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Abstract: Fires affect the Amazon rainforest and cause various socio-environmental problems. Analyses of forest
fire dynamics supporting actions to combat and prevent forest fires. However, many studies have reported
discrepancies in the quantification of fire, especially in the tropics. We evaluated four operational products for
estimating burned areas (MAPBIOMAS, MCD64A1, GABAM, and GWIS) in a part of the southwestern Brazilian
Amazon. We used the year 2019 as a reference to assess the relative performance of each product through
stratification by forest and non-forest areas. Statistical (Kolmogorov—Smirnov test) and geospatial analyses were
performed using fuzzy similarity analysis and mapping of burned areas for forest and non-forest classes. The four
products showed a divergence of up to 90.6% in the total area burned. MAPBIOMAS was the product with the
largest area burned (3379 km?), and MCD64A1 detected the smallest area (325 km?). MAPBIOMAS and GABAM
generally overestimates burn scars in forest areas compared to MCD64A1 and GWIS. Factors that influence the
mapping of burned areas include cloud shadow, the spatial resolution of sensors, and external noises (drought and
decomposition of bamboo forests). We highlight the importance of field validation when mapping imagery to
differentiate the truly burned areas from targets with similar spectral behavior.

Keywords: Forest fire. Burned area. Land use cover change. Geospatial analyses.

Resumo: Os incéndios afetam a floresta amazonica e causam diversos problemas socioambientais. O
monitoramento da dindmica dos incéndios florestais ¢ importante para apoiar tanto acdes de combate quanto sua
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prevengdo. No entanto, muitos estudos relataram discrepancias na quantificacdo de queimadas, especialmente nos
tropicos. Neste estudo, avaliamos quatro produtos operacionais de areas queimadas (MAPBIOMAS, MCD64A1,
GABAM e GWIS) em uma area localizada no sudoeste da Amazodnia brasileira. O ano de 2019 foi usado como
referéncia para avaliar o desempenho relativo de cada produto por meio da estratificagdo por areas florestais ¢ ndo
florestais. Foram feitas analises estatisticas utilizando o teste de Kolmogorov— Smirnov, e geoespaciais, por meio
da analise de similaridade Fuzzy ¢ mapeamento de area queimada para classe floresta e ndo floresta. Os quatro
produtos apresentaram divergéncia de até 90,6% quanto a extensdo de area total queimada. O MAPBIOMAS foi
o produto que apresentou a maior extensdo de area queimada (3.379 km?). Inversamente, o MCD64A1 foi o que
detectou a menor extensdo (325 km?). Além disso, identificou-se que 0 MAPBIOMAS ¢ GABAM geralmente
superestimam cicatrizes de queimada nas areas florestais quando comparado com 0 MCD64A1 e GWIS. Existem
fatores que influenciam no mapeamento de areas queimadas, sendo eles a sombra de nuvem, resolugdo espacial
dos sensores e ruidos externos, como a mortalidade de manchas de bambo no dossel florestal. Sugerimos que o
uso de imagens deve ser acompanhado de analises de campo e integradas com imagens de reflectancia da superficie
multitemporispara avaliar as cicatrizes de areas queimadas de alvos semelhantes espectralmente.
Palavras-chave: Incéndio florestal. Area queimada. Mudanga na cobertura do solo. Analises geoespaciais.

1 INTRODUCTION

Human activities, such as deforestation and forest degradation, are the main cause of land-use
transformations in the Amazon rainforest (BERLINCK; BATISTA, 2020; LAPOLA et al., 2023), which
has made the area more susceptible to fire events (FEARNSIDE, 2008; SILVEIRA et al., 2022). From 2001
to 2018, 122,624 km*> of Amazon Forest area was burned, representing a 1.8% of the forest area
(ALENCAR et al., 2022; LAPOLA et al., 2023; SILVEIRA ef al., 2022). Increases in deforestation and
forest degradation driven by fire have been frequent in the Amazon Forest (DUTRA et al., 2023) and cause
negative impacts on the hydrological (LEITE-FILHO et al., 2021) and carbon cycles (ARAGAO et al.,
2018; LEITE-FILHO, ARGEMIRO TEIXEIRA et al., 2021; MARASENI et al., 2016; PRENTICE et al.,
2011; SHAKESBY; DOERR, 2006), as well as harming human health (CAMPANHARO et al., 2022). Fire
events cause loss of biodiversity (MATAVELI; CHAVES; et al., 2021; MATAVELI; DE OLIVEIRA; et
al.,2021; MATAVELI¢ al., 2017; ROSSI et al., 2022), economic losses (CAMPANHARO, WESLEY A.
et al., 2019; DE MENDONCA et al., 2004), carbon emissions (ARAGAO et al., 2018; LAPOLA et al.,
2023). These impacts are amplified by climate change due to interactions with extreme droughts
(ARAGAO et al., 2018; ARAGAO; SILVA-JUNIOR; ANDERSON, 2020; CARVALHO et al., 2021;
GATTI et al., 2021; SILVA JUNIOR et al., 2019). Because tropical forests are important global climate
regulators and providers of environmental services, it is crucial to develop actions to monitor fire-related
activities to support measures for preventing and mitigating environmental impacts (BARLOW et al., 2023;
DE ANDRADE et al., 2020; MATAVELI; CHAVES; et al., 2021; MATAVELI; DE OLIVEIRA; et al.,
2021).

Remote sensing techniques have allowed the development of methodological approaches to detect
and monitor burned areas in the Amazon Forest (ANDERSON et al., 2015; GIGLIO et al., 2018; PENHA
et al., 2020; SHIMABUKURO et al., 2015). These methodologies have specificities that suit different
purposes. For instance, it is possible to identify differences in the spatial distribution, time, size, and
frequency of burned areas using different data products (LONG et al., 2019; MOUILLOT ef al., 2014;
PESSOA et al., 2020). Nevertheless, divergences among maps create the need to use a tool to compare
burned-area estimates (PESSOA et al., 2020). This process allows evaluation of the mapping according to
relative performance, especially when there are no field validation points in the area (HUMBER et al.,
2019; PADILLA et al., 2015).

The different burned area products have a variety of limitations, and intercomparisons should be
used as a complement to the product validation process (PESSOA et al., 2020), since any mapping
methodology only provides an approximation of the real conditions (HUMBER et al., 2019). Given this
limitation, an intercomparison analysis helps in understanding the advantages and disadvantages of the
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products for different purposes. The analyses must be carried out according to the product specifications
and be balanced in selecting data to be included in the analysis, in view of the final objective (BOSCHETT]I,
L. et al., 2020; BOSCHETTI, LUIGI et al., 2019; PESSOA et al., 2020). Although several studies have
assessed differences in the results of burned-area products (ANDERSON et al., 2015; PENHA et al., 2020;
PESSOA et al., 2020), their intercomparison suggests that performance is spatially heterogeneous. A prior
area evaluation should therefore be carried out before selecting a product for operational usage for guiding
public policies and action (PESSOA et al., 2020).

This paper is an extended version of Dutra et al. (2022), presented at the XXIII Brazilian
Symposium on Geolnformatics (GEOINFO, 2022). Here we assessed four operational burned-area
products (MAPBIOMAS, MCD64A1, GABAM, and GWIS) for the southwest Brazilian Amazon, a region
increasingly threatened by fires (DUTRA et al., 2023) and located adjacent to the arc of deforestation
(DOMINGUES; BERMANN, 2012). The specific objectives were to evaluate the similarities and
differences amongst operational burned-area products in forest and non-forest areas in a municipality
located in the new arc of deforestation, in the southern portion of Amazonas state, and to analyze the spatial
similarities and differences among the products.

2 MATERIALS AND METHODS
2.1 Study Area

The study area covered a total area of 40,777 km? and consisted of the municipality of Boca do
Acre in Amazonas state plus a 25-km buffer around the municipality. The buffer area covers parts of the
municipalities of Pauini (19.42%), Labrea (5.42%), Acrelandia (1.91%), Senador Guiormard (16.16%),
Porto Acre (79.01%), Bujari (28.18%), Sena Madureira (9.58%) and Manoel Urbano (13.68%) (Figure 1).

Figure 1 - Study area located in the municipality of Boca do Acre, state of Amazonas. Forest proportion in a grid of
5 x 5 km pixels extracted by the Amazon Forest Deforestation Calculation Program (PRODES) forest mask for
2019. This was used to select burned areas.
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Source: Authors (2023).

There are seven indigenous territories in the study area: Camicua (583.9 km?), Igarapé Capana
(1,293.0 km?), Inauini/Teuini (2385.8 km?), Boca do Acre (261.7 km?), Apurind (421.1 km?),
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Peneri/Tacaquiri (487.0 km?), and Seruini/ Mariene (221.5 km?). There are also three conservation units
(protected areas for biodiversity): Mapia-Inauini National Forest (3689.4 km?), Purus National Forest
(1919.1 km?), and the Arapixi Extractive Reserve (1337.0 km?). This means that 30.9% of the study area
corresponds to protected areas (indigenous lands and conservation units). According to PRODES data, in
2019 the region covered 33,335.80 km? of forest characterized as dense rainforest (Amazon Forest) (ASSIS
et al., 2019). There are also mosaics of oligotrophic woody vegetation (campinarana), and ecotone areas
(BARNI et al., 2015). The climate is classified as equatorial forest climate (Af) according to the Koppen
classification (ALVARES et al., 2013).

2.2 Burned-area data

We considered three global burned-area products: MCD64A1 (GIGLIO et al., 2018), GABAM
(LONG et al., 2019), GWIS (BOSCHETTI, L. et al., 2020), and one regional product: MAPBIOMAS Fogo,
which covers Brazil (ALENCAR et al., 2022; ARRUDA et al., 2021) for the intercomparison of burned-
area detection. MCD64A1 and GWIS use MODI14A1 data as inputs (i.e., MODIS C6 Terra/Aqua
atmospherically corrected Level 2G daily surface reflectance and the C6 1-km Terra) and MYD14A1 (i.e.,
Aqua Level 3 daily active-fire products) (JUSTICE et al., 2002). The detection method was produced by
composite imagery summarizing persistent changes in the burn-sensitive vegetation index and using spatial
and temporal active fire information to guide the statistical characterization of burn-related and non-burn-
related change (GIGLIO et al., 2018). GABAM uses Landsat imagery (Landsat 7, and 8) to validate the
burned area mapping with reference data from other parts of the world (LONG et al., 2019). MAPBIOMAS
uses Landsat imagery (Landsat 5, 7, and 8) and a Deep Neural Network (DNN) model to detect and map
burned areas in different Brazilian regions (ALENCAR et al., 2022). All burned area products show annual
data. The difference about the time series is the products used to create the burned areas. MCD64A1 has a
temporal resolution of 1 to 2 days and 36 spectral bands, and LANDSAT has 16 days and 9 spectral bands.

The MCD64A1 and GWIS products have 500-m spatial resolution, while MAPBIOMAS and
GABAM have 30-m spatial resolution (Table 1). The burned areas mapped for the year 2019 were selected
for this analysis because this was the most recent year with mapping by all of the burned-area products.
The GWIS products were discontinued in the year 2019.

Table 1- Specifications of the burned-area products.

Name Spatial Resolution Temporal Scale Sensor Scale
GABAM 30m 1985-2019 TM/ ETM +/OLI Global
GWIS 500 m 2001-2019 MODIS Global
MAPBIOMAS 30m 2000-2020 TM/ ETM +/OLI National (Brazil)
MCD64A1 500 m 2000 - present MODIS Global

Source: Authors (2023).
2.3 Analysis

2.3.1 GEOSPATIAL ANALYSIS

We created a regular grid with a cell size of 5 x 5 km for the intercomparison between burned-area
products. The proportion of the burned area detected by each product was calculated for each 5 x 5 km grid
cell. We then calculated the total burned area estimated by each product, stratifying forest/non-forest land
cover. For this purpose, the PRODES land-cover data from 2019 (ASSIS et al., 2019) were used to separate
the landscape into forest and non-forest (i.e., deforestation and non-forest vegetation). To create the land-
use classes, we removed the hydrographic area by application of the water mask by Pekel et al. (2016) in
the PRODES land-use map. Data processing was conducted using functions from the ‘gdal’ library) in
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QGIS 3.22.6 software (QGIS, 2019), as well as the ‘rgeos' package (BIVAND.; RUNDEL, 2018) in
RStudio statistical software (R CORE TEAM, 2021).

2.3.2 STATISTICAL ANALYSIS

To analyze the significance of differences between the burned-area products, we first applied the
non-parametric Kolmogorov—Smirnov two-sample test (SMIRNOV, 1939) for pair-wise comparisons to
the fraction (from the 5 x 5 km cells) amongst the products, resulting in six total comparisons. We used the
‘raster’ package (HIJMANS, 2017) of RStudio software (R CORE TEAM, 2021) to process the data in the
grid. We applied the conditional repeating structures in Bootstrap to create 10,000 interactions of 10% of
the total cells. In this process, we applied randomly selected replacements in each execution of the
conditional structure. The results are the mean and standard deviation of the 10,000 p-values resulting from
the interactions.

To assess the spatial dependence, we employed a modeling approach using DINAMICA EGO 6
(LEITE-FILHO et al., 2020; SOARES-FILHO et al., 2004). We included a two-by-two statistical
comparison using the fuzzy numerical method implemented in the “calc reciprocal similarity map” functor
with a constant decay function (DINAMICA EGO TEAM, 2020). These analyses used the spatial similarity
between pairs of pixels in two numerical maps, using the neighborhood (window size of 3 lines by 3
columns) to calculate the similarity of each pixel (DINAMICA EGO TEAM, 2020). This window size was
chosen to get the most precision from the similarity analysis for use in the Dinamica EGO system. The
value interval of results is between 0 (fully distinct) and 1 (fully identical).

3 RESULTS

3.1 Burned-Area Detection

We detected a total burned area of 7167 km? (summed considering the overlap between the
products) in 2019. Of this total, 264 km? (3.69%) was in the forest area and 6903 km? (96.31%) was in the
non-forest area (Figure 2). In forest areas, GWIS and MCD64A1 detected larger burned area extents: 90
km? (33.6%) and 100 km? (38.6%), respectively. In non-forest areas, GABAM and MAPBIOMAS detected
larger extents: 3111 km? (46.5%) and 3338 km? (49.9%), respectively.

Figure 2 - Percentage of the total burned area detected by each product that is in forest and non-forest. (a)
Percentage of the area classified as burned by each product in the forest area, and (b) Percentage of the area
classified as burned by each product in the non-forest area.

(a) (b)

GABAM MCD64A1
12.9% 3.3%

MCD&4A1
38.6%

GABAM W

) 46.5% ——
Forest - 264 km? Non Forest
6903 km? MAPBIOMAS
GWIS
33.6% (96.31%) 49.9%
MAPBIOMAS GWIS
14.9% 0.3%

Source: Authors (2023).
Our results show the greatest difference between MAPBIOMAS and MCD64A1, where in the study
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area as a whole (both forest and non-forest area) MCD64A1 mapped 3062 km? of burned area, or 90.6%
less than the area mapped by MAPBIOMAS. In the non-forest area, MAPBIOMAS detected 3338 km? of
burned area, or 30.4% more than the area detected by MCD64A1, while in the forest arca MAPBIOMAS
detected 60 km?, or 30.4% less than the area detected by MCD64A1 (Figure 3). Two groups of products
produced similar results: GWIS/MCD64A1 and GABAM/ MAPBIOMAS. MCD64A1 detected 8 km? or
2.46% less total area burned than GWIS, but detected the most burned area in the forest class (100 km?)
and smaller areas in the non-forest class (29 km?). MAPBIOMAS detected 234 km? of total burned area, or
6.9% more than GABAM, which detected 228 km? (8%) in non-forest areas and 5 km? (8%) in forest areas.
All product combinations showed significant differences at the 5% significance level (p < 0.05, Table 2),
except for the GWIS and MCD64A1 combination (p = 0.0594).

Figure 3 - Total burned area mapped by GABAM, GWIS, MAPBIOMAS, MCD64A 1, and percentage of the total
area in the forest and non-forest classes that was burned.

Non-Forest Forest
1.10% 1.18%
100
g 27.59% 31.61%
c 75
o
<
50
98.90% 72.41% e e
25
0
GABAM GWIS MAPBIOMAS MCD64A1
3145 km? 325 km? 3379 km? 317 km?

* The arrow represents the percentage of area burned by each product in reference to
the total mapping of the four products analyzed

Source: Authors (2023).

Table 2 - Means and standard deviations of p-values resulted from 10,000 iterations of Kolmogorov-Smirnov two-
sample tests, randomly selecting different samples of 10% of the total number of 5 X 51, (25 km?) grid cells.

Mean

GABAM
GABAM - GWIS
GWIS 6.97E-05 - MAPBIOMAS
MAPBIOMAS 3.22E-05 2.40E-08 - MCD64A1
MCD64A1 1.04E-04 5.94E-01 3.13E-08 -

Sd

GABAM
GABAM - GWIS
GWIS 2.96E-04 - MAPBIOMAS
MAPBIOMAS 6.24E-05 5.27E-07 - MCD64A1
MCD64A1 3.18E-04 2.91E-01 1.67E-07 -

Source: Authors (2023).
3.2  Mapping Differences
We observed that MAPBIOMAS had low similarity with other products (similarity index close to
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0.5) (Figure 4). These results are associated with the MAPBIOMAS showing the largest mapped extent of
burned area in comparison with GWIS and MCD64A1 decreasing the spatial similarity between them. In
contrast, GABAM, GWIS, and MCD64A 1, presented higher similarity (> 0.84) due to the lower extent of
the burned area they mapped and due to similarity in the spatial distribution of burned pixel proportions,
which makes them more likely to be similar.

Figure 4 - Overall similarity for each burned-area product comparison pair, considering the whole study area.
GABAM GWIS MAPBIOMAS MCD64A1

GABAM e ‘0.85. 6.52 0.84

MAPBIOMAS b 548

GWIS L]

MCD64A1 D

* The symbol in green represents the similarity performance on a scale of 0 to 1. In
yellow, it is the difference between the similarity value and the maximum value (1)

Source: Authors (2023).

When inspecting the spatial patterns of burned areas across the study area, we observed that
MAPBIOMAS was the only data product that mapped the majority of the central and northwestern portion
of the study area. These areas were mapped with low burned area proportion (0 to 5%). In addition, in the
southern and eastern portions of the study areca, MAPBIOMAS identified a higher proportion of burned
areas (> 20% of the grid cells) than did the other products (Figure 5). GABAM also found more widespread
burned areas across the southern and eastern areas but with a much smaller proportion of burned areas
(<5%). GWIS and MCD64A1 showed a very similar spatial pattern and similar burned area proportions.

Figure 5 — Burned-area spatialization in a 5 x 5 km regular grid. Each grid pixel contains the proportion of burned
cells indicated by the color gradient.

& GABAM GWIS
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0 25 50km
10 - 20
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Source: Authors (2023).



Rev. Bras. Cartogr, vol. 75,2023 DOI: http://dx.doi.org/10.14393/rbev75n0a-68393

Only 24% of the cells across the study area showed detections by all four data products (white cells
in Figure 6). These cells were 22% covered by non-forest sites. Moreover, 42% of cells had burned areas
mapped only by MAPBIOMAS data. These cells corresponded to 100% of the cells that had a part of the
cell in the forest area. The remaining products only mapped burned cells with more than 1% of the cell
burned. GABAM and MAPBIOMAS presented large areas of intersection, representing 43% of the total
burned cells in the southern and eastern portions of the study area (Figure 6a).

Figure 6 - Confusion maps considering (a) the GABAM, MCD64A1, and MAPBIOMAS burned-area products, and
(b) the GWIS, MCD64A1, and MAPBIOMAS burned-area products.

(b)
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Source: DUTRA et al. (2022).
4 DISCUSSION

We identified two similar groups of data products associated with the type of satellite data source
GWIS/MCD64A1 from MODIS (500 m) and GABAM/MAPBIOMAS from Landsat (30 m). The
MCD64A1 product showed a total burned area (forest + non-forest) 2.46% to 90.61% lower than the other
products we analyzed. However, this product detected the most burned area in forests: 10.51% to 65.47%
more than the other products. Some studies have shown that MODIS data underestimate burned area by
approximately 25% as compared to Landsat data (MORTON et al., 2011; PESSOA et al., 2020; ROY;
BOSCHETTI, 2009; SHIMABUKURO et al., 2015), mainly due to its coarse spatial resolution. Thus, the
estimated burned area using Landsat data was expected to be greater than by MODIS (SHIMABUKURO
et al., 2015). At the same time, the increased detection of MODIS over forested areas could be merely due
to fires located in deforested areas that are close to forests borders because the 500-m MODIS pixel size
can encompass both deforested and forest areas in the same pixel. The temporal resolution of Landsat data
(used by GABAM and MAPBIOMANS) is relatively coarse (16 days), but the spatial resolution in the optical
spectrum (30 m) is much higher than MODIS. The higher spatial resolution of Landsat allows improved
definition of the boundaries of burned areas because these features avoid the mixture of burned and
unburned patches in the same pixel (ARRUDA et al., 2021; LONG et al., 2019).

Limitations in the data analysis include the differing characteristics of the satellite sensors, such as
spatial and temporal resolution, and the algorithms employed to detect the burned areas (PESSOA et al.,
2020). However, the high temporal resolution of MODIS data (used for MCD64A1 and GWIS), allows for
greater data acquisition and less interference from clouds (ALONSO-CANAS; CHUVIECO, 2015;
PESSOA et al., 2020). This process increases the chances for the burn date to be accurately identified
(BUSH et al., 2008). Thus, the temporal frequency of MODIS data allows for a better identification of the
time elapsed since burning and the speed at which vegetation regenerates after the fire (GIGLIO et al.,
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2018). These are important factors for monitoring in tropical regions because the higher temporal frequency
minimizes the effect of cloud cover and climatic conditions.

We identified MAPBIOMAS and GABAM (Landsat data) as generally overestimating burn scars,
especially in forest areas, when compared to MCD64A1 and GWIS (MODIS data). However, burned area
is underestimated in non-forest regions with products that use MODIS data as a reference. MAPBIOMAS
and GABAM data registered an increase of 93% to 94% in the burned area mapping compared to
MCD64A1 and GWIS, respectively. These differences can be associated with the spatial resolution of the
data sources (LONG et al., 2019). Another factor that causes errors in burned area detection in the southwest
Amazon is the bamboo-dominated forests that naturally occur in this region (DE CARVALHO et al., 2013;
SILVA et al.,2021) . After ~28 years of the bamboo life cycle, they flower and die in large groups, causing
an accumulation of dry biomass in the forest canopy, which then causes the appearance of large patches
with dark colors when observing optical imagery such as that from Landsat and MODIS (DALAGNOL et
al., 2018). It has been suggested that the increase in dry biomass could contribute to igniting large fires, but
18 years of remote sensing data analysis has not confirmed this hypothesis, except for drought years
(DALAGNOL et al., 2018). Therefore, the MAPBIOMAS method may be detecting part of these large-
scale bamboo mortality events as burned areas. The developers of the method mentioned in a personal
communication that this region lacks sampling data and that this issue should be improved in future
versions.

While MAPBIOMAS and GABAM (the two datasets based on Landsat data at 30-m resolution)
found approximately the same number of burned areas, they differed in terms of the size of the detections.
The MAPBIOMAS regional product registered 11 times more burned area with small proportions (< 1.25
km? in cell grid proportion) when compared to the GABAM global product. According to the developers
of GABAM (LONG et al., 2019), the overestimated values with the use of Landsat data can be associated
with temporal resolution and cloud shadow contamination (LONG et al., 2019). This process is associated
with a mapping limitation in tropical regions, where cloud cover is persistent and vegetation recovery is
quick. Thus, we observed that overestimation by MAPBIOMAS and GABAM is associated with the
detection of false positives, mainly in forest areas.

Burned-area grouping was different between the products, and the results showed specific spatial
patterns. Ferro et al., (2023) demonstrated with CBERS 4 and CBERS 4A data that the spatial pattern is
better when the burned-area values are smaller. In this process, the overestimation or underestimation of
the burned area found in our results showed how the spatial pattern can behave differently according to the
mapping technique applied. Noise in this process was responsible for the differences between the scattered
similarities of the comparison results. Some studies suggest the application of the shadow fraction imaging
technique to highlight the burned areas and facilitate the image classification process (ANDERSON et al.,
2015; FERRO et al., 2023; SHIMABUKURO et al., 2020; SHIMABUKURO; SMITH, 1991). The
combination of data from different sensors and the application of this technique avoids omission and
commission errors in burned areas (FERRO et al., 2023).

Studies using lower-resolution products, such as MCD64A1 and GWIS, demonstrate that they are
unable to adequately detect small fires (< 100 ha) (RODRIGUES et al., 2019), which can cause the burned
area to be underestimated (GIGLIO et al., 2018; JUSTICE et al., 2002). Despite MCD64A1 presenting a
significantly lower detection of small burns (< 100 ha) than other products (CHUVIECO et al., 2018;
JUSTICE et al., 2002; PESSOA et al., 2020), we found underestimates of the burned area by 89.90% to
90.61% as compared to the higher-resolution products (30 m). Therefore, GABAM and MAPBIOMAS
detect small burned areas better, showing small burn proportions associated with small burned patches in
the grid with 5 km x 5 km (25 km?) pixels.

The methodologies applied for mapping burned areas are a factor that can influence the differences
in the mapping of products with the same spatial resolution. The MCD64A1 uses a burn-sensitive
vegetation index to create a dynamic threshold to produce the burned composite data (GIGLIO ez al., 2018).
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Their differences from the GWIS are associated with the post-processing applied to the MCD64A1 product,
grouping pixels through an algorithm of growth analysis of burned areas (BOSCHETTI et al., 2020;
GIGLIO et al., 2018). This process increased by ~2.46% of the burned areas in the study region mapped
by the GWIS than the MCD64A 1. However, these products have limitations associated with low confidence
in identifying burned areas in crop areas, which may further overestimate the burned areas in a given region
(BOSCHETTL, L. et al., 2020; GIGLIO et al., 2018) .

Regarding mappings with machine learning systems, we observed that application of the Random
Forest system to the GABAM data (LONG et al., 2019) and of the Deep Neural Network to the
MAPBIOMAS data (ALENCAR et al., 2022; ARRUDA ef al., 2021) increased the detected burned area
surfaces by ~90%. These processes allow mapping smaller areas when compared to analyses using image
classifiers (LONG et al.,2019). However, the automated algorithm system applied in Landsat images shows
limitations associated with omission errors in the tropical zone. These errors stemmed from the rapid
vegetation recovery of the surface and the difficulty of machine learning models in disassociating
differences between bamboo areas and fires (ALENCAR et al., 2022; ARRUDA etal.,2021; DALAGNOL
etal.,2018; LONG et al., 2019).

Our findings highlight that the use of a single burned-area data product may not be representative
of the reality of the burned areas on the ground. One potential solution would be the combination of multiple
single-burned data products into a multi-source burned area product (LEAO et al., 2022; PESSOA et al.,
2020). The development of such a product allows an index of confidence to be created based on the number
of detections amongst different products for the same area. This product would reduce false positives in
detection and allow a more conservative and precise assessment of burned areas in tropical forests (LEAO
et al., 2022). It is desirable to have an independent burned-area map that is produced with detail and human
editing for a more comprehensive quantification of the operational product strengths and limitations. In the
absence of a national product that does not require adjustment in the algorithm, the global products still
prove to be reliable (within the highlighted limitations) for operationalization and analysis of socio-
environmental losses related to tropical forest fires.

Burned-area products are useful for quantification of the extension area affected by fires, except
for ecological consequences, such as forest mortality and heterogeneity or irregularity of burning associated
with the behavior of fire in the environment (KEY; BENSON, 2006). In this sense, field validation help
reduce overestimates and underestimations of burned area products. Regardless of the scale applied,
mapping in the field faces significant difficulties associated with post-fire responses. This process requires
large investments in equipment and labor, collection in areas with variability in the vegetation, selection of
homogeneous land-use classes, adjustment of the analysis plots based on the spatial resolution of the sensor
(e.g., considering Landsat data of 30 m, the areas must be at least 90 x 90 m), and establishment of sub-
plots that never deviate in the field and that have good accuracy in georeferencing (KEY, 2004; KEY;
BENSON, 2006). Another factor is the difficulty of access, i.e., a region may be at the bottom of rural
properties requiring authorization for entry or may not be accessible by road. Furthermore, in the Amazon
another difficulty in field mapping is associated with most forest fires occurring in the understory
(ALENCAR et al., 2022), which is expected to not be detected by optical sensors. Therefore, the extent of
forest fires in the Amazon may be considered underestimated, regardless of the product used.

5 CONCLUSIONS

A comparison of burned-area products allowed us to analyze the influence of spatial resolution and
methodologic creation in burned-area analyses at the regional scale. Considering the magnitude of
difference, GWIS and MCD64A1 were the most similar products because they identified a smaller
difference in the burned area compared to other products. The products that differed the most were
MAPBIOMAS and MCD64A1, these burned-area mappings differing by 90.62%. Regarding land use, we
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observed that the products with higher resolution (GABAM and MAPBIOMAS) showed smaller
differences in burned-area mapping than the products with lower resolution (GWIS and MCD64A1). The
reduction of these differences may be associated with machine-learning techniques in the detection
processes of burned-area products.

Differences can be observed between products with the same origin. For the two products using
Landsat 8§, MAPBIOMAS identified a greater amount of burned area than GABAM and registered smaller
burned polygons. Despite the greater area mapping of the burned area, MAPBIOMAS may have registered
a greater interference from noise and the contribution of small polygons. Reference data, such as ground
validation or higher-resolution images, would be necessary to further evaluate this. At the municipality
(county) scale, the data from GABAM, GWIS, and MCD64A1 were the most similar for mapping the area
burned, despite differences in spatial resolution.

For mapping on a regional scale, the global products showed better performance at a spatial
resolution of 5 km than the national product (MAPBIOMAS). We observed that products required
adjustment with data from the field, and filters to remove interference from noise generated by bamboo and
cloud shadow.
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