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Abstract

Wildfires are recurrent in the Chapada dos Guimaraes environmental protection area, Mato Grosso, Brazil. Besides the fact
that these fires significantly affect biogeochemical cycles, another cause for concern is the release of greenhouse gases such
as CO,, CH, and N,O from biomass burning. Thus, this study was developed to create a computer system for detecting
wildfire burn scars and measuring the volume of gases released automatically. Construction was based on the calculation of
spectral indices from Sentinel-2 images, with a spatial resolution of 10 meters and a five-day time resolution. The system
downloads data every five days, generates a thematic map showing burned areas and a report in CSV format with area size
and an estimate of emitted gases. It is currently operational and constantly monitors the appearance of new points of origin
in the study area. Validation to date is qualitative, but a quantitative approach is underway.
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Introduction

The environmental protection area (PA)
of the Chapada dos Guimaraes National Park
was created in 1995 by Decree No. 537, of
November 21, 1995. Oversaw by the state of
Mato Grosso, the PA extends over 251,848
hectares that cover the municipalities of Cuiaba
(35.7%), Campo Verde (1.6%), Santo Ant6nio
do Leverger (11%) and Chapada dos Guimaraes
(51.7%). Within the borders of the Cerrado
biome, the protection area houses several
endangered species (Machado et al., 2004),
showing a great diversity of reliefs and is part
of the Upper Paraguay River basin, in addition
to sheltering springs of the Cuiaba River, one of
the main sources of the Mato Grosso Pantanal.
Among the vegetative physiognomies found in
the park are riparian forest, gallery forest, dry
forest, Cerradéo, Cerrado strictu sensu (dense
Cerrado, typical Cerrado, rupestrian Cerrado),
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dirty field, clean field, vereda and palm grove
(Sano et al., 2008).

Although the typical Cerrado formations
are well adapted to wildfires, the Management
Plan for Chapada dos Guimaraes National Park,
conducted by the Chico Mendes Institute for
Biodiversity Conservation (ICMBio, 2009), cites
wildfire as one of the main threats to the region’s
vegetation, especially those of criminal origin.
Especially during the dry season, unnatural
wildfires can drastically and permanently
alter the structure and floristic composition of
vegetation (Arruda et al., 2016; Fiedler et al.,
2006; Shimabukuro et al., 2020). Moreover,
fires such as the one that occurred in 2019,
which destroyed an area of approximately 4,000
hectares (according to ICMBio), can cause
indirect damage like erosion, loss of soil fertility,
and major disruption to local wildlife.
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According to ICMBio (2009), large wildland
fires involving areas of up to 30,000 hectares
(such as the one that occurred in 1994, which
affected about 90% of Chapada dos Guimaraes
National Park) occur with alarming frequency
every year. Regarding the period of occurrence,
most fires (around 98%) are recorded between
July and October, with the highest incidence in
September (45% of the total) and August (41%
of the total). Given that most points of origin
recorded in the park occur during the dry season
and are caused by human activity, it is clear that
this factor poses a threat to vegetation and fauna,
altering natural ecological processes.

Besides the fires significantly affecting
biogeochemical cycles, surface energy balance,
atmospheric radiation balance, and the
hydrological cycle (Pereira et al., 2012), another
cause for concern is the release of greenhouse
gases such as carbon dioxide (CO,), methane
(CH,), and nitrous oxide (N,0) from biomass
burning. It is globally agreed (see the Paris
Agreement, 2015) that countries need to adopt
carbon emission reduction strategies, otherwise
they risk causing or exacerbating climate change
due to the imbalance between atmospheric
constituents (Galanter et al., 2000; Kaufman et
al., 1992; Langmann et al., 2009; Urbanski,
2014). Its main promoter is the Intergovernmental
Panel on Climate Change (IPCC). Among the
IPCC activities are the creation, formatting and
publication of the IPCC Guidelines for National
Greenhouse Gas Inventories, which proposes
methodologies for quantifying and compiling a
global inventory of gas emissions.

Estimates of greenhouse gas emissions can
be made by indirect measurements, using remote
sensors data (Chen et al., 2024). According
to them, remote data plays an essential role
in wildfire monitoring, ranging from pre-fire
conditions to post-fire impacts. The authors
discuss recent technologies for determining
burned areas and emissions, and address

challenges such as the need for consistent and
continuous long-term data while exploring future
opportunities in fire management. In this regard,
they emphasize the importance of using sensing
data and the IPCC methodology for estimating
greenhouse gases.

It is clear, therefore, that using remote sensors
to identify wildfires and quantify emissions is a
robust methodology which can be applied to
monitor wildfires in the Chapada dos Guimaraes
PA and to inventory greenhouse gas emissions
into the atmosphere, in accordance with the
IPCC guidelines. By using geotechnologies like
Geographic Information Systems (Chuvieco
et al., 2019) and data from remote sensors
and cartographic documents, a timeline can
be established during which greenhouse gas
emissions will be estimated and used to build an
annual inventory of CO,, CH,, and N, O emissions.

Given this context, this study was developed
to create an automated system to identify
and quantify, based on orbital images, areas
with wildfire burn scars in the Chapada dos
Guimaraes PA, and to estimate greenhouse gas
emissions in a systematic manner, following
IPCC specifications.

Material and methods

In short, the method adopted consists of
constructing an image bank with frames from the
study region, detecting burned areas, calculating
gas emissions over time and analyzing the results,
according to the flowchart presented in Figure 1.

Accessing, downloading, importing and
processing orbital images for identifying wildfire
burn scars and quantifying greenhouse gas
emissions were automated using routines
written in Python language, integrated with the
Geographic Information System (GIS) GRASS
(Geographical Resources Analysis Support
System), a free software available under the GNU
General Public License (GPL).
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Figure 1. Execution flowchart.
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Source: authors (2024).

The orbital platform adopted was Sentinel-2,
from the European Space Agency (ESA),
obtained free of charge via a service offered by
the Copernicus Data Space Ecosystem (CDSE).
Two Sentinel-2 satellites, identified by the
suffixes A and B, were launched in 2015 and
2021, respectively. Both have MultiSpectral
Instrument (MSI) sensors that capture data in
13 spectral bands, with spatial resolution of up
to 10 meters and a five-day time resolution. The
high temporal resolution enables more effective
monitoring of fire occurrences in the study area.
The Sentinel-2 images used have L2A processing
level, the highest available, in which data
undergo geometric and radiometric correction,
are converted to reflectance, and corrected for
atmospheric scattering and absorption effects
and effects caused by terrain.

Each pixel attribute in these images can
therefore be considered surface reflectance,
which enables adequate spectral analysis. B4
(red), B8 (near infrared) and B12 (shortwave
infrared) were the bands used. For complete
coverage of the study area, two frames are
required in each orbit (two quadrangles), which
are mosaicked and resampled. This is done so
that band 12, with a 20-meter resolution, can be
used in map calculations with other bands, which
have a resolution of 10 meters. Spectral ranges
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of each band and their spatial resolution, as
provided by the CDSE (Figure 2), are illustrated,
showing the platform’s enhanced detection and
monitoring capabilities, which are essential for
detailed environmental assessments.

Identifying candidate pixels for the wildfire
burn scar information class employs the Normalized
Burn Ratio (NBR), used to highlight vegetated areas
that were burnt (Chuvieco et al., 2019; Pleniou
and Koutsias, 2013), based on equation 1.

Pps ™ P12
Ppst P12 (1)

NBR=

In which: Pss and PB12 are surface reflectance in the near
infrared and shortwave bands, respectively.

Reflectance in the near infrared band
is expected to be drastically reduced while
reflectance in the shortwave infrared will increase
for fire scar pixels. Hence, equation 1 produces
negative values for pixels that are candidates for
the fire scar class (Pleniou and Koutsias, 2013).
Nonetheless, false positives can occur in areas
of well-drained exposed soil, which often have
negative NBR values. To reduce the occurrence of
false positives, only pixels with values NBR « 0,2
were considered as belonging to burned areas.
The set of pixels that meets this restriction is
used to calculate the total burned area.
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Figure 2. Sentinel-2 bands and their spatial resolutions.
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Source: authors (2024).

Emissions were calculated following the
[PCC Guideline 2019, which models the amount
(mass) of greenhouse gases FG generated by any
type of fire (surface, canopy or complete) in tons,
according to equation 2:

FG=A-M,-C, -G, 0,001 2)

In which: A is the burned area in hectares (ha), My is
the available mass of combustion in tons/hectare, C is
the combustion factor (dimensionless and dependent on
the type of vegetation) and Gef is the emission factor of
burned dry matter.

Combustion factor measures the proportion
of combustible material that is actually burned,
which varies depending on the size and
architecture of the combustible mass, moisture
content of the material, and type of fire. Emission
factor gives the volume of emissions of a specific
gas per unit of dry matter burned, which can vary
depending on the carbon content of the biomass
and the completeness of combustion.

IPCC establishes the following sequence
for calculation:

1.Characterization of forest areas according to
climatic or ecological zones;

2.Estimated available combustion mass M in
tons/hectare, which includes biomass, wood,
and other types of dead organic matter;

3.Select combustion factor C. and emission
factor G;

4.Apply the parameters to the equation FG for
each type of gas.

In equation 2, for simplicity, the IPCC
recommends neglecting the contribution of wood
and dead organic matter to M 5. Emission G and
combustion C, factors can use reference values
provided by the IPCC, as shown in Tables 1
and 2.

Fuel amount for burning is determined by
the area of the fire and the density of the material
present at the site. This density can include
biomass and dead organic matter, which vary
depending on vegetation type, age and condition.
Type of fire also influences the amount of material
burned. For example, the fuel available for
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Table 1. Reference values for emission factor G
in g'kg™! for different types of vegetation (IPCC
guidelines).

Category CO, CH, N.O
Savanna and 1.613 =+ 0.21 =
Grassland 95 23%09 "4,

Source: adapted from IPCC (2019).

low-intensity ground fires is restricted to organic
matter deposited on the ground like leaves and
dead wood. In turn, intense fires can consume
much of the biomass in the tree canopy. The
burned area can be obtained by analyzing remote
sensing data. More simply, fuel biomass can be
obtained by using standardized values informed
by the IPCC. In this case, the value is entered
into equation 2 instead of the product M - Cr.
For Cerrado type vegetation, the value used is
4.6 txha=! with a = 1.5 txha~! accuracy.

Results and discussion

Chapada dos Guimaraes PA location is shown
in Figure 1. Its area covers two geomorphological
units: the Guimaraes Plateau and the Paraguay
River Depression. The PA vector boundaries in
Figure 3, provided by the Mato Grosso Land
Institute (INTERMAT), are available in the
SIRGAS2000 geodetic reference system and

the Mercator cartographic projection system
(coordinates in meters). These vector data are
fundamental for the management, monitoring,
and sustainable planning of the protected area.

Monitoring and quantification of gases
released in forest fires can be achieved using
remote sensors on aerial or orbital platforms and
indirect measurement methods (automatic or
visual) that inevitably involve identifying burned
areas in digital images. In the use of remote
sensor data to identify forest fire scars and active
fires, the use of Sentinel, MODIS, and Landsat
systems stands out (Alvarado et al., 2017;
Bastarrika et al., 2011; Boschetti et al., 2015;
Arruda et al., 2021; Argibay et al., 2020; Diaz-
Véazquezetal., 2025; Hislop et al., 2020; Laris,
2005; Makineci, 2024; Molema et al., 2025;
Olson et al., 1999; Vasconcelos et al., 2013;
Wooster et al., 2005; Zhang et al., 2003).

Figure 4 shows a Sentinel-2 image acquired
on July 15, 2023 over the study area, in the
color composition B4(B)B8(G)B12(R). In this
composition, the Red band is represented
by the color Blue; the Near Infrared band
is represented by the color Green; and the
Shortwave Infrared band (or Medium, according
to some bibliographies) is represented by the
color Red. Images are provided with coordinates

Table 2. Reference values for combustion factor C, (IPCC guidelines).

Type of vegetation Subcategory C,
Savanna Savanna Forest 0.22
(fires at the beginning of the Savanna Park 0.73

dry season) Other types of Savanna Forest 0.37 = 0.19
All types of Savanna Forests
(fires at the beginning of the dry season) 0.40 +0.22
Savanna Forest 0.72
(fires in th Sav%rzjrlla/ dof th Savanna Park 0.82 = 0.07
ires in the middle/end of the
dry season) Tropical Savanna 0.73 £ 0.04
Other types of Savanna Forest 0.68 = 0.19
All types of Savanna Forests 0.74 + 014

(fires in the middle/end of the dry season)

Source: adapted from IPCC (2019).
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Figure 3. Location of the study area.
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in the WGS84 geodetic reference system and
Universal Transverse Mercator (UTM) projection,
zone 21 South.

UTM projection preserves conformity, i.e.,
it represents angles without scale distortion and
therefore preserves the shape of small areas.
Given this conformity, the UTM projection is not
suitable for this task, since areas and distances
cannot be represented without distortion (except,
of course, on the secant lines). Thus, after

8300000 \

& APA Chapada dos Guimaraes
Sistema de referéncia: SIRGAS2000
8275000 Sistema de projegéo: Mercator
Escala: 1.100.000
\/\ 0 10 20 30km
8250000 z‘/‘ P

S A

3550000 3575000 3600000 3625000

importing the satellite images, they are reprojected
on the Equivalent Cylindrical projection, whose
main feature is the maintenance of areas in true
scale, facilitating the accurate analysis of burned
areas and the comparison of different dates.

In the color composition shown in Figure 4 (a
mask was applied to isolate only the pixels within
the PA boundaries), healthy vegetation appears
in shades of green due to high reflectance in
the near-infrared band (B8), which results from

Figure 4. Sentinel-2 image in color composition B4(B)B8(G)B12(R).

Source: authors (2024).
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the interaction of electromagnetic radiation with
the spongy mesophyll cells of plants, providing
a clear and detailed view of healthy vegetation
cover and forest fire-induced changes.

Moreover, comparing images acquired on
different dates allows the identification of changes
in land cover and the analysis of fire dynamics
over time. This enables the assessment of trends
in the frequency and intensity of fires, helping
to formulate more effective PA management and
conservation strategies.

Radiation in the red band (B4) is largely
absorbed by chlorophylls and carotenoids for
photosynthesis, and reflectance is lower in the
shortwave infrared (B12), a band sensitive to
vegetation moisture content. Burned areas
appear in dark shades of magenta due to
increased reflectance in the shortwave infrared
and reduced reflectance in the near infrared.
Figure 4 pinpoints areas burned by fires that
occurred between July 10 and 14, 2023. In
addition to their reddish hue, forest fire scars
are irregular in shape, except at points where
the fire encounters an anthropogenic barrier
such as roads. A few points detailed in Figure 4

show that the fire managed to cross some roads.
Dry, well-drained soils tend to be represented
in magenta as well, but in lighter shades, and
can sometimes be confused with forest fire scar
areas. Mixed areas, where vegetation is low-
lying or does not completely cover the ground,
appear in shades of greenish yellow in this
colorful composition.

Figure 5 shows reflectance curves for
healthy vegetation and for areas where vegetation
has been burned (Alcaras et al., 2002). In the
visible region, the spectral behavior of vegetation
is controlled by plant pigments like chlorophyll
and carotenoids. In the near infrared, reflectance
is controlled by the plant’s cellular structure,
and in the shortwave infrared, by moisture
content. Healthy green vegetation has high
reflectance in the near infrared and lower values
in the shortwave infrared, especially in the water
absorption bands. When vegetation is burned,
its reflectance decreases dramatically in the near
infrared and increases in the shortwave infrared
band. This makes the numerator resultant in
equation 1 negative for forest fire scars and
positive for vegetated areas.

Figure 5. Spectral behavior of healthy vegetation and burned area.
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Source: adapted from Alcaras et al. (2022).
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Various spectral indices can be used to
highlight burned areas, particularly the fire index
(Barbosa and Fearnside, 2005a, 2005b; Cabral
et al., 2018; Fearnside et al., 2009; Fearnside
et al., 2007; French et al., 2020; Generous et
al., 2007; Hao and Larkin, 2014; Labonne et
al., 2007; Roy et al., 2005).

Figure 6 shows the NBR for the study area
on July 15, 2023. Calculating this index can
be understood as a mathematical operation
on geofields, which produces a new numerical
geofield with values belonging to the set of real
numbers. In this image, pixel values can vary
in the range [-1,1]. Thus, pixels with negative
values in NBR are strong candidates for forest
fire pixels. Pixels with positive values tend to
represent healthy vegetation. Note that the
minimum value is approximately -0.4, and the

Figure 6. Burned area index of the study area.

maximum value is close to 0.7. The color map
used employs dark blue tones for lower values
and yellow tones for higher values on the scale.
Healthy green vegetation appears in shades of
yellow, with higher NBR values, whereas exposed
soil pixels appear in medium blue/green hue, and
forest fire pixels are represented in dark blue.

In Figure 6, detail (A) highlights a portion of
the study area where forest fire scars can be seen,
colored dark blue. Comparing detail (A) in Figure 6
with Figure 4, one sees that the burned areas
stand out from the surrounding areas in NBR.

In Figure 6, pixels segmented as burned
areas are superimposed on the NBR and
represented in yellow in detail (B). At present,
the accuracy of burned area pixel segmentation is
limited to qualitative analysis, performed through
visual interpretation.

Source: authors (2024).
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The burned area for July 15, 2023
was estimated in 707.52 hectares. Using
equation 2 and data in Tables 1 to 3, the
amount of greenhouse gases released were:
CO,=5,249.66 = 95.01t;CH, =7.49 £ 1.75
t; and N,O = 0.68 = 1.5 t. From September
3, 2023 to August 3, 2024, 70 orbital images
were analyzed. The algorithm identified forest
fire scars within the PA in June 9, 19 and 29,
2024, July 14, 2024 and August 3, 2024. It
shows the evolution of burned areas between
May 30, 2024, and June 29, 2024 (Figure 7).
The complete image shown was acquired on
June 29, 2024. In detail (A), the date prior to
the fire is May 30, 2024. An active fire in one of
the burning areas can be seen in detail (B), on
June 14, 2024. In (C), the maximum expansion
of burned areas occurs in the selected areas
on June 29, 2024. (D) shows another region
on a date prior to the fire, on June 19, 2024.
Details (E) and (F) show the scars left by the
fire on June 24, 2024 (fire still active) and June
29, 2024.

Figure 7. Example of fire evolution in the study area.

Table 3 summarizes the results for burned
areas and greenhouse gas emissions for the dates
of peak scarring. Estimates precision, according to
the IPCC methodology, were + 95.01 for CO,; =
1.75 for CH, and = 1.5 for N,0, in units of tons.
Importantly, not all fires occurred simultaneously,
which reinforces the need for high temporal
resolution for adequate monitoring. Quantification
of greenhouse gases can also be achieved using
remote sensors (Hasan et al., 2025; Lietal., 2024;
Miranda et al., 1994; Moradi and Ghasemifar,
2025; Silva et al., 2018; Zhang et al., 2003).

The system was implemented in a Linux
environment using Python language and checks
for the presence of burned areas, estimates
greenhouse gas emissions, and produces results in
the form of maps with pixels belonging to burned
areas and tables and graphs with quantities of
greenhouse gases emitted. This data, in addition
to the calculated spectral indices (such as NBR), is
stored in the GIS database and exported to GeoTIFF
and CSV formats.

Source: authors (2024).
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Table 3. Burned areas and their emissions.

Date Area (ha) CO, (1) CH, (1) N,O ()
June 9, 2024 50.80 376.93 0.54 0.05
June 19, 2024 102.52 760.68 1.08 0.10
June 29, 2024 137.28 1,018.59 1.45 0.13
July 14, 2024 13.68 101.50 0.14 0.01
August 3, 2024 229.37 1,701.88 2.43 0.22

Source: authors (2024).

Conclusions

The fire detection system is operational and
performed adequately according to a qualitative
analysis of selected images from the study area.
Its algorithm identified forest fire scars within
the Chapada dos Guimaraes PA in June 9, 19
and 29, 2024, July 14, 2024 and August 3,
2024. A total of 533.65 hectares were burned,
releasing 3,959.58 tons of CO,, 5.64 tons of
CH, and 0.51 tons of N,0.

NBR spectral index highlights areas where
biomass has undergone combustion, enabling the
identification of pixels that should be considered
as candidates for burned areas. This is because
the tests conducted still show false positives in
identifying stage results, which occur in areas
of well-drained exposed soil. Said identification
should be improved by using other spectral
indices and/or different methodologies, such as
automatic classification and the use of algorithms
for detecting changes in time series.
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