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Abstract: This work presents the dynamics of forest clearing in the Brazilian Amazon during the period 2006~
2019 in which includes the approval of the new Brazilian Forest Code in 2012. The study was carried out in the
Brazilian Amazon, Para State and in the municipality of Novo Progresso (Para State). The analysis was based
on deforestation and fire hotspot datasets issued by the Brazilian Institute for Space Research (INPE), produced
based on optical and thermal sensors onboard different satellites. Deforestation data was also used to assess
greenhouse gas (GHG) emissions from the slash-and-burn practices. The work showed a good correlation
between the occurrence of fires in the newly deforested area in the municipality of Novo Progresso and the
slash-and-burn practices. The same trend was also observed in the Pard State, suggesting a common practice
along the deforestation arch. The study indicated positive coefficients of determination of 0.72 and 0.66 between
deforestation and fire occurrences for the municipality of Novo Progresso and Para State, respectively. The
increased number of fire occurrences in the primary forest suggests possible ecosystem degradation.
Deforestation reported for 2019 surpassed 10,000 km?, a significant intensification comparatively higher than
the previous ten years which was on an average of 6,760 km? The steady increase of deforestation in the
Amazon after 2012 has been a worldwide concern because of the forest loss itself as well as the massive GHG
emitted in the Brazilian Amazon (295 million tons of net CO2 equivalent in the year 2019). Better correlation of
deforestation and fires occurrences reported from satellite images confirmed the slash-and-burn practice and
the secondary effect of deforestation, which degrades primary forest surrounding the deforested areas.

Keywords: Amazon rainforest; forestry degradation; greenhouse gas emission; remote sensing
application.

1. Introduction

Global efforts have been enforced to preserve Earth's ecosystems and to mitigate climate
changes, including reductions of deforestation and forest degradation [1,2]. Brazilian Amazon is one
of the most endangered ecosystems. A deep understanding of this ecosystem, including its carbon
cycle, is essential to know the adaptability of environment to microclimate changes [3]. The Brazilian
Amazon, with about 5.2 million square kilometres, covers the states of Acre (AC), Amapa (AP),
Amazonas (AM), Maranhao (MA), Mato Grosso (MT), Para (PA), Rondonia (RO), Roraima (RR), and
Tocantins (TO) and occupies about 60% of the Brazilian territory (Figure 1A). Human occupation in
this region has claimed large areas of the original forest for settlement, beef production, crop
plantation, and hydropower generation [4-12], especially in a region known as deforestation arch.
This arch-shaped region is located in the southernmost part of the Brazilian Amazon rainforest and
shows the highest occurrence of forest clearings [13] and occupation [14,15]. It covers about 1.71
million square kilometres which is 33% of original Brazilian Amazon. The region stretches from the
southeast of Para State to the north of Acre State, concentrating 77% of total deforestation of the
Brazilian rainforest, mostly for soybean crops and cattle ranching [5,15,16]. Figure 1B shows the
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annual deforestation over the Para State and the Brazilian Amazon, as estimated by the National
Institute for Space Research (INPE), from 1988 to 2019. This institution defines deforestation as the
clear-cut conversion of the primary forest by human activities, detected by the Earth Observation
satellite optical sensors [13].
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Figure 1. (A) Brazilian states with rainforest and the deforestation arch (red area). (B) Total

deforestation area in the Brazilian Amazon (triangle) and in the Para State (square), according to the
INPE's PRODES project.

Since 2006, the highest levels of deforestation in the Brazilian Amazon are found in the Para
State, reaching about 5,000 km? in 2019. It can also be seen in Figure 1B that the deforestation trend
in the Pard is similar to that of the entire Brazilian Amazon. In this state, forest disturbances are
located mainly in the south, southwest, and east borders, covering approximately 550,000 km2. The
largest annual deforestation in the Brazilian Amazon occurred in 1995, surpassing 29,000 km2. A
second peak occurred in the period 2002-2004, with an average of 24,939 km?. From 2004 to 2012,
there was a sharp decrease in annual deforestation rates, as indicated by the blue line in Figure 1B
(correlation higher than 80%). Voluntary REDD+ (Reduce Emission from deforestation and forest
Degradation in Developing countries) projects for the region started in 2008 [17]. By this time, Brazil
was close to reaching the goal of reducing deforestation by 80% until 2020 (green, dashed line in
Figure 1B) compared to the 19962005 period (black line). That goal was set in 2009 during the United
Nations Framework Convention on Climate Change (UNFCCC) held in Copenhagen, Denmark [18].
The trend, however, inverted as indicated by the steady growth of the red line in Figure 1B. The
inflexion is linked to the Federal Law n. 12.727/2012 [19], that relaxed, to some extent, forest
conservation. As of 2019, deforestation in Pard State alone was higher than the target value set in 2009
for the whole Brazilian Amazon.

Figure 2 shows the relationship between land use and land cover changes, and forest fire in the
Brazilian Amazon, as proposed by [5,6]. Road construction facilitates forest access, accelerating
deforestation and selective logging, and lowering the resilience of surrounding forests to fire [20-23].
Deforestation raises the number of forest edges, increasing the susceptibility of forests to fires [24-
27]. Deforestation raises the number of forest edges, increasing the susceptibility of forests to fires
[24,26]. Selective logging degrades forest, reduces canopy and soil moisture, and increases canopy
temperature and tree mortality, intensifying fire outbreaks [22,28,29]. The cycle grows in a spiral
configuration: forest fires and smoke emissions reduce rainfall, particularly in the dry season, as a
result of El Nifio events [24,30-35]; previously burned areas are more prone to recurrence; changes
in the global and local climate, along with land use intensification, contribute to increasing the level
of forest degradation [28,35-41]; most significant changes in forest canopy density take place in
regions close to the forest edges [16,22,35,42], and land management fires can penetrate the standing
degraded forests, as demonstrated by others works [21,43,44].
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Figure 2. Relationship between land use and land cover changes and fire occurrences. Sources: [5,6].

Several in-situ measurements of the slash-and-burn forest clearing practices have been
conducted to infer greenhouse gas (GHG) emission [45-49]. Figure 3 shows the main steps of the
slash-and-burn practices observed in the Brazilian Amazon rainforest. By the end of the rainy season,
the forest is clear-cut (Figure 3A) and left in the terrain to dry until the peak of the dry season (Figure
3B), after which the fire is set. The burning period typically extends from July to October. The initial
fire consumes the duff-layer, small branches, and leaves, while most of the massive trunks remain in
the terrain (Figure 3C). Finally, the remaining scorched logs are stockpiled and burned along the
coming years until the terrain becomes dominantly bare soil (Figure 3D). Fire may penetrate the
standing forest if moisture favours flame propagation through the understory vegetation [42—44].
Forest degradation increases after successive fires, observed by the combustion of growing, small
trees along dry seasons. The less resilient forest also favours significant fire recurrences over the
years. Fire is used mainly for land management, mostly for clearing the terrain after the slash-and-
burn deforestation for subsequent maintenance of deforested areas [50,51].

GHG emissions from deforestation in the Brazilian Amazon are also of great concern considering
that it generally accounts for more than 200 t ha' of CO: after the clear-cut occupation [44,49,52].
These authors also observed that other gases such as CO, CHs, and non-methane hydrocarbons and
particulates are also emitted in large quantities.
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Figure 3. Main stages of the clear-cut processes of a forest clearing in the Brazilian Amazon. (A) clear-
cut during the wet season or end of the wet season; (B) trunks and branches left in the terrain for
drying; (C) burning activity during the dry season; and (D) bare soil prepared for pasture or crop
plantation. (Photos: E. Sano).

Considering the actual rate of increase of human occupation towards the Brazilian Amazon
rainforest, this paper addresses the relationship between forest loss, the occurrence of fire, and
primary GHG emissions. We relied on annual reports published by INPE, for the period 2006-2019.
The data were used to correlate fire events in a specific area (Novo Progresso municipality) and in a
regional area (Pard State) both located in the Deforestation Arch of the Brazilian Amazon. Fire
outbreaks inside the primary forest were also investigated to assess ecosystem degradation. The work
also presents the amount of GHG originated by the forest clearing process along the Brazilian
rainforest in 2019. The period of 2007-2019 was selected for this study, as it has sharp decay on
deforestation rates followed by the steady growth on human occupation after 2012, as depicted in
Figure 1.

2. Materials and Methods

2.1. Novo Progresso region

Para State encompasses an area of 1,246,000 km?, equivalent to the total area occupied by
Germany, France, the United Kingdom, and Italy altogether. The Novo Progresso region, located in
the southwest of the Para State (Figure 4), covers 36,800 km?2. Most of the deforestation in the Novo
Progresso region is found along the BR-163 highway, crossing the region in the North/South
direction.
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Figure 4. Location of the Novo Progresso region, southwest of the Para State. RGB false-color
composite of bands 5, 4, and 3 of Landsat 8 satellite images [53].

2.2. Datasets

The datasets of deforestation and fire hotspots were produced by the INPE’s Amazon
Deforestation Satellite Monitoring Program (PRODES) and the Forest Fire Program, respectively.
PRODES provides the annual rates of clear-cut deforested areas larger than 6.25 hectares over the
Brazilian Amazon [54]. The system makes use of moderate spatial resolution (10-100 m), optical data,
mostly from the dry season, obtained by Landsat 8 (30-m spatial resolution and 16-day revisit time),
China-Brazil Earth Resources Satellite (CBERS-4) (20-m spatial resolution and 26-day revisit time),
and Sentinel-2 (10-m spatial resolution and 5-day revisit time) satellites.

The near real-time fire detection data, provided by the Forest Fire Program (Programa Queimadas)
[54], are based on thermal sensors onboard several sun-synchronous and geostationary satellites,
namely:

¢ MODerate Resolution Imaging Spectroradiometer (MODIS) sensor onboard Aqua and
Terra platforms;

¢ AVHRR (Advanced Very High Resolution Radiometer) sensor onboard NOAA satellite;

¢ AVHRR3 (Advanced Very High Resolution Radiometer) and Infrared Atmospheric
Sounder Interferometer (IASI) sensors onboard MetOp satellite;

e Visible Infrared Imaging Radiometer Suite (VIIRS) sensor onboard Suomi National Polar-
orbiting Partnership (NPP) satellite;

e Advanced Baseline Imager (ABI) sensor, onboard GOES-R satellite; and

e Spinning Enhanced Visible and Infrared Imager (SEVIRI) sensor onboard Meteosat Second
Generation (MSG) satellite.

Daily fire hotspot monitoring is performed by the MODIS sensor (Collection 6), onboard the
Aqua and Terra platforms [54-56]. The detection of fire hotspots by INPE through satellite images is
carried out by using well-known techniques [57-60] that is by comparison of brightness temperatures
measured in the middle infrared (MIR) band (around 4 pum) with that of the measured thermal
infrared (TIR) band (around 11 pum). Thermal anomalies are identified when the difference in the
brightness temperature measured in these two spectral bands is higher than a given threshold, i.e.
when the temperature from MIR being much higher than that of TIR. Hantson et al. [61] investigated
the strengths and weaknesses of hotspots detected by MODIS to characterize fire occurrence in many
different ecosystems. For the Brazilian Amazon, they reported less than 2.1% of commissioning error,
80% confidence interval between hotspot detection (MODIS) and burned area (Landsat). The
coefficient of determination between the annual number of hotspots and burned areas for the
Amazon was R2=0.95.
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2.2. Methodology

2.2.1. Deforestation and fire hotspots

In the southwest region of Pard State, typical raining season is from November to May and
typical dry season is from June to October [62]. INPE’s deforestation mapping starts on 15t August of
the previous year until 31¢t July of the current year. In this paper, this period is referred as PY
(PRODES Year). In PRODES, the processing time is quite long to account for the required level of
confidence (>90%) and the size of the region (deforestation arch). Deforestation reports are generally
published four months after the end of the mapping period.

Fire occurrences within the forest and deforested areas covered for the same reference period
(2007-2019) to evaluate their strength of relationship with deforestation. To avoid misinterpretations,
the reference year for the hotspots follows that of deforestation. Most planned fires, however, take
place in the mid/end of the dry season (August-September), for higher combustion efficiency. The
first fires consume about 50% of the recently slashed biomass. The scorched biomass is then
stockpiled and burnt in the following years to complete the land clearing process. The newly
deforested areas reported for a given PY show intense fire activities in the first months of PY+1
(August-September), but fire hotspots are likely to appear at that pre-burnt area for the next PRODES
years (PY+2, PY+3, PY+4), though at lesser intensity when compared to the first burn. Throughout the
work, fire scars, hotspots, and fire outbreaks are mentioned indiscriminately and are considered as
indicative of the spatial and temporal burned areas.

Figure 5 illustrates, for a given year, the accumulative location of detected fire hotspots inside
the forest shown as red dots, and in the deforested areas, indicated by blue dots. Hotspots' location
accuracy is +500 m. Due to positioning uncertainty, the fire hotspots reported at a distance higher
than 500 meters (buffer zone) from the edge of deforested areas were considered to take place at the
standing forest. The boundaries of deforested areas were updated annually. Therefore, the buffer
zone of 500 m was updated accordingly. Figure 5 shows the consolidated data of forest and non-
forest as reported by INPE, corresponding to the actual status of the region by 31 July 2019 (PY2018-
2019). The hotspots in Figure 5 give the location of their incidences at any time during the period of
1st August, 2018 to 31+ July, 2019. The majority of fire hotspots would appear in the dry season of
2018, from July to October for which clear-cut had occurred at the first quarter of 2018 (PY2017-2018).
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Figure 5. Examples of deforested areas (yellow and striped polygons), forest (green and white areas),
fire hotspots in the forest areas (red dots), fire hotspots in the deforested areas (blue dots), and
deforestation dynamics example (dotted square) in the Novo Progresso region.
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It is important to highlight that the healthy undisturbed forest does not sustain large fires in the
Brazilian Amazon, due to the high levels of humidity, even in the dry season. Fire occurrences in the
humid tropical forest are observed in dead trees and along the duff-layer. The understory vegetation
may propagate flame in the surroundings of large cleared areas (degraded edges of forests) in
combination with an intense dry season. Flame propagation through the understory vegetation is too
weak to be captured by satellite sensors. Therefore, the fire hotspots inside the intact forest may be
due to the flaming of large naturally dead trees or along an open forest trail where small slashed trees
has the ability to sustain the fire. Selective logging also degrades the area around the large falling
trees, thus making the vicinity prone to propagate flame. Fire occurrences inside the standing forest
are restricted to degraded forest caused by any of the previously discussed event or their combined
effects.

This study deals with deforestation and the use of fire for land clearing. Fire hotspots may also
occur in nearby degraded areas, such as dead trees, in the vicinity of extracted logs and trails. Total
GHG emissions for the Amazon was limited to the burn of the newly deforested area corrected by

the average regrowth of secondary forest throughout.

2.2.2. Greenhouse gas emissions

Amazon GHG emissions from slash-and-burn practices can be estimated based on in-situ
measurements of forest clearing fire experiments [49,52]. Figure 6 explains the GHG estimation
model. Emissions are calculated based on the amount of burned dry biomass, combustion efficiency
and the emission factors for each gas. The dry weight of biomass (ton) is estimated from the local
fresh biomass correlation (ton/ha), its humidity (%), and the a Fire occurrences in the humid tropical
forest mount of deforested area (ha). For the Novo Progresso region, we used the data obtained [49]
from two different sites in the Alta Floresta municipality, which is less than 500 km from the Novo
Progresso region. For the Para State, the fresh biomass (ton/ha) was calculated by averaging the
estimates of Alta Floresta in addition to that of the calculated biomass for Manaus [46,47,49,52]. For
the whole forest, the average fresh biomass (ton/ha) included the values from the Para State and those
measurements from municipalities of Cruzeiro do Sul and Rio Branco, both in Acre State. More
detailed information about the methodology of the GHG emissions and estimates can be found in
Carvalho Jr. et al. [49] and Soares Neto et al. [52].
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Figure 6. Procedure of the estimation of the GHG emission. HU = humidity; DB = dry biomass, TE = total
emission.

Soares Neto et al. [52] reported combustion efficiencies of about 50% and fresh biomass humidity
of 42%, prior to clear-cut. Table 1 summarizes the relevant data for emission estimates from slash-
and-burn activities in the Brazilian Amazon rainforest.
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Table 1. Basic data for gas emissions estimate. Source: [49,52].

Parameter Reference value Reference area
Fresh biomass (ton/ha) 512 Novo Progresso
Fresh biomass (ton/ha) 570 Para State
Fresh biomass (ton/ha) 580 Brazilian Amazon
Emission factor CHy (kg/tondb)* 9.2 Brazilian Amazon
Emission factor CO (kg/tongs) 111.3 Brazilian Amazon
Emission factor CO, (kg/tong,) 1599 Brazilian Amazon
Emission factor NMHC (kg/tong,) 5.57 Brazilian Amazon
Emission factor PM, s (kg/tona,) 4.84 Brazilian Amazon
Fresh biomass humidity (%) 42 Brazilian Amazon
Combustion efficiency (%) 50 Brazilian Amazon

* db refers to mass of dry biomass burned.

3. Results and Discussion

3.1. Fire hotspots in the Novo Progresso region

Table 2 reports the statistics about the fire hotspot occurrences inside the deforested and forest
areas in the Novo Progresso region. We found a total of 11,769 fire hotspots in PY2006-2007, with
9,702 located in deforested areas (corresponding to 5,230.90 km?) and 2,067 in forest areas
(corresponding to an area of 31,574.50 km?). In PY2018-2019, the total fire outbreaks detected from 1st
August 2018 to 31+t July 2019 was 39,384, from which 37,236 over 8,481.80 km? of deforested area, and
2,148 over 28,323.70 km? of intact forest.

Table 2. Total annual fire hotspots distribution in the Novo Progresso region. Deforested and forest areas and
fire hotspots are reported from PY2006-2007 until PY2018-2019 in the Novo Progresso region. PY = PRODES

year.
Forest Accumulated Annual Hotspots in Hotspots in Total Annual
PY Area (km?) Deforested Deforested Forest Deforested Hotspots
Area (km?) Area (km?) Area
2006-2007 31,574.5 5,230.9 2,067 9,702 11,769
2007-2008 31,153.6 5,651.9 421.0 2,012 9,870 11,882
2008-2009 30,543.9 6,261.5 609.6 1,345 7,753 9,098
2009-2010 30,406.7 6,398.7 137.2 1,035 5,060 6,095
2010-2011 30,281.5 6,524.0 1253 1,675 9,573 11,248
2011-2012 30,096.5 6,708.9 184.9 572 3,621 4,193
2012-2013 29,704.1 7,101.3 3924 4,536 36,350 40,886
2013-2014 29,437.9 7,367.6 266.3 457 10,186 10,643
2014-2015 29,200.6 7,604.8 2373 3,243 34,817 38,060
2015-2016 29,021.9 7,783.5 178.7 2,085 32,196 34,281
2016-2017 28,938.4 7,867.1 83.6 1,212 19,572 20,784
2017-2018 28,655.2 8,150.3 283.2 4,338 42,723 47,061

2018-2019 28,323.7 8,481.8 331.5 2,148 37,236 39,384
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Figure 7 shows the variation of total fire outbreaks relative to PY2006-2007 and accumulated
deforestation in the Novo Progresso region. From PY2006-2007 to PY2018-2019, deforested areas
increased by 8.8%, with a positive correlation of 0.72 with total detected fire hotspots for the same
area. The variation of hotspots was stable from PY2006-2007 to PY2011-2012 and increased from
PY2012-2013 to PY2018-2019. Deforested areas increased from 4.0% of the period PY2006-2007 —
PY2011-2012 to 4.8% of the period PY2012-2013 — PY2018-2019. The average of fire outbreaks was
9047 against 33,014 from PY2012-2013 to PY2018-2019, a three-fold increase.

In tropical forests, deforestation and land management practices are usually associated with the
use of fire [4-12]. In the Novo Progresso region, studies carried on burned area detection, with
MODIS time series for the period 2000-2014, identified more than 70% of fire events over deforested
areas [63]. The sharp increase in fire hotspots for the period of PY2012-2013 until PY2018-2019 may
be related to the current Brazilian Forest Code [19]. This law states that farmers located in the
Brazilian Amazon need to maintain 80% of their land with native vegetation if located in forestlands
or 30% if located in non-forestlands. However, the law amnestied 58% of the required restoration
areas deforested illegally before 2008 [64]. Therefore, the increase in total fire hotspots from 2013 may

be associated with the relaxation from the prevailing law.
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Figure 7. Variation of the total fire hotspots (red) relative to the year PY2006-2007 and accumulated
deforestation area (black) in the Novo Progresso region.

Figure 8 exemplifies the dynamics of deforestation occurred in the Novo Progresso region.
Deforested areas, shown in yellow, are accumulative over the period under investigation. The newly
deforested area shown in the right down corner of PY2012-2013 was subjected to intense fire activity.
The clear-cut process and fire occurred in the same PRODES year of 2012-2013. For that area, a
significant number of fire outbreaks were detected in PY2012-2013, PY2013-2014, and PY2014-2015.
Some hotspots were detected in PY2016-2017 and PY2018-2019. The less intense fire hotspots after

PY2016-2017 is an indication that the area was almost free of original forest residues.
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Figure 8. Deforestation dynamics from PY2011-2012 to PY2018-2019 in a portion of the Novo
Progresso region, showing the evolution of hotspots related to deforestation in deforested (blue dots)
and forested (red dots) areas.

The fire hotspots over recently deforested areas (clear-cut) are man-induced, as a rapid and
cheap means to clear the area (slash-and-burn) that can be observed by comparing Figure 3B and 3C.
Eventually, the fire set to clean a given deforested area may propagate fire on nearby pasture, or on
some crop area or even through the understory of a standing forest, by accident. Fire occurrences
inside consolidated occupied areas may suggest land management, as shown in the large deforested
area in PY2012-2013. For this area, the high density of hotspots was detected in PY2015-2016 and
decayed in the following two years. The high concentration of fire outbreaks in deforested areas is
caused by either the combustion of old pre-carbonized trunks that were not burned in the previous
years or due to the burning of pasture, caused by an advance of the fire front from the deforested
area or even land management.

The same land claiming dynamics occurred at the newly deforested central area of PY2015-2016,
as shown in Figure 8. For that area, fire activities started in PY2016-2017, several months after the
clear-cut process. Fire intensity increases sharply thereafter, as it can be seen in PY2017-2018. Burning
activities were also observed in PY2018-2019, though with less intensity. The slash-and-burn
approach for clearing the forest is even more evident by observing PY2018-2019 in Figure 8. The
strong overlapping of deforestation and fire occurrences, shown by the large concentration of
hotspots, indicates that the clear-cut took place after 31% July 2018, and the slashed biomass was most
likely burnt during the dry season of the same year (2018). The method seemed different from the
previous years since forest clearing usually takes place in the rainy season, i.e., in the first quarter of
PY, and the fire activity starts in the third quarter of the same year but reported as PY+1. Such forest
clearing processes, also reported by different researchers [5,6,8,11,12,27], confirm the cycle depicted
in Figure 2. It begins with the extraction of high commercial value trees (selective logging), followed
by the removal of smaller trees and by the clear-cutting of remaining trees and shrubs, producing

deforestation in the middle of the forest. As regards to the large scorched trunks, the clearing process
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may extend for about five to six years until the remaining logs that were stockpiled had been
combusted to completion.

The occurrence of fire inside deforested areas can be observed in Figure 9. In PY2006-2007, the
deforested area corresponded to 14.2% of the total Novo Progresso region. For the considered period,
there was a steady increase in deforestation. By PY2018-2019, the deforested area accounted for 23.0%,
an increase of 8.8% in land cleaning, which corresponds to an area of 3,250 km2. In PY2006-2007, there
were 11,769 occurrences of fire hotspots in the Novo Progresso region, of which 82.4% were in
deforested areas. In PY2018-2019, this value reached 94.5%, an increase of 12.1%. Fire outbreaks in
deforested areas indicate the systematic use of fire as a means for new land clearing and land
management practices.

The highest annual rate of deforestation occurred in PY2008-2009 (609.6 km?) and the lowest in
PY2016-2017 (83.5 km?) (Table 2). After PY2008-2009, a deforestation peak occurred in PY2012-2013
(392.4 km?), followed by the periods of PY2017-2018 and PY2018-2019 when deforestation rates raised
again. Fire hotspots, though, increased at higher rates than deforestation, the curve fitting of fire
outbreaks indicates a somehow steady increase of fire occurrences for the studied period. The average
number of hotspots was 7,597 from PY2006-2007 to PY2011-2012 and 30,440 from PY2012-2013 to

PY2018-2019, four times higher than the previous period.
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Figure 9. Temporal analysis of fire hotspots occurrence in the deforested areas (grey) and the relative
increase of deforestation (black) in the Novo Progresso region.

Figure 10 shows the number of fire hotspots detected inside the standing forest for PY2018-2019
as a function of distance from the edge of the deforested area. As can be seen, a significant incidence
of fire outbreaks occurred in the first 800 m from the margins and extended up to 1200 m. The same
behavior was also observed for the previous years. Other researchers had already recognized a more
significant frequency of fires within forest areas and in the vicinity of the deforested areas [4—
6,16,43,44,50]. In particular, the hotspot occurrences behavior agrees with the data reported by some
researchers [40,44]. The increase of fires around the edges of deforested areas enhances the forest
degradation along the edges. The decrease in forest resilience to fire makes it more susceptible to
sustain biomass combustion due to the reduction in near-the-edge forest humidity. Periods of severe
drought combined with an intense slash-and-burn activities favour the outbreaks of fires in standing

degraded forests [65].
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The research carried out by Matricardi et al. [66], during the period 1992 to 2014, revealed that
forest degradation in the Brazilian Amazon had surpassed deforestation. They attributed 40% of the
whole Amazon forest was degraded by intensive logging and understory fires, and remaining 60%
through edges and isolated forest fragmentation.
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Figure 10. Number of fire hotspots in the forest area, for the PY2018-2019, identified according to their
distance from the borders of the deforested areas in the Novo Progresso region.

3.2. Fire hotspots and deforestation in the Pard State

In recent years, Para State has faced high deforestation rates in the Brazilian Amazon. Table 3 shows
the total occurrence of annual fire hotspots, the accumulated deforested areas, and the annual
deforested area in this state. A total of 146,863 fire hotspots were detected in PY2006-2007 and 351,001
fire hotspots in PY2018-2019. In PY2006-2007, there was an accumulated deforested area equivalent
t0 9.35%. From PY2006-2007 to PY2018-2019, the deforested area reached 12.30%, a 2.95% increase in
deforestation for the specified period and area of 42,350 km?. Fire occurrences, however, increased at

a rate higher than deforestation, which also indicates forest degradation [4-6,29,65,66].

Table 3. Distribution of the total annual fire hotspots, accumulated deforested area (%), and annual
deforested area (km?) in the Para State, analyzed from July 2007 to December 2019.

PY Total Annual Accumulated Annual Deforested
Fire Hotspots Deforested area (%) Area (km?)
2006-2007 146,863 9.35 5,526
2007-2008 202,922 9.80 5,607
2008-2009 119,234 10.14 4,281
2009-2010 113,174 10.44 3,770
2010-2011 174,394 10.69 3,008
2011-2012 80,401 10.83 1,741
2012-2013 372,391 11.01 2,346
2013-2014 181,458 11.17 1,887
2014-2015 324,024 11.34 2,153
2015-2016 560,591 11.58 2,992

2016-2017 276,283 11.77 2,433
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2017-2018 692,498 11.99 2,744

2018-2019 351,001 12.30 3,862

Source: Fire hotspots from the Projeto Queimadas and deforestation from PRODES project produced by the
National Institute for Space Research (INPE).

Figure 11 shows the variation of total fire hotspots from PY2007 to PY2019 along with the
accumulated deforestation area in the Para State. There was a positive correlation of 0.66 between
total hotspots and deforested areas. It can be observed that the variation of total hotspots was stable
from PY2006-2007 to PY2011-2012 and increased from PY2012-2013 to PY2018-2019. Similar trends
were observed for the smaller area (Figure 9). There is an expectation that the local and regional

deforestation practices also apply for the entire deforestation arch.
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Figure 11. Variation of the total fire hotspots (blue) relative to the year PY2006-2007 and accumulated
deforestation area (black) in the Para State.

3.3. Gas and particulate emissions

Total gas and particulate emissions as a function of the burned area was calculated and
summarized in Table 4. These data represent the emissions exclusively with the combustion of
biomass from slash-and-burn activities. The efficiency of the first fire was about 50%. It did not
include small fires that may take place in the degraded standing forest, pasture, or crop remaining
over the bare soil. Also, the emissions are solely from the first fire of the newly slashed area. Over the
years, after the initial large fire, stockpiled scorched biomass, i.e., the remaining 50%, is subjected to
successive burns, ultimately approaching 100% combustion efficiency for that newly deforested area.
Total CO2 emissions accounted for the methane that is converted into an equivalent amount of CO,
considering its relative radiative forcing, plus the emissions of the CO: itself, as shown in Figure 6.

Table 4. Gas emission estimates as for PY2019 slash-and-burn activities in the Brazilian Amazon.

Parameter (units) Novo Progresso region Para State Brazilian Amazon
Deforested area (ha) 33.15E+03 446.3E+03 1.0897E+06
Fresh biomass (ton/ha) 512 569.7 580.4
Total Biomass (ton) 1.697E+07 2.542E+08 6.324E+08
CH,4 emitted (Mton) 0.047 0.67 1.7

CO; emitted (Mton) 7.86 109.2 293.3
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Total CO, (Mton) 8.81 132.1 328.7
CO emitted (Mton) 0.55 83 20.41
NMHC emitted (Mton) 0.027 0.41 1.02
PM, 5 emitted (Mton) 0.024 0.36 0.89

A small region such as Novo Progresso emitted about 8.81 megatons (Mton) of CO2 over 331 km?
of land approximately for the year PY2018-2019. For comparison, the carbon emission of Abruzzo
region (Italy), with 1.30 million inhabitants, is 11.1 Mton for the year 2006 [67]. These data are even
more alarming when we consider the emissions after deforestation practices in the Para State and the
Brazilian Amazon, accounting for 132.1 and 328.7 Mton of CO: released to the atmosphere,
respectively, in the PY2018-2019. Other emissions are also of great concern in local and regional
scales, notably, particulates of diameter less than 2.5 mm. Local, regional, and total emissions were
about 0.027, 0.41, and 0.89 Mton, respectively. The same applies to CO emissions, accounting for 0.55,
8.3, and 20.41 Mton in Novo Progresso, Para State, and Brazilian Amazon, respectively.

After the year 2000, high deforestation rates were observed in the period of 2002 to 2004, with
an average of 24,939 km?2. In this time span, the lowest deforestation occurred in 2012, equivalent to
4,561 km? following the voluntary REDD+ projects starting year [17]. Applying the same emission
factors and other relevant data from Table 1, the total CO2 emissions for the period 2002-2004 and in
2012 were 752.3 Mton and 137.6 Mton on average, respectively. The CO2 emissions from 2019 are,
therefore, 2.38 times higher than the minimum (2012) and 2.29 times smaller than the maximum
(2002-2004). Emissions were estimated based on the deforested area. The results were not corrected
for a possible offset from forest regrowth. According to Smith et al. [68], the yearly increase in
secondary forest extent in the Brazilian Amazon was about 8.61 + 10.96%, offsetting GHG emissions
from newly slash-and-burned areas by 10.29 + 6.8%. Taking this scenerio into consideration, the net
emissions from fires, for the year 2019 was 295 Mton of CO: for the Brazilian Amazon.

In Brazil, the total COz emissions related to deforestation practices of newly slashed areas in the
Brazilian Amazon are higher than those from transport, electricity and heat, manufacturing, industry,
buildings, aviation, and shipping sectors of the Brazilian economy. The emissions from deforestation
of the Amazon rainforest in Brazil is next to the agricultural sector.

A rough estimate of burned biomass on wide areas can be carried out using geostationary
satellite sensor data starting from the computation of the fire radiative power, which is the power
radiated by the fire. By integrating this quantity over time, it is possible to estimate the radiative fire
energy and the burned biomass, and then the emissions in the atmosphere if the coefficients
providing the burning efficiency of vegetation affected by the fire are available [69]. It will be the
subject of a forthcoming paper.

5. Conclusions

This work showed a strong correlation between the occurrence of fire in the newly deforested
area in the municipality of Novo Progresso following the local slash-and-burn practices. The same
trends were also observed for the Para State, suggesting a common practice along with the
Deforestation Arch. The study indicated positive correlations of 0.72 and 0.66 between deforestation
and fire occurrences in local and regional scales, respectively. The use of fire as a rapid means for
forest clearing was evident for the PY2018-2019, which showed a strong overlapping of slash-and-
burn activities in a brief period of time. A large number of fire occurrences inside the forest in the
near recent deforested areas is a result of ecosystem degradation, which is more prone to future fire
events. The area of old-growth forest, negatively influenced by nearby slash-and-burn practices, are
a fraction of the deforested area, thus enlarging forest degradation. The steady increase in
deforestation after the PY2011-2012 is a worldwide concern because of the loss of intact forest and
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the massive greenhouse gases emissions, from the slash-and-burn practices, accounting about 295
million tons of COz, for the PY2018-2019 alone.
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