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Abstract: With deforestation and associated fires ongoing at high rates, and amidst urgent need to
preserve Amazonia, improving the understanding of biomass burning emissions drivers is essential.
The use of orbital remote sensing data enables the estimate of both biomass burning emissions
and deforestation. In this study, we have estimated emissions of particulate matter with diameter
less than 2.5 um (PM3 5) associated with biomass burning, a primary human health risk, using the
Brazilian Biomass Burning emission model with Fire Radiative Power (3BEM_FRP), and estimated
deforestation based on the MapBiomas dataset. Using these estimates, we have assessed for the first
time how deforestation drove biomass burning emissions in Amazonia over the last two decades at
three scales of analysis: Amazonia-wide, country/state and pixel. Amazonia accounted for 48% of
PM,; 5 emitted from biomass burning in South America and current deforestation rates have reached
values on par with those of the early 21st Century. Emissions and deforestation were concentrated
in the Eastern and Central-Southern portions of Amazonia. Amazonia-wide deforestation and
emissions were linked through time (R = 0.65). Countries/states with the widest spread agriculture
were less likely to be correlated at this scale, likely because of the importance of biomass burning in
agricultural practices. Concentrated in regions of ongoing deforestation, in 18% of Amazonia grid
cells PM; 5 emissions associated with biomass burning and deforestation were significantly positively
correlated. Deforestation is an important driver of emissions in Amazonia but does not explain
biomass burning alone. Therefore, future work must link climate and other non-deforestation drivers
to completely understand biomass burning emissions in Amazonia. The advance of anthropogenic
activities over forested areas, which ultimately leads to more fires and deforestation, is expected to

continue, worsening a crisis of dangerous emissions.

Keywords: biomass burning; aerosols; deforestation; tropical forests; remote sensing; 3BEM_FRP;
MapBiomas
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1. Introduction

Preserving Amazonia is a global concern. Amazonia forests offer ecosystem services
that goes beyond biodiversity; they regulate global temperature, carbon and water cy-
cling, and are crucial for human existence and well-being [1-4]. However, the capability of
Amazonia to offer these ecosystem services is decreasing because of climate change, defor-
estation and forest degradation [5]. Air pollution from gaseous and particulate emissions
associated with biomass burning, which are linked to deforestation (i.e., the conversion of
forest areas into another land-use driven by anthropogenic activities), also threaten Amazo-
nia. These emissions impact the atmosphere by increasing air temperature [6], decreasing
rainfall [7] and degrading air quality [8]. They also endanger human health, particularly
exacerbating or causing a range of respiratory problems [9-12]. These risks together require
urgent efforts to stem Amazonia deforestation [13-15], especially because it is currently
occurring at alarming rates [16-18]. Due to the often-overlooked impact of biomass burning
emissions on health, it is essential to develop a detailed understanding of the links between
deforestation and biomass burning emissions [12].

After achieving a historical period of reduction in the Brazilian Amazon deforestation
from 2004 to 2012 [19], annual deforestation rates (here considered as the conversion
of only primary forest areas into another land-use driven by anthropogenic activities)
begun to increase due largely to national environmental policy changes, particularly the
discontinuation of the Action Plan for the Prevention and Control of Deforestation in the
Legal Amazon (PPCDAm) program [15,20]. From 2013 to 2017, the annual deforestation
rates in the Brazilian Amazon increased on average 40% in relation to the 2012 deforestation
rate, and since 2018 a new deforestation boom has emerged, where the 2018, 2019 and
2020 deforestation rates were, respectively, 65%, 122% and 137% higher than the 2012
deforestation rate [19]. The 2020 deforestation rate (10,851 km?) was the highest of the
decade in the Brazilian Amazon [19]. This increased deforestation is threatening private
and public forests, including protected areas in the Brazilian Amazon [21-23].

With increasing deforestation in Amazonia, there is an expected increase in fire activity
and, consequently, biomass burning emissions of trace gases and aerosols that impact
climate, air quality and human health. This is because deforestation and fires are often
positively correlated in Amazonia and linked mechanistically particularly by the practice
of slash-and-burn [22,24-27]. Deforestation and fire activity were exacerbated during the
2019 Amazonia fire crisis [28], which raised both national and international concerns for
reasons including the combination of the COVID-19 pandemic and smoke pollution that
endangered all Amazonians [29]. Recent studies reported that fire activity during this
crisis was near this Century’s average [30]. However, the potential exacerbating influence
of climate conditions on the occurrence of fires (i.e., in hot and dry years) was low for
much of Amazonia, which suggests that the spike in Amazonia fires was driven primarily
by deforestation [30-32]. Silveira et al. [28] analyzed the drivers of the 2019’s fires in
the Brazilian Amazon and concluded that fire occurrence in the three previous years,
deforestation in 2019 and deforestation in the five previous years all appeared to contribute
to this burning crisis.

Therefore, deforestation has a fundamental role in fire activity and, consequently,
biomass burning emissions in Amazonia. According to Barlow et al. [27], there are three
major types of fire in Amazonia: (i) deforestation fires, ignited to clear primary forests
for agriculture, (ii) fires set in areas that have been previously cleared related to land
management by smallholders, including indigenous or traditional peoples and (iii) fires
that invade standing forests, where repeated events result in more intense fires and wider
tree loss. Weak governance is often related to deforestation fires, while climate change
makes forests more susceptible to uncontrolled fires [27].

Even considering the importance and impacts of fires, long-term and multi-scale stud-
ies for understanding drivers of fire activity, particularly biomass burning emissions, are
lacking in Amazonia. Usually, these studies are short-term or limited to small areas [22,26]
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or are limited to the Brazilian Amazon, not considering the other countries where Amazonia
is located [28,33-37].

In this research we have assessed for the first time how deforestation drove biomass
burning emissions in Amazonia over the last two decades. By assessing the entire Ama-
zonia, we provide a broad view of the relationship between deforestation and biomass
burning emissions, then we present the results at country/state levels, which can support
the policy planning for mitigation actions. Finally, we perform a regular grid analysis for
identifying hotspot priority areas. Our annual biomass burning emissions estimates cover
the period from 2002 to 2020, while annual deforestation estimates were obtained from 2002
to 2018. Biomass burning emissions were estimated using the Brazilian Biomass Burning
emission model with Fire Radiative Power (3BEM_FRP) [38], and annual deforestation
was estimated based on the MapBiomas Amazonia Land Use and Land Cover (LULC)
dataset [39].

2. Materials and Methods
2.1. Study Area

The study area encompasses the entire Amazonia (Figure 1), following the delimita-
tion adopted in the study of Cassol et al. [40]. The total area of Amazonia (7,269,170 km?)
is spatially distributed over 9 South American countries. Over the last decades, deforesta-
tion has been a major anthropogenic disturbance in Amazonia. Between 1985 and 2018,
Amazonia lost approximately 10% of its forested areas [39]. Even so, forested areas still
accounted for 80% of Amazonia in 2018 [39].

76°W 68° W 60°W 52°W aa°w
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Figure 1. Spatial location of Amazonia and the 17 countries/states considered in this study. The
base map is a Moderate Resolution Imaging Spectroradiometer (MODIS) MOD09A1 product color
composite R6G2B1 for the year 2019. BO = Bolivia, CO = Colombia, EC = Ecuador, FG = French Guiana,
GU = Guiana, PE = Peru, SU = Suriname, VE = Venezuela, AC = Acre, AM = Amazonas, AP = Amap4,
MA = Maranhao, MT = Mato Grosso, RO = Rond6nia, RR = Roraima, PA = Para and TO = Tocantins.

The country/state-scale delimitation adopted in this study considered initially the
9 countries where Amazonia is located. However, the Brazilian portion of Amazonia
corresponds to 58% of this total. In this flank of Amazonia, there is an extensive gradient
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of rainfall and drought [41], deforestation and fire activity varying widely both spatially
and temporally [42]. To avoid generalizations, we have divided the Brazilian portion of
Amazonia into the 9 states where it is located (Acre, Amapa, Amazonas, Mato Grosso,
Maranhao, Pard, Rondénia, Roraima and Tocantins), which in some cases (e.g., Amazonas)
rival in size the largest of other nation’s portion of Amazonia. Therefore, in this study we
considered 17 countries/states in Amazonia (Figure 1).

2.2. Biomass Burning Emissions
2.2.1. PM; 5 and the 3BEM_FRP Model

Among the several species of trace gases and aerosols emitted during a burning event,
e.g., carbon dioxide (CO,) and carbon monoxide (CO), we chose the species particulate
matter with diameter less than 2.5 um (PM; 5) to characterize biomass burning emissions.
This is because PM; 5, which represents a primary human health risk [9] and degrades
air quality [8], is considered a good proxy of other species of trace gases and aerosols
emitted from biomass burning and has been used in several recent biomass burning
emissions characterization studies [22,43—-46]. We have estimated PM, 5 emitted from
biomass burning during the 2002-2020 period in Amazonia using the 3BEM_FRP model
implemented in the PREP-CHEM-SRC emissions preprocessing tool version 1.8.3 [38].

The 3BEM_FRP model is based on the Fire Radiative Power (FRP) approach to estimate
biomass burning emissions [38]. FRP is a measurement of the rate that energy is emitted as
electromagnetic radiation during the combustion process and is proportional to the rate of
burning biomass [47]. The temporal integration of FRP, Fire Radiative Energy (FRE, defined
as the energy emitted as electromagnetic radiation during the entire combustion process),
is proportional to the amount of burned biomass and, consequently, to the amount of gases
and aerosols emitted from this burned biomass [47].

While global biomass burning inventories are more generic in terms of parametriza-
tion, 3BBEM_FRP has specific parameters adjusted to the South American continent [48].
Moreover, the current version of 3BEM_FRP has implemented the fire diurnal cycle for
each LULC within each South American biome, totalizing 129 average values of fire diurnal
cycle that are used when there are only a few observations of a burning event [49]. The
adopted LULCs in this implementation were based on the MODIS MCD12Q1 product,
following the International Geosphere-Biosphere Program (IGBP) classification scheme [49].
These advantages in comparison to global biomass burning inventories make 3BEM_FRP
more suitable for studies conducted in South America and, consequently, Amazonia.

The adopted model to estimate emissions in Amazonia successfully estimated PM; 5
emitted from biomass burning in previous studies conducted in the Brazilian
Amazon [22,44,46,50], Brazilian Cerrado [43,45] and over the South American continent [38].
Regarding the accuracy of 3BEM_FRP estimates, Cardozo et al. [50] used a previous version
of 3BEM_FRP to validate the model outputs in the state of Rondénia (Brazilian Amazon).
Annual estimates overestimated reference data by 5%. The current version of the model
was validated using 3BEM_FRP outputs as inputs in aerosol optical depth (AOD) simu-
lations derived from the Brazilian developments on the Regional Atmospheric Modeling
System (BRAMS) model [51]. BRAMS simulations during the South American 2020 fire
season showed a good agreement with Modern-Era Retrospective analysis for Research and
Applications (MERRA-2) and Copernicus Atmosphere Monitoring Service (CAMS) AOD
data (R = 0.97) [51]. In this work, the authors also concluded that the new improvements
made in 3BEM_FRP better represent biomass burning emissions during large fire events.

2.2.2. Estimate of Biomass Burning Emissions in 3BEM_FRP

The domain considered in 3BBEM_FRP was a regular grid at the spatial resolution of
0.1° over Amazonia (~11 km). The dataset used to generate the biomass burning emissions
inventory consisted of the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensors active fire products (MOD14 and MYD14) [52], that provide FRP estimates for each
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active fire detected. Other sources of emissions, such as biogenic and urban, were not
considered in this study.

All active fires detected outside the considered domain and those with a detection
confidence level below 40% were excluded, a more restrict threshold than the one adopted
by Pereira et al. [38]. This exclusion aimed to remove misdetections and inaccurate FRP
estimates and accounted for 11.5% of the 5,368,703 active fires detected by MODIS from
2002 to 2020 in Amazonia. If the 50% threshold was adopted, 20.4% of the detected fires
would have been excluded. 3BEM_FRP also adopts a correction to minimize the bow-
tie effect in MODIS active fires [38]. Moreover, in this initial processing, subroutines of
3BEM_EFRP also identified the LULC of each grid cell based on MODIS MCD12Q1 product,
estimated the average burning time and calculated the active fire size [38]. Then, the
model clustered the FRP values in a defined M x N grid, based on the considered domain
and the spatial resolution, resulting in a n-dimension array containing the aggregation of
fire’s characteristics (accumulated fire size, satellite pixel size, time in Julian day format,
accumulated FRP and number of detected fires) [38,51]:

o B
= Y. Y. n(v,x)E(long +, lat+,t) ¢y

FRPgriq,
Y=—ak=—f

lon, lat, t

where the clustered grid is defined to all grid cells where the M x N grid is completely
overlapped (lon € [¢, M — «], lat € [3, N — 3]), lon and lat are, respectively, the longitude
and latitude of the center of each grid cell, and t is the time step.

Subsequently, the integration of FRP and the emission for a given species, in this case
PM; 5, was estimated by [38,51]:

EFPM2s]

1 n
M[PMas] — 5 ;(FRPH +FRP; 1) (ths1 — tn) CeW ()

1

where MIPM25l is the mass of PMj 5 emitted from biomass burning in each grid cell (kg m~2),
n represents the nth sample of a specific regular grid position at a time sequence (t, in
seconds), and Ce, in kg of burned biomass per MJ emitted, is the coefficient of emission
(that directly relates the integrated FRP to emission [53]). EFPMasl in g of PM; 5 emitted
per kg of burned biomass, is the PM, 5 emission factor for the LULC where the grid cell is
located, and EFIT™! is the emission factor for the total particulate matter (g emitted per kg
of burned biomass).

If, due to the lack of observations, fire observations in a grid cell are insufficient to
estimate the fire diurnal cycle, 3BBEM_FRP utilizes a lookup table containing average fire
diurnal cycle values for each LULC type within each biome of South America to perform
the integration process [49]. Both C, and EFIPM2s] are derived from the Fire Energetics
and Emissions Research (FEER) product [53]. The PM; 5 emission factors values adopted
in 3BEM_FRP for each LULC are described in Table S1. From this table we observe that
3BEM_FRP version 1.8.3 has emission factors adjusted to South America.

Model outputs consisted of daily emissions of PM; 5 resulting from biomass burning at
the spatial resolution of 0.1°. These were then aggregated into annual estimates, following
the temporal resolution of the deforestation data. Such annual estimates were clipped to
the delimitation of each of the 17 countries/states considered in this study to achieve the
country/state-scale estimates.

More details on the method applied are described in Mataveli et al. [43], de Oliveira
et al. [22] and Mataveli et al. [45] while 3BEM_FRP is fully detailed in Freitas et al. [54],
Pereira et al. [38], Santos et al. [49], Mataveli et al. [43] and Pereira et al. [51].

2.3. Deforestation
2.3.1. MapBiomas Amazonia Collection 2.0

Annual deforestation in Amazonia was estimated using the freely available LULC
dataset MapBiomas Amazonia Collection 2.0 [39]. MapBiomas annual LULC maps have
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been successfully used in several recent Amazonian LULC-related studies [55-58]. This
dataset provides annual LULC maps for Amazonia generated at a 30 m spatial resolution
based on pixel-by-pixel automatic classification of Landsat images using the machine
learning algorithm Random Forest implemented on the Google Earth Engine platform [59].
MapBiomas Amazonia classification scheme level 2 differentiates 5 LULC classes in Ama-
zonia: Forest, Non-natural Forest Formation, Farming, Non-vegetated Area and Water [59].

The accuracy assessment of MapBiomas Amazonia Collection 2.0 was based on
~75,000 samples collected per year from 1985 to 2018 following the Pontius and Mil-
lones method [60]. This assessment showed that annual Amazonian LULC maps have
an average overall accuracy of 94%, average allocation disagreement of 4% and average
area disagreement of 2% [61]. Therefore, MapBiomas Amazonia Collection 2.0 adequately
identifies LULC, and, consequently, deforestation in Amazonia. Moreover, this is the only
annual LULC dataset made available for the entire Amazonia.

2.3.2. Estimate of Deforestation

The MapBiomas Amazonia Collection 2.0 dataset was downloaded from the Google
Earth Engine platform in raster format. Then, a script based on the R programming lan-
guage was developed to capture the transition of LULC in the study area. The study
interval of deforestation, 2002-2018, was determined by the last annual LULC map made
by MapBiomas Amazonia Collection 2.0, 2018.

We considered deforestation in the script as all the pixels classified as the Forest LULC
in a given year that were then converted to the Farming LULC in the following year.
Therefore, both primary and secondary forests were equally treated. On Amazonia and
country/state scales, annual deforestation rates consisted of summing the area of all pixels
within Amazonia or each one of the 17 countries/states adopted in this study where the
aforementioned rule was applicable. For Amazonia deforestation at the pixel scale, we
used the same 0.1° regular grid as the biomass burning emission estimates and summed
the area of all pixels where deforestation was identified.

2.4. Correlations in Time

Correlations in time between PM; 5 emitted from biomass burning and deforestation
in a study unit (e.g., pixel) were quantified as Pearson’s correlation coefficients (R) at the
three scales (Amazonia, country/state and pixel). This approach was able to reveal the
correlation between fire-related variables and deforestation or climate-related variables in
several recent studies [33,62-65].

Correlations in time were calculated using annual values. Thus, correlations between
PMj, 5 emitted from biomass burning and deforestation were estimated using 17 pairs of
variables (years 2002 to 2018). At the Amazonia and country/state scales, annual emissions
and deforestation values were defined as the aggregated values estimated for all grid cells
within the Amazonia or each country/state delimitation. At the pixel scale, the originally
estimated values were used to calculate the correlations in time. The significance of the
correlations described above was tested using the Student ¢-test with significance level of 5%.

2.5. Time-Lagged Correlations and Correlations in Space

We have also performed other analysis in addition to correlations in time that helped
to explain the results obtained for the relationship between biomass burning emissions and
deforestation in Amazonia. The first was to calculate time-lagged correlations at grid scale.
This is because there is an association between burned areas and previously deforested
areas [66], and, therefore, fires can be set in years after deforestation in Amazonia. In this
case, for example, the 2018 PM, 5 emitted from biomass burning was correlated to the
2017 deforestation (1-year lag) or the 2016 deforestation (2-years lag). The significance of
time-lagged correlations was also tested using the Student t-test with significance level of 5%.

Correlations in space were also calculated. They consisted of calculating the Global
Moran “s Index [67] between PM; 5 emitted from biomass burning and deforestation in
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Amazonia. This index measures the spatial dependence between variables. The more the
observation values are influenced by observation values that are geographically close to
them (i.e., the more clustered observations are), the greater the spatial correlation [68].
We have considered only three years—highest emission (2004), lowest emission (2009)
and closest to the overall average (2017)—to calculate the index in order to not control
autocorrelation. Only above-zero emission and deforestation grid cells were considered.

Finally, we have tested if the relationship between PM; 5 emitted from biomass burning
and annual deforestation in Amazonia was higher in years of high deforestation. In
this analysis, we have also considered only three years—highest emission (2004), lowest
emission (2009) and closest to the overall average (2017)—in order to test if R? values were
highest in the year of highest deforestation and lowest in the year of lowest deforestation.
Only above-zero emission and deforestation grid cells were considered.

3. Results

The spatial distribution of the annual average PM, 5 emitted from biomass burning
in Amazonia is shown in Figure 2a. Higher values of annual average emission occurred in
Eastern and Central-Southern Amazonia (Maranhao, Para, Mato Grosso and Rondonia states
and Bolivia). In contrast, lower concentrations were located in the Western and Northern
portions of the study area, which are the least human-modified regions of Amazonia.

76° W 68° W 60° W 52° W a4 W 76° W 68° W 60° W 52° W 44° W
1 1 1 1 1 1 1 1 1 1
6° N— -6°N -6° N
20 s §EC. 72 vy -2°S - -2° 8
10° S+ -10° S -10° S
18°S-| PM, (kg m’year™) —18° 8 =1 Deforestation (knv) ~18° S
- - | 350 175 0 35 700 1,050 [ N | ) 350175 0 350 700 1,050
>0.00 0.01_>0.02 km >0 525 105 - km
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Figure 2. (a) Annual average of PM; 5 (kg m—2 yearfl) emitted from biomass burning in Amazonia during 2002-2020;
estimates were obtained using the 3BEM_FRP model, and (b) accumulated deforestation (km?) from 2002 to 2018 in
Amazonia; estimates were based on MapBiomas Amazonia Collection 2.0. Both estimates considered the spatial resolution
of 0.1°. Zero emission or deforestation grid cells are shown in white. BO = Bolivia, CO = Colombia, EC = Ecuador,
FG = French Guiana, GU = Guiana, PE = Peru, SU = Suriname, VE = Venezuela, AC = Acre, AM = Amazonas, AP = Amapa,
MA = Maranhao, MT = Mato Grosso, RO = Rondénia, RR = Roraima, PA = Para and TO = Tocantins.

On average, Amazonian biomass burning emitted 3306 Gg ye.an"l of PM; 5. The year
2004 had the highest emission of PM; 5 associated with biomass burning in Amazonia dur-
ing the 2002-2020 interval (6082 Gg), while 2013 had the lowest annual estimate (1403 Gg).
The Para and Mato Grosso states, located in Brazil, had the highest annual average emission
of PMy 5 from biomass burning during 2002-2020 (1105 Gg year~! and 598 Gg year~!,
respectively) representing, respectively, 33% and 18% of the Amazonian average PM; 5
emitted from biomass burning (Figure 3a).
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Figure 3. (a) Annual total PM; 5 emitted from biomass burning (Gg) in Amazonia and in its 17 coun-
tries /states during 2002-2020; estimates were obtained using the 3BEM_FRP model, and (b) annual
deforestation (km?) in Amazonia and in its 17 countries/states during 2002-2018; estimates were
based on MapBiomas Amazonia Collection 2.0.

Regarding deforestation, we observed that the accumulated deforestation during
2002-2018 was also concentrated in Eastern and Central-Southern Amazonia (Maranhao,
Pard, Mato Grosso and Rondonia states) (Figure 2b), especially in the area known as
the “Brazilian Arc of Deforestation”. On average, 16,686 km? year—! were deforested in
Amazonia during 2002-2018. Annual estimates of deforestation in Amazonia reached
its peak in 2003 (31,460 km?), decreased annually until reaching the lowest value in 2010
(9019 km?) and started increasing again after this year, reaching 26,663 km? in 2018 (second
highest annual deforestation rate in Amazonia during 2002-2018). Most of deforestation
from 2002 to 2018 in Amazonia occurred in the Para (5554 km? year‘l) and Mato Grosso
(3891 km? year ') states (Brazil), representing, respectively, 33% and 23% of the Amazonian
average deforestation (Figure 3b).

Considering the entire Amazonia, the correlation between annually emitted PM; 5
from biomass burning and annual deforestation was statistically significant (p < 0.05), sug-



Forests 2021, 12,1217

90f19

gesting that this driver may explain approximately 65% of the PM; 5 emitted from biomass
burning (Table 1). At a country/state-scale, we observed distinct patterns with only 7 of
the political units evidencing a statistically significant correlation. The highest correlation
at a country/state-scale between PM; 5 emitted from biomass burning and deforestation
was observed at the Mato Grosso state (R = 0.85, considered a strong correlation), the
second-highest Amazonian country/state in terms of both emissions and deforestation
(after Para). In the state with the fourth highest deforestation estimate, Maranhao, where
there were high estimates of both deforestation and PM; 5 emitted from biomass burning,
surprisingly there was no significant state-level correlation (R = —0.11). The relationship
between annual PM; 5 emitted from biomass burning and annual deforestation in all
Amazonian countries/states from 2002 to 2018 is shown in Figure S1.

Table 1. Pearson’s correlation coefficient (R) between annual PM; 5 emitted from biomass burning and annual deforestation
in Amazonia and in its 17 countries/states. The considered time period was 2002-2018. Statistically significant cases
(p < 0.05, Student t-test) are shown in blue and non-statistically significant cases in red. BO = Bolivia, CO = Colombia, EC =
Ecuador, FG = French Guiana, GU = Guiana, PE = Peru, SU = Suriname, VE = Venezuela, AC = Acre, AM = Amazonas,
AP = Amapa, MA = Maranhao, MT = Mato Grosso, RO = Rondénia, RR = Roraima, PA = Para and TO = Tocantins.

\f; *ﬁ{);’efs Amazonia VE SU PE FG GU EC CO BO TO RR RO PA MI MA AM AP AC
PM2_5X = _ - . _

. 0.65 015 063 035 054 044 —016 019 027 —014 054 074 053 085 —011 055 —011 041
Deforestation

Spatial patterns at a country/state-scale were also identified (Figure 4). Correlations
between PM; 5 emitted from biomass burning and deforestation were statistically signifi-
cant in Northern and Central Amazonian countries/states and non-statistically significant
in countries/states located at Western Amazonia and in the transition with the Cerrado
biome (Maranhao and Tocantins states).

76° W 68° W 60° W
1 1 1

6° N— =6° N

2° S 2° 8

10° S ~10° S

18° S —18° S
350175 0 350 700 1,050 [ statistically Significant
[l Non-statistically Significant

km

) |} ) |}
76° W 68° W 60° W 52° W

Figure 4. Significance of the correlation between PM, 5 emitted from biomass burning and deforesta-
tion in the Amazonian countries/states. The significance of correlations was tested using the Student
t-test with significance level of 5%. BO = Bolivia, CO = Colombia, EC = Ecuador, FG = French Guiana,
GU = Guiana, PE = Peru, SU = Suriname, VE = Venezuela, AC = Acre, AM = Amazonas, AP = Amap3,
MA = Maranhao, MT = Mato Grosso, RO = Rondonia, RR = Roraima, PA = Para and TO = Tocantins.
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We identified patterns at the grid scale that are not visible when considering the
Amazonia or country/state scales separately (Figure 5). In 18% of the grid cells spatially
distributed over Amazonia with above-zero emission, the correlation between annually
emitted PMj, 5 associated with biomass burning and annual deforestation was statistically
significant (p < 0.05). These were especially higher in areas with extensive deforestation
shown in Figure 2b. Highest grid cell correlation values were concentrated in the Mato
Grosso and Rondénia states, reaching R values higher than 0.90, which is considered a
strong correlation. We have also observed several grid cells with statistically significant
correlations within countries/states that did not have a significant country /state-scale
correlation, especially at Peru, Bolivia, Colombia, Acre and Maranhao.

76°W 68° W 60°W 52°W 44° W
1 1 1 1 1
6° N— —6° N
2° 8- -2°S
10° S— —10° S
Pearson's Correlation\:
18° S+ Coefficient 'y —18° S
- 0.48-0 60- 061-07T\ 330165 0 330 660 990
I o.73 - 0.c4 [ > 0.85 i
1 1 1 1 1
76° W 68° W 60°W 52°W 44° W

Figure 5. Pearson’s correlation coefficient between the pair of variables PM; 5 emitted from biomass
burning and deforestation in Amazonia. We have considered annual estimates during 2002-2018.
Only statistically significant pixels are shown in this figure (18% of Amazonia). BO = Bolivia,
CO = Colombia, EC = Ecuador, FG = French Guiana, GU = Guiana, PE = Peru, SU = Suriname,
VE = Venezuela, AC = Acre, AM = Amazonas, AP = Amapa, MA = Maranhao, MT = Mato Grosso,
RO = Rondoénia, RR = Roraima, PA = Para and TO = Tocantins.

4. Discussion

A large portion of South American biomass burning emissions during the last two
decades occurred in Amazonia. The PM; 5 emitted from biomass burning during the
2002-2017 period in Amazonia represented 48% of the total South American emissions
during this observational period [43]. The Brazilian portion of Amazonia had the greatest
contribution to the Amazonian emission of PM; 5 from biomass burning between 2002 and
2020, accounting for 76% of total Amazonian emissions. Moreover, 34% of Amazonia 0.1°
grid cells emitted PM; 5 associated with biomass burning in 10 or more years during the
2002-2020 period (Figure S2).

Emissions of PM; 5 associated with biomass burning and deforestation concentrated
in Eastern and Central-Southern Amazonia (Figure 2). In these portions of Amazonia,
there is a greater prevalence of more anthropized areas in the landscape (Figure 6), that is,
there is a higher concentration of non-natural LULCs (Farming). Usually, fire activity in
Amazonia peaks in areas where LULC changes are under pressure along newly agricultural
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frontiers, such as the “Brazilian Arc of Deforestation” and Eastern Bolivia [69]. In addition
to deforestation fires, land management fires, set to shift cultivation, burn crop residues or
to stimulate the regrowth of pastures, are important drivers of biomass burning emissions
in these portions of Amazonia. Land management fires—which are not associated with
new deforestation—are an especially important driver of biomass burning emissions in
the Para, Mato Grosso, Maranhao and Tocantins states, inserted in the transition between
the Amazon and Cerrado biomes. These areas have a higher proportion of land already
converted to Farming (Figure 7) and thus agricultural land management fires are more
frequent [24,70]. We also note that this transitional portion of Amazonia with the Cerrado
biome is naturally more fire-prone as savanna vegetation [70]. A recent study conducted
in protected areas located in this transitional zone found a decoupling between PM; 5
emitted from biomass burning and deforestation during the 2002-2019 observational
period, suggesting that non-deforestation fires drove fire emissions in this region during
the study interval [45].

76° W 68° W 60° W 52°W 44°W
1 1 1 1 1
6° N —6° N
2° S+ ~2° S
10° S =10° S
18° S+ —18° S
350175 0 350 700 1,050
km
] 1 ] 1 ]
76°W 68° W 60° W 52°W 4° W

- Forest |:| Non-forest Natural Formation
|:| Farming E Non-vegetated area
- Water

Figure 6. Spatial distribution of Land Use and Land Cover categorized by the MapBiomas Amazonia
dataset Collection 2.0 in Amazonia for the year 2018. BO = Bolivia, CO = Colombia, EC = Ecuador,
FG = French Guiana, GU = Guiana, PE = Peru, SU = Suriname, VE = Venezuela, AC = Acre,
AM = Amazonas, AP = Amapa, MA = Maranhao, MT = Mato Grosso, RO = Rondénia, RR = Roraima,
PA = Para and TO = Tocantins.
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Figure 7. Quantification of Land Use and Land Cover defined by the MapBiomas Amazonia dataset Collection 2.0 in

Amazonia and in its 17 countries/states for the year 2018.

We found that peaks of biomass burning emissions and deforestation did not occur
in the same year in Amazonia (Figure 3). This is in agreement with Lima et al. [66], who
identified an association between burned areas and previously deforested areas in the
Brazilian Amazon. Fires, indeed, can be set in years following forest clearing. Therefore,
given that deforestation was highest in 2003, PM; 5 emissions associated with biomass
burning in Amazonia were highest in 2004, followed by 2005. This is better observed in
Figure S3, where correlations between annual PM; 5 emitted from biomass burning and
annual deforestation lagged in 1 or 2 years were calculated.

Climate conditions also explain the high emission of PM, 5 associated with biomass
burning in 2004 and 2005, as an extreme drought event occurred in major portions of
Amazonia in these years. Amazonia is becoming more vulnerable to fires associated with
these extreme drought events. Three of them occurred in the 21st Century (2004-2005,
2009-2010, 2015-2016), explained by tropical North Atlantic and Pacific sea surface tem-
perature anomalous warming [71,72]. For example, during the 2009-2010 drought, the
strongest drought event in Amazonia in this Century, drought-related fires affected more
than 27,000 km? of old-growth forests in the Brazilian Amazon [73]. The area affected was
approximately 4 times larger than the deforestation rate of 2010 estimated by the Brazilian
official deforestation monitoring program (PRODES) [73]. In 2010, we found that biomass
burning emitted 4100 Gg of PM; 5 in Amazonia, an estimate 21% above the average for the
2002-2020 period. On the other hand, the deforestation rate in 2010 was the lowest in the
interval we analyzed, just 54% of the 2002 to 2018 average, underscoring the importance of
the climate drivers of biomass burning.

Climate conditions also seem to be an extremely important driver of biomass burning
emissions in Northern and Western Amazonia. In these regions, we have found a statisti-
cally significant correlation with deforestation at country/state-scale only in Suriname and
French Guiana (moderate correlation), and a low proportion of statistically significant grid
cells in all Western and Northern Amazonia (Figures 4 and 5). In these regions of Amazonia
we have small deforestation rates (especially in Peru, which is the third largest Amazonian
country /state in terms of area exceeding 1,000,000 km? where annual average deforesta-
tion is only 868 km?, and Ecuador) and also a small proportion of non-natural LULCs
(Figures 3 and 7, respectively) with annual precipitation rates exceeding 2300 mm [74].
High precipitation rates tend to reduce the potential for fire ignition and spread by enhanc-
ing fuel moisture. There is a clear link between the seasonal variability of fuel moisture
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and fire occurrence, and a higher/lower probability of vegetation flammability due to
shorter/longer dry seasons [75]. We also highlight that the Northern portion of Amazo-
nia also has a larger proportion of flooded areas and flooded forests, which are highly
vulnerable in very dry conditions and when burned lead to high tree mortality [76,77].

By considering in our study for the first time multiple study scales, we were able to
identify distinct biomass burning emissions patterns and correlation with deforestation
in Amazonia. For instance, we note that the Maranhao state, the country/state with the
fourth highest annual average deforestation and fifth-highest country/state with highest
annual average PM, 5 emitted from biomass burning in Amazonia, was characterized by a
high frequency of high PM, 5 emitted from biomass burning and deforestation at the 0.1°
scale. While there was no statistical significance at country/state scale (Figure 4), 11% of
the grid cells with above-zero emission were significantly correlated, reaching R values of
up to 0.92 (Figure 5). In general, countries/states where there was more Farming LULC
and thus more fires not linked to deforestation did not evidence emission and deforestation
correlations at the country/state scale over the time series (Figure S4). However, several
grid cells within these countries/states did display a statistically significant correlation
between biomass burning emissions and deforestation. These grid cells are located in areas
of undergoing land conversion and, therefore, deforestation fires are more frequent. We
note that even at this finest scale, mixed land-use, time lagged effects of prior deforestation
(Figure S3) and climatic and vegetation factors that we did not explore likely impacted
the emission versus deforestation correlations in time. We also highlight that correlations
in space had an expected clustered pattern (Figure S5) and that the relationship between
PMj; 5 emitted from biomass burning and deforestation was highest in years of higher
deforestation (Figure S6).

In a recent study, van Wees et al. [78] found that, on average, 38% =+ 9% of global
deforestation was associated with fire during the 2003-2018 period. This association varied
substantially on regional scale. A statistically decreasing temporal trend in the fraction of
fire-related deforestation was found in Amazonia. The authors have linked this decreasing
trend to the fact that Amazonia was a deforestation frontier early in the study period.
The whole Amazonia correlation in time between annual PM; 5 emitted from biomass
burning and deforestation found in our study (R = 0.65) is higher than the one found
between fire activity and deforestation in Amazonia in the study of van Wees et al. [78]
(44% =+ 16%) but is lower than the value recently described for an Amazonian indigenous
territory facing a rapid recent deforestation incursion (R = 0.71) [22]. This value is also
higher than the one found for the Para state (R = 0.53), where this indigenous land is
located. In another comparison, the highest correlation found at country/state scale (Mato
Grosso, R = 0.85) was close to the relationship between biomass burning emissions and
deforestation in this state found by van der Werf et al. [79], where 75% of biomass burning
emissions were associated with deforestation during 2001-2005. de Oliveira et al. [22]
highlighted that deforestation does not always use fire for removing the natural vegetation,
and that fire intensity and extent may vary relative to the total area of a pixel, hindering
remote sensing-based estimates. Morgan et al. [37] also found an increasing importance
of non-deforestation biomass burning emissions drivers in Amazonia, especially biomass
burning emissions driven by extreme climate events and warmer conditions.

Finally, it is important to note that, though not quantified, there are uncertainties
that conceptually propagate errors in our final estimates of biomass burning emissions.
These uncertainties include the omission of small size or low-intensity fires and other
fire detection omissions caused by cloud cover or thick smoke in MOD14 and MYD14
active fires products [80]. Cloud obscuration account for an omission rate of approximately
11% of all active fires detected by coarse resolution sensors in Amazonia [81]. Surface
characteristics, such as topography and fragmented landscapes, also hinder MODIS active
fires detections [82] and consequently our estimates. Estimates are also impacted by the
lower sensitivity of MODIS sensors in detecting active fires and accurately estimating FRP
at off-nadir viewing angles [80,83]. Moreover, MODIS needs two days to provide a full
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coverage of equatorial regions, including Amazonia, due to swath gaps between adjacent
orbits. This could lead to an underestimation of MODIS monthly FRP by 12.5% [84].
MODIS active fires products location, which in some cases have an error of up to 19% in
the Amazon basin [85], is also a potential source of inaccuracies, since several parameters
of the model are LULC-based. Accurate and up-to-date vegetation and fire properties, such
as emission factors, are also required for more accurate estimates. Recent studies, such
as Vernooij et al. [86], have estimated seasonal biomass burning emission factors. If this
information becomes available for Amazonia, 3BBEM_FRP estimates would be improved.
Moreover, the LULC information used in the current version of 3BBEM_FRP, derived from
the MODIS MCD12Q1 product collection 5.1, is also a potential source of uncertainty [43].
An interesting update in the model is updating the current LULC information of the model
to LULC maps based on the MapBiomas dataset.

5. Conclusions

This study estimated for the first time PM; 5 emitted from biomass burning and
deforestation and their correlation in Amazonia over two decades (2002 to 2018 or 2020) at
three different scales (Amazonia, country/state, or grid cell at the spatial resolution of 0.1°)
based on remote sensing data and modelling. To the best of our knowledge these variables
were never studied in Amazonia using such a long time series and distinct study scales.

We observed a wide variation in annual estimates of PM; 5 associated with biomass
burning and deforestation in Amazonia. While PM, 5 emitted from biomass burning de-
creased during the 2011-2020 decade, deforestation increased dramatically in Amazonia
after 2010, reaching in 2018 a rate observed only at the beginning of the 21st Century. There-
fore, deforestation is an important fire driver in Amazonia but does not explain biomass
burning emissions alone. This is because the feedbacks between fire (and emissions),
vegetation, deforestation and climate often involve complex and non-linear relationships.
To understand biomass burning emissions more completely in Amazonia, the influence
of climate conditions and extreme climate events are particularly critical as this region
is becoming drier and more susceptible to extreme droughts because of climate change.
Edaphic conditions, vegetation characteristics in terms of plat traits/community structure,
and canopy biophysical canopy structure are also likely critical to understand fire and
forest degradation risks in mature tropical forest [87].

The advance of anthropogenic activities over forested areas, which tends to lead to
more fires and deforestation, is expected in Amazonia. In this regard, there is an urgent
need for a strategic long-term environmental planning agenda that considers sustainable
development principles in this highly sensitive region. In addition to the wide range of
essential ecosystem services offered by Amazonia and the need for an ‘intact’ functioning
climate and atmosphere system linked to Amazonia forests preservation, the human health
risks of smoke pollution should also be elevated as a significant motivator for conservation.
Indeed, in the midst of a tragic global pandemic (COVID-19) that is impacting Brazil and
threatens native peoples of Amazonia particularly, the impact of atmospheric pollution
with broad negative respiratory impacts has likely increased negative outcomes (see de
Oliveira et al. [29]), highlighting this importance.

Finally, for more accurate estimates of biomass burning emissions in future studies, we
suggest updating the current LULC information of 3BEM_FRP, derived from the MODIS
MCD12Q1 product collection 5.1, to the MapBiomas LULC data for Amazonia, Brazil, and
other areas of South America included in this dataset. We also suggest the inclusion of active
fires derived from Visible Infrared Imaging Radiometer Suite (VIIRS) and Geostationary
Operational Environmental Satellite-R (GOES-R) when using the 3BEM_FRP model. This
inclusion will better represent the fire diurnal cycle in the model [88].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/£12091217 /s1, Figure S1: Relationship between annual PM, 5 emitted from biomass burning
and annual deforestation in the 17 Amazonian countries/states from 2002 to 2018, Figure S2: Number
of years when emission of PM, 5 associated with biomass burning was detected in Amazonia during
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the 2002-2020 period, Figure S3. Pearson’s correlation coefficient between the pair of variables PM; 5
emitted from biomass burning and 1-year lagged deforestation (a), and between PM, 5 emitted from
biomass burning and 2-years lagged deforestation (b) in Amazonia. Only statistically significant
pixels are shown in this figure, Figure S4. By-year correlations between PM, 5 emitted from biomass
burning and deforestation on the country/state level data (a), variance of PM; 5 emitted from
biomass burning explained by deforestation (b), slope of PM, 5 emitted from biomass burning vs.
deforestation (c). Correlations were best on a log-log not regular scale (heteroskedasticity on the
residuals). Ecuador (EC) was a low deforestation outlier and therefore was excluded to focus on the
major deforestation countries/states in (d) and (e), Figure S5. Global Moran ’s Index representing the
correlation in space between PM; 5 emitted from biomass burning and deforestation in Amazonia.
We have considered only three years—highest emission (2004), lowest emission (2009), and closest
to the overall average (2017)—to calculate the index in order to not control autocorrelation. Only
above-zero emission grid cells were considered. Given the z-score of 88.919, there is a less than 1%
probability that this clustered pattern could be the result of random chance, Figure S6. Relationship
between PM, 5 emitted from biomass burning and deforestation in Amazonia. Only above-zero
emission and deforestation grid cells were considered in this figure. We have considered only three
years—highest emission (2004), lowest emission (2009), and closest to the overall average (2017)—in
order to highlight that R? values were highest in the year of highest deforestation (2004) and lowest
in the year of lowest deforestation (2009), Table S1. Fine particulate matter with diameter less than
2.5 um (PMj; 5) emission factors adopted in previous versions of 3BEM_FRP, in 3BEM_FRP version
1.8.3 when estimating global PM, 5 associated with biomass burning emissions, and in 3BEM_FRP
version 1.8.3 when estimating PM; 5 associated with biomass burning in South America.
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