resulted in R? of 0.76 and 0.33 for the RMSE and MAE,
respectively. This indicates that the increase in fire records can explain the RMSE and
MAE increases of approximately 87% and 58%, respectively, for the 3 km product. The
comparison between the products shows that the 10 km estimate is more sensitive to
changes in the fire records.

Regarding Figure 7c, the bias values have an inverse relationship with fire records. The
R? adjustments were 0.41 and 0.54 for the MODIS DT 3 km and 10 km products, respectively.
The highest RMB values occur for low records of fires. Linear adjustments show that the
MODIS DT 3 km product has the highest RMB values for conditions with few fire records,
reaching values above 3.0. The slope of the fitted lines also shows the more significant
overestimation of the 3 km product for low values of fire outbreaks. Figure 7d shows the
linear relationship between the correlation coefficients (R) and the records of fire outbreaks.
The linear fits were 0.55 and 0.41 for the MODIS DT 3 km and 10 km products, respectively.
Although there is a large dispersion between the points, this adjustment indicates that the
greater the number of fires, the greater the degree of correlation between the AERONET
measurements and the MODIS DT estimates.
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Figure 7. The plots show the linear regression between the mean values of fire outbreaks and the
monthly statistical parameters (characteristic year) of the regressions between AERONET and MODIS
DT. (a) RMSE—Root Mean Square Error, (b) MAE—mean absolute error, (c) RMB—relative mean bias,
and (d) R—the correlation coefficient. The color outlines inform the month of each regression point.

4. Discussion and Conclusions

The results of the local comparisons between the AOD of the AERONET measurements
and the MODIS DT showed a good correlation for both products, 3 km and 10 km. This fact
was already expected, since the 3 km product performs the same criteria for selecting and
disposing unwanted pixels as the 10 km product [16]. However, variations are observed in
the errors and in the percentage of points that fit within the limits of the expected error (EE).
He et al. [16] and Che et al. [20] also pointed out that the crucial source of the differences
between the 3 km and 10 km products is associated with surface reflectance estimates, and
the essence of satellite recovery of aerosol properties is the separation between the surface
reflectance and reflectance at the top of the atmosphere.

The differences between the products and the sites can be directly associated with the
physical characteristics of the surfaces and the recovery methods of each product. The DT
algorithm was initially developed for applications in dense vegetation [17], and due to
geographic variations, climate, and anthropic activities, there may be differences between
products at a regional level [11]. The difference between the 3 km and 10 km products is
likely associated with the difference in spatial resolution, since for the 3 km, it maintains a
more significant number of pixels, which can be representative of heterogeneous surfaces
that make it difficult to estimate the surface reflectance. The accuracy of DT 10 km products
on brighter surfaces is better compared to DT 3 km, and this is precisely due to the
elimination of bright pixels in the selection process within a larger recovery box (10 km
x 10 km), which are possibly selected during the 3 km product demarcation process [46].
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Thus, according to Remer et al. (2013) [14], the DT 3 km product is noisier than the DT
10 km product.

DT products are generally recommended for highly vegetated regions, such as the
Amazon rainforest [11]. However, the regional analysis showed that even in places such
as MN, the influence of urbanized areas can influence the performance of these products,
especially for the MODIS 3 km. However, we found similar results on the AH, AF, RB,
and JP sites, with less contrast between the products. Underestimated surface reflectance
values could cause an overestimation of AOD values, which is more evident in the 3 km
product [11,16,46].

The CM site had the worst performance for all MODIS DT products. In this case, both
products had an EE below 50% with RMB values around 1.0 and 0.8 for the 3 km and
10 km products, respectively, showing a slight underestimation of the AOD compared to
the AERONET. In addition to the different physical properties of the surface, since this
site has predominant characteristics of cerrado vegetation, this underestimation is likely
related to the selection of the aerosol model by the DT algorithms. In fact, the absorption
processes at this site are different from the others [32]. The mixture of regional emissions
from forest burning with emissions from burning of cerrado vegetation in the dry season
can be the factor responsible for a negative bias, indicating low absorption in the aerosol
models. Another possible reason to be considered is the big variety of the soil cover.
Machado et al. (2020) [47] identified a mixture of forest vegetation, savannah, and urban
constructions in the limits of analysis of this site. In addition, the classic method used
here to compare AERONET measurements with MODIS products uses the averages of
AERONET measurements in the 30 min interval of the satellite passage, which can also
lead to inaccuracies related to the simultaneous measurement [48].

The general evaluation of the integrated data for the Amazon region represented an
average general behavior of the analyzed sites, and the degree of correlation was satisfactory
for both products (R > 0.80); however, only the DT 10 km product presented the expected
performance with EE above 66%. For the same reasons mentioned above, in the regional
analysis of the sites, the 3 km product overestimated the AOD by only 49.47% within the
EE. These results allow us to state that the DT 10 km product is more accurate and better
represents spatial variations at a regional level, and similar results were found for sites in
China [16,46].

It was verified, through the monthly averages, that in the Amazon, the direct impact
of biomass burning (Figure 7b) and the errors in the MODIS DT estimates also have a
direct relationship with the burning records. For the months from December to June, with
lower records of burning, both products considerably overestimated the AOD values with
RMB values ranging from 1.0 to 3.5 for the 3 km product and from 0.6 to 2.5 for the 10 km
product; the magnitude of the variations may be related to contributions from the CM site,
further south of the Amazon basin. For these same months, the correlation also varies
considerably (R = 0.3 to 0.75). However, with the increase in fire records, the overestimation
decreases, and the correlation coefficients increase from July onwards. Although the linear
relationships for these statistical parameters are not excellent, with R? < 0.6 for RMB
(Figure 7c,d), they are highly significant (p-value < 0.001). In this case, the increase in fire
records in the Amazon could explain, on average, 70% of the decrease in overestimation
and 70% of the rise in the correlation between AERONET measurements and MODIS
DT estimates.

In general, this study evaluates the local and regional performance of the AOD MODIS
C6 estimates, using the Dart Target algorithm for a spatial resolutions of 3 km and 10 km
over the Amazon. The calculations were performed in comparison with AERONET’s
reference measures on six sites of the Legal Amazonia between the years 2002 to 2017. The
MODIS DT 10 km product presented a satisfactory performance in most of the analyzed
sites and on the integrated data set in the Amazon, with 66.22% of the observations within
the limits of the expected error (EE). However, the EE was not satisfactory for the MN
and CM sites. These variations may be related to the influence of the urbanized area from
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Manaus and the choice of the aerosol model parameters for CM. The product MODIS
DT 3 km did not present satisfactory performance for any site analyzed, with the worst
performance on the MN site, of 24.07% within the EE. For Amazon, the EE of the 3 km
product was 49.47%. The main variations were associated with the difficulty in determining
the surface reflectance.

We verified that the underestimation of surface reflectance, mainly due to urbanization
influences, causes an overestimation of the AOD in both products. In general, the 10 km DT
overestimated the AOD by 17%, and the 3 km DT by approximately 80%. The increase in
fire records from June to September causes an increase of approximately 80% in AOD values.
The statistical comparison of AERONET vs. MODIS DT showed that the overestimation is
statistically higher for low fire records, i.e., AOD AERONET values < 0.1. The correlation
between the MODIS DT estimates improved considerably for high fire records, with AOD
AERONET values above 0.5. The correlation between the MODIS DT estimates improved
considerably for high burn records, with AOD AERONET values above 0.5. In summary,
this work showed that the AOD MODIS performed well, DT 3 km has large dispersion,
probably because it describes the spatial variability, we can parameterize AOD based on
a number of fires, and the error is sensitive to the number of fires, probably because the
sensor is saturated.

This study, therefore, opens discussions on new methods and analyses for evaluating
the performance and applicability of MODIS products for Amazonia. In a future perspec-
tive, MODIS DT products need to be evaluated in terms of surface reflectance, mainly the
3 km product. We also emphasize that alternative techniques on the selection of the ana-
lyzed area should be applied as well as the comparison between the DT and DB products
(not shown here). Land cover use can be a fundamental parameter in the evaluation of
MODIS 3 km, verifying the effectiveness of each product on different surface reflectance’s
and different local aerosol optical.
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