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Abstract

The use of geotechnologies, such as remote sensing and Geographic Information Systems (GIS),
enables the monitoring of vegetation dynamics at different phenological stages associated with fire
events. This study aimed to characterize the duration and spatiotemporal variability of the fire
season in the Chapada dos Guimardes National Park (PNCG), from 2003 to 2023, based on an
integrated analysis of the Perpendicular Moisture Index (PMI), the Normalized Difference
Vegetation Index (NDVI), and Kernel density estimation. Fire hotspot data from BDQueimadas/INPE
and FIRMS/NASA were used, combined with vegetation moisture maps and the spatial distribution
of fire occurrences. The lowest PMI values, recorded in August and September of 2015 and 2019,
indicated greater vegetation water stress compared to 2017. The NDVI for September 2017 ranged
from 0.0050 to 0.229, reflecting changes in vegetation cover. A high density of fire hotspots was
particularly concentrated in the buffer zone of the PNCG. The PMI proved to be effective in indicating
fire susceptibility, corroborating NDVI patterns. Kernel density analysis allowed the identification of
areas with the highest recurrence of forest fires, highlighting critical regions for monitoring and
preventive management actions.

Keywords:

Kernel Density, Live Fuel Moisture Content (LFMC), Environmental Monitoring, Perpendicular
Moisture Index (PMI), Normalized Difference Vegetation Index (NDVI).

Resumo

O uso de geotecnologias, como o sensoriamento remoto e os Sistemas de Informacdo Geografica
(SIG), permite monitorar a dindmica da vegetacdo em diferentes estagios fenolégicos associados a
eventos de incéndio. Este estudo teve como objetivo caracterizar a duracdo e a variabilidade espaco-
temporal da temporada de incéndios no Parque Nacional da Chapada dos Guimaraes (PNCG), no



https://revistas.ufpr.br/raega
http://dx.doi.org/10.5380/raega.v64i1.100598
mailto:vanusa.hoki@fisica.ufmt.br
mailto:osvaldo.borges@gmail.com
mailto:luciana.sanches@ufmt.br
http://dx.doi.org/10.5380/raega.v64i1.100598

P 4 43
ISSN eletrdnico 2177-2738

0 ESPACO GEOGRAFICO EM ANALISE RA’EGA, Curitiba, PR, V.64, n.1, p. 42 -70, 12/2025
https://revistas.ufpr.br/raega http://dx.doi.org/10.5380/raega.v64i1.100598

periodo de 2003 e 2023, com andlises nos anos 2015, 2017 e 2019, com base na analise integrada
do indice de Umidade Perpendicular (PMI), do Indice de Vegetacdo por Diferenca Normalizada
(NDVI) e da estimativa de densidade de Kernel. Foram utilizados dados de focos de calor do
BDQueimadas/INPE e FIRMS/NASA, combinados com mapas de umidade da vegetacdo e da
distribuicao espacial dos incéndios. Os menores valores de PMI, observados em agosto e setembro
de 2015 e 2019, indicaram maior estresse hidrico da vegetagao em comparagdo a 2017. O NDVI de
setembro de 2017 variou entre 0,0050 e 0,229, refletindo alteracdes na cobertura vegetal. A
densidade de focos de calor foi classificada como muito alta na Zona de Amortecimento do PNCG.
O PMI demonstrou-se eficaz na indicacdo de suscetibilidade ao fogo, corroborando os padrdes de
NDVI. An analise de Kernel permitiu mapear as dreas com maior recorréncia de incéndios florestais,
destacando regides criticas para acdes de monitoramento e manejo preventivo.

Palavras-chave:

Densidade de Kernel, Umidade do Combustivel Vivo (LFMC), Monitoramento ambiental, indice de
Umidade Perpendicular (PMI), indice de Vegetacdo por Diferenca Normalizada (NDVI).

l. INTRODUCTION

Fire occurs naturally in various ecosystems around the world, from boreal forests to tropical savannas,
with the fire regime defined by the timing and frequency of fire events (Certini et al., 2021; Oliveira et al., 2021).
Wildfires impact major biomes, altering ecosystem structure, biogeochemical cycles, and atmospheric
composition (Chuvieco et al., 2019; Ivo et al., 2020). Intensive fire management aims to reduce fire frequency,
severity, and extent through prescribed burning, land-use management, control of ecosystem processes, and
continuous monitoring. These measures can play a key role in drought management, wildfire risk mitigation,
and the attenuation of future climate change impacts (Andela et al., 2019; Hoki et al., 2021; Alves et al., 2023).

Factors such as deforestation, land-use change, and climate change have contributed to the increasing
frequency and severity of wildfires on a global scale, making it essential to understand fire risk conditions in
order to promote sustainable management (Vadrevu et al., 2012). According to a report by the United Nations
Environment Programme (UNEP), the number of extreme wildfire events could rise by 14% by 2030 and by 30%
by 2050, indicating a growing trend in both the frequency and intensity of such events (CNN Brasil, 2022).

Climate exerts a strong influence on global wildfire activity, and recent outbreaks may indicate
pyrological shifts driven by changes in fire-conducive climate regimes. Winter drought occurrence is considered
a key antecedent predictor of burned area, typically assessed through anomalies in soil and fuel moisture, as
well as reduced atmospheric humidity, which favors fire spread. In Chapada dos Guimaraes National Park, the

fire regime is shaped by seasonality and event frequency, with the highest concentration of wildfires and active



https://revistas.ufpr.br/raega
http://dx.doi.org/10.5380/raega.v64i1.100598

L4 44
v ISSN eletrdnico 2177-2738

0 ESPACO GEOGRAFICO EM ANALISE RA’EGA, Curitiba, PR, V.64, n.1, p. 42 -70, 12/2025
https://revistas.ufpr.br/raega http://dx.doi.org/10.5380/raega.v64i1.100598

fire hotspots occurring at the end of the dry season, between August and September, due to low rainfall and
relative humidity (Ivo et al., 2020; Nascimento; Novais, 2020; Hoki et al., 2021). This water stress promotes the
production and accumulation of litter, increasing vegetation vulnerability to fire (Carvalho et al., 2021).

Savannas, such as the Cerrado, represent the most fire-prone biome in the world (Moura et al., 2019;
Edwards et al., 2021). Among the vegetation types present in the Cerrado, grasses and other herbaceous plants
predominate. The Amazon and the Cerrado host the largest remaining areas of natural non-forest formations
in Brazil (MAPBIOMAS, 2024). Covering approximately 24% of Brazil’s territory, the Cerrado is the second-largest
biome in South America and encompasses various phytophysiognomies, including grassland formations (Campo
Limpo, Campo Sujo, and Campo Rupestre), savanna formations (Vereda, Palmeiral, Cerrado Park, and Cerrado
sensu stricto), and forest formations (Cerradado, Dry Forest, Gallery Forest, and Riparian Forest) (IBGE, 2019).
The vegetation of Chapada dos Guimaraes National Park (PNCG) is representative of the Brazilian Cerrado,
composed of 16.14% forest formations and 67.40% non-forest formations (mainly campo sujo). The remaining
0.016% of the park includes silviculture areas and water bodies, with 517 km of small rivers and 385 springs,
primarily located in the southwestern portion of the park (Ivo et al., 2020; Kuhn; Santos, 2021).

Remote sensing is a powerful tool for assessing the effects of fire on vegetation (Szpakowski; Jensen,
2019). Information on affected areas is essential for better understanding of the causes and dynamics of fire
(Hoki et al., 2021). Spectral indices derived from satellite data play a crucial role in mapping burned areas and
evaluating post-fire environmental conditions (Smiraglia et al., 2020), including near real-time assessments (as
in the case of ABI-derived products, among others). These indices are calculated using different spectral bands
(such as near-infrared and shortwave infrared) and allow the detection of specific features related to fire-
induced vegetation changes. One of the most widely used indices is the Normalized Difference Vegetation Index
(NDVI), commonly employed to evaluate fire severity and to differentiate between types of affected vegetation
(Rouse et al., 1974; Da Silva Junior; Pacheco, 2022). NDVI enables the monitoring of phenological stages of
vegetation in tropical environments, as it reflects photosynthetic activity based on the contrast between near-
infrared (reflected by healthy vegetation) and red wavelengths (absorbed by chlorophyll) (Ramos et al., 2023;
Pettorelli et al., 2005).

As a result, vegetation moisture becomes a key factor in determining its susceptibility to ignition and fire
spread. Several spectral indices have been proposed to estimate the Equivalent Water Thickness (EWT), defined

as the mass of liquid water per unit of leaf area (Maffeu; Menenti, 2014; 2019). For instance, the index proposed
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by Gao (1996), known as the Normalized Difference Water Index (NDWI), was developed to estimate the
Equivalent Water Thickness (EWT) in vegetation, based on the difference between the near-infrared (NIR) and
shortwave infrared (SWIR) bands. It is one of the first spectral indices sensitive to vegetation moisture; however,
it has been observed that the time series of the Normalized Difference Water Index (Gao, 1996) are associated
with the seasonality of fire occurrence (Huesca et al., 2014).

However, fire models commonly use Live Fuel Moisture Content (LFMC) as an indicator of vegetation
moisture. LFMC is defined as the ratio between the mass of liquid water in a leaf and the mass of its dry matter.
Studies have shown that traditional spectral indices are less effective than EWT in capturing the variability of
LFMC (Maffei; Lindenbergh; Menenti, 2021; Yahia et al., 2023).

Therefore, the direct observation of water content in plant leaves, represented by LFMC, can significantly
enhance the assessment of fire occurrence and the hazard indices associated with fire behavior. Earth
Observation technologies offer a substantial advantage, as they enable frequent and systematic monitoring of
land surface conditions. With advancements in remote sensing technologies and the growing availability of high-
resolution satellite data, the use of the Perpendicular Moisture Index (PMI) has expanded, allowing for detailed
large-scale analyses. When integrated with Geographic Information Systems (GIS), PMI enables spatial analyses
that improve the visualization of vegetation moisture across different geographic contexts (Maffei; Menenti,
2014; Maffei; Menenti, 2019; Maffei; Lindenbergh; Menenti, 2021).

However, the use of geotechnologies has facilitated the analysis of large territorial extents, such as
conservation units. For monitoring fire outbreaks in the Chapada dos Guimarades National Park (PNCG), satellite
data from INPE’s BDQueimadas and NASA’s FIRMS platforms were employed, along with Landsat 8 imagery and
georeferenced cartographic datasets provided by IBGE.

Thus, through remote sensing data, it becomes possible to estimate fire hotspots using the Kernel
density estimation technique, enabling the identification of areas most susceptible to wildfires. Despite
anthropogenic interferences, scientific research can benefit from such information to support the monitoring

of conservation units and to detect changes in vegetation cover using the NDVI.

I1. MATERIALS AND METHODS

The study area is located within the municipalities of Cuiaba and Chapada dos Guimaraes, in the state of

Mato Grosso, as shown in Figure 1. It encompasses the Chapada dos Guimardes National Park (PNCG), which
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covers an area of 32,642.70 hectares and was established by Decree No. 97,656 of April 12, 1989. The park has
a tropical savanna climate (Aw), according to the Koppen-Geiger classification, with two well-defined seasons:
a dry winter (from May to September) and a rainy summer (from October to March). The mean annual
temperature is approximately 21.5 °C, and the average annual rainfall is 1,838 mm (Vecchi Junior, 2018; De

Oliveira Aparecido et al., 2020; Nascimento; Novais, 2020).
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Figure 1 — Location, elevation, land cover, and land use of Chapada dos Guimardes National Park, Mato Grosso, Brazil.
Source: IBGE (2019), COPERNICUS (2024), FBDS (2024).

The image database was obtained from the European Space Agency (ESA) through the Copernicus
mission, available at: https://climate.copernicus.eu/climate-datasets (COPERNICUS, 2024). For this study,

images corresponding to the years 2015, 2017, and 2019 were selected, referenced to the WGS84 datum, UTM
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Zone 21S (USGS, 2024). The images underwent atmospheric corrections, were reprojected to the Southern
Hemisphere using the SIRGAS 2000 UTM Zone 21 reference system, and were clipped to the study area (IBGE,
2019; COPERNICUS, 2024).

The satellite reflectance data used in this study correspond to Collection 6.1 of the Aqua-MODIS 8-day
composite product (MYD09A1), with a spatial resolution of 500 m (NASA, 2024). The MOD09A1 V6.1 product
provides estimates of surface spectral reflectance in seven bands located in the visible and infrared regions
(0.470 um; 0.555 pum; 0.648 um; 0.858 um; 1.240 um; 1.640 pm; 2.130 um), corrected for atmospheric effects.
For each pixel, a representative value is selected from all acquisitions within the 8-day composite. In this study,
data from the period between 2003 and 2023 were analyzed (Maffei; Lindenbergh; Menenti, 2021; NASA, 2024).

In real-world conditions, variations in Live Fuel Moisture Content (LFMC) may result from changes in
both Equivalent Water Thickness (EWT) and Dry Matter Content (DMC). This observation led to the development
of a new spectral index directly related to LFMC: the Perpendicular Moisture Index (PMI). This index measures
the distance of a point, defined by reflectance measurements from MODIS bands 2 (0.86 um) and 5 (1.24 um),
from a reference line that represents fully dry vegetation. Based on this, it is possible to identify LFMC isolines,
which are represented as straight and parallel lines.

The Perpendicular Moisture Index (PMI) was developed based on simulated spectral reflectance data of
vegetation, using MODIS bands 2 (0.86 um) and 5 (1.24 um). From these data, it was possible to identify isolines
of Live Fuel Moisture Content (LFMC), which appear as parallel straight lines. These observations supported the
development of the index, as described in Equation 1. Taking as a reference the line corresponding to an LFMC
value of zero, i.e., completely dry vegetation, the PMI is calculated as the distance between the reflectance
points and this reference line.

PMI = —0.73(Ry24um — 0-94Rgg6um — 0.028) (1)

In this sense, the PMI represents a direct measure of LFMC, with higher values indicating greater
vegetation moisture content. PMI maps for the study area were generated using 8-day composite surface
reflectance data acquired by the MODIS sensor onboard the Terra satellite (Maffei; Menenti, 2014; 2019;
Maffei; Lindenbergh; Menenti, 2021). This analysis led to the definition of LFMC isolines in the plane formed by
reflectance measurements from bands 2 and 5, characterized as parallel straight lines, organized from the
lowest to the highest LFMC values. This observation enabled the creation of a new spectral index, called the

Perpendicular Moisture Index (PMI), which quantifies the distance of a point in this plane relative to the
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reference line representing fully dry vegetation. Validation using simulated data demonstrated that PMI exhibits
a linear relationship with LFMC (Maffei; Menenti, 2014).

The fire dataset used in this study consists of daily active fire information with a spatial resolution of 375
meters, derived from the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-
orbiting Partnership (S-NPP) satellite, available through NASA’s FIRMS platform
(https://firms.modaps.eosdis.nasa.gov/) (NASA, 2024). Data from the Burned Area Database (BDQueimadas),
available at http://queimadas.dgi.inpe.br/queimadas/bdqueimadas, covering the period from 2003 to 2023,
were also used (INPE, 2024).

The vector files in shapefile format, containing the boundaries of the municipality, urban areas, and
Chapada dos Guimardes National Park (PNCG), were obtained from the INTERMAT website:
http://www.intermat.mt.gov.br/-/11303036-banco-de-dados-cartograficos (INTERMAT, 2023).

Reflectance data extracted from satellite imagery acquired by the Operational Land Imager (OLI) sensor
were used, with a temporal resolution of 16 days and a spatial resolution of 30 m, corresponding to spectral
bands 2 (blue), 3 (green), and 4 (red), with a radiometric resolution of 16 bits (Long et al., 2019). The images
were freely obtained for path 226, row 71, from the Center for Platform Architecture Processing (ESPA), with
the acquisition date of September 19, 2024 (USGS, 2023).

After acquisition, the images underwent atmospheric correction, conversion from digital number to
surface reflectance, reprojection to the Southern Hemisphere using the SIRGAS 2000 UTM Zone 21 reference
system and clipping to the study area. The Normalized Difference Vegetation Index (NDVI), proposed by Rouse
et al. (1974), enables vegetation assessment by using wavelengths from the near-infrared and red spectral
regions (Equation 2). NDVI values range from -1 to 1, where values close to 1 indicate high vegetative vigor,
while values near 0 indicate sparsely vegetated surfaces or low photosynthetic activity.

Based on reflectance values obtained from spectral bands B4 (red — VIS) and B5 (near-infrared — NIR) of
the OLI sensor, it was possible to calculate the Normalized Difference Vegetation Index (NDVI). The images were
corrected using the Semi-Automatic Classification Plugin (SCP) in QGIS software, based on metadata provided
by USGS (2024). NDVI allows for the estimation of vegetation photosynthetic activity through differences in

reflectance between near-infrared and red wavelengths, as described in Equation 2.

Ps — Pa (2)
Ps + Ps

NDVI =
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Where p4 corresponds to the reflectance in the red band (VIS), with a wavelength range between 0.630
and 0.680 um, and p5 represents the reflectance in the near-infrared band (NIR), with a wavelength range
between 0.845 and 0.885 um. The NDVI spectral index is applied through a simple and dynamic method for
mapping fire-affected areas.

In the context of geotechnologies, Kernel Density Estimation refers to a statistical method used to
estimate the spatial distribution of event intensity, such as fire hotspots, based on georeferenced data. This
technique, originally proposed by Parzen (1962), involves applying a kernel function to each occurrence point,
weighting its contribution by the distance to a central location. In this way, a continuous density surface can be
generated, representing the spatial probability of event occurrence and enabling the identification of
concentration patterns and areas of higher recurrence (Parzen, 1962; Duong, 2007; Barbosa et al., 2014).

Suppose the existence of a random variable X, from which a random sample X1, X2, ..., Xn, is draw,
composed of independent and identically distributed (i.i.d.) values. The kernel estimator, fh(x), for this sample
is given by the following mathematical expression (Eq. 3):

fu®) =i%’<(x ;Xi) 3)

i=1

Where fh(x) is the density estimate at point x, K(.) is the chosen kernel function; n is the number of
observations in the sample, h is the smoothing parameter (bandwidth); and Xi is the position of each point
derived from the centroid of each polygon (Bailey; Gatrell, 1995; Duong, 2007; Barbosa et al., 2014; Da Cruz
Teixeira et al., 2021).

The method was implemented using QGIS 3.22 software (Da Silva Lima et al., 2021), which was used for
database processing, calculation of the daily mean of fire hotspots, and, through the Kernel Density function,
the estimation of hotspot density across the entire map of the Chapada dos Guimaraes National Park (PNCG).
This function allows a smooth surface (kernel) to be placed over each sampled point, resulting in the generation
of a continuous probability density surface. This procedure enables the creation of thematic maps representing
the spatial concentration of fire hotspots (Barbosa et al., 2014; Da Cruz Teixeira et al., 2021).

As a result of applying the Kernel Density function, a raster file was obtained, corresponding to the sum
of the stacking of (n) circular surfaces. The resulting maps were classified into five density classes, represented
by distinct colors and shades: very low (dark green), low (light green), medium (yellow), high (orange), and very

high (red).
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The validation of the estimated density obtained through the Kernel Density method was conducted by
systematically comparing it with field-observed data and records from INPE’s fire hotspot database, in order to
verify whether the estimated patterns reflect the empirical distribution of the events.

The results were integrated with auxiliary data such as land use and land cover maps, fire history, and
climatic variables, enabling spatial and temporal cross-analysis and interpretation of the observed phenomena.
On-site validation was carried out through field visits to strategically selected locations, where the actual
vegetation conditions were verified and compared with NDVI values obtained from remote sensing. This
approach contributed to the accuracy and robustness of the analysis, confirming the correspondence between

spectral data and environmental characteristics observed in the field.

I11. RESULTS AND DISCUSSIONS

In the assessment of the Perpendicular Moisture Index (PMI) during the period from 2003 to 2023, the
years 2015, 2017, and 2019 stood out, presenting the highest values observed within the analyzed interval
(Table 1).

Table 1 - Distribution of the Perpendicular Moisture Index (PMI) for the months of July, August, and September in the years 2015,
2017, and 2019, and the overall median value for the analyzed period.

PMI

. 2015 2017 2019 Median
Variation
Jul Aug Sep Jul Aug Sep Jul Aug Sep
Minimum -0.082 -0.085 -0.122 | -0.030 -0.106 -0.256 | -0.119 -0.126 -0.102 -0.106
Maximum 0.014 0.009 0.015 | 0.087 0.015 0.160 | 0.029 0.004 0.005 0.015
Mean -0.034 -0.038 -0.053 | 0.028 -0.046 -0.048 | -0.045 -0.061 -0.048

Source: The authors, based on data from NASA (2024).

The analysis of PMI variation from 2003 to 2023 reveals significant inter- and intra-annual variability,

with particular emphasis on the years 2015, 2017, and 2019. This dynamic can be more clearly visualized through
thematic PMI maps (Figure 2), which represent specific composite periods: July 4-12, August 5-13, and
September 6—14 of the aforementioned years. These maps clearly illustrate the spatial and temporal differences

in the distribution of fire hotspot intensity over time.
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Figure 2 — PMI maps derived from 8-day Aqua-MODIS reflectance composites showing intra- and interannual variability: (a) July 4-12, 2015, (b)
August 5-13, 2015, (c) September 6-14, 2015, (d) July 4-12, 2017, (e) August 5-13, 2017, (f) September 6-14, 2017, (g) July 4-12, 2019, (h) August

5-13, 2019, and (i) September 6-14, 2019, in Chapada dos Guimar&es National Park (PNCG), Mato Grosso, Brazil.

Source: The authors, based on data from NASA (2024).
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For a synthetic visualization of seasonal evolution, the median PMI was calculated for each of the
selected years, 2015, 2017, and 2019, throughout the dry season. Although the PMI maps present a continuous
distribution of values, discretized into raster cells, this median-based approach allows for a clearer
representation of interannual differences in the observed index values and, indirectly, in Live Fuel Moisture
Content (LFMC). For all the analyzed years, a consistent decrease in PMI values is observed throughout the dry
season, indicating a simultaneous reduction in LFMC and, consequently, an increased susceptibility to the
occurrence and spread of wildfires.

Figure 2 shows the spatial variation of the Perpendicular Moisture Index (PMI) in Chapada dos Guimaraes
National Park (PNCG) for the periods of July 4-12, August 5-13, and September 6—14 in the years 2015, 2017,
and 2019. The analysis reveals a well-defined seasonal pattern and interannual differences in the dynamics of
surface vegetation and soil moisture. In 2015, PMI values are intermediate in July (Figure 2-a), with a
predominance of orange and bluish tones, indicating an early transition into the dry season. In August (Figure
2-b), a decline in index values is observed, with an expansion of low-moisture areas, especially in the western
portion of the park. In September (Figure 2-c), although PMI values remain low, a slight increase in moisture is
noted in some southern and eastern areas, suggesting the beginning of the transition into the rainy season.

In 2017, the maps indicate a more critical scenario. In July (Figure 2-d), PMI values remain relatively
balanced in part of the territory; however, the expansion of dry areas can already in the northern and western
regions. In August (Figure 2-e), the PMI reaches the lowest value among all analyzed periods, with most of the
park presenting values below -0.0750, especially in the central and western regions, characterizing a condition
of severe water stress. In September (Figure 2-f), moisture recovery is limited, with few areas showing
improvement in surface moisture levels.

In 2019, an intermediate behavior is observed compared to the previous years. In July (Figure 2-g),
moderate PMI values predominate, with some areas in the southern part of the park still showing residual
moisture. In August (Figure 2-h), index values decline significantly, though less intensely than in 2017. Finally, in
September (Figure 2-i), a more pronounced recovery in moisture is observed, with an increase in bluish-toned
areas, particularly in the southern and eastern regions of the park, indicating an earlier transition into the wet
season. The PMI maps reveal significant inter- and intra-annual variability, as illustrated by the nine maps
representing the composite periods from July 4—12, August 5-13, and September 6-14 in the years 2015, 2017,

and 2019. The observed spatial patterns highlight the lowest PMI values during the months of July, August, and
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September, with particularly low values recorded in September 2015 (-0.053), August 2017 (-0.046), and August
2019 (-0.061). When comparing the years, 2019 stands out with the lowest average value among the analyzed
composites (-0.048). The evaluated methodology proves to be a useful tool for monitoring areas at higher risk
of fire outbreaks, enabling the development of strategies to reduce and/or mitigate fire occurrences, especially
in regions with drier vegetation and, consequently, higher susceptibility.

A north—south directional pattern was observed in the data distribution, related to the spatial resolution
of MODIS products (500 m) and the smoothing applied in the Kernel density estimation. This effect may reflect
both the actual structure of the landscape and artifacts from data processing and should therefore interpreted
with caution in spatial analyses.

These results reinforce the importance of monitoring soil and vegetation moisture for fire risk
assessment, especially under conditions of seasonal drought. Recent studies have shown that negative soil
moisture anomalies are strongly associated with increased frequency and intensity of wildfires (Hou et al.,
2020). Moreover, the relationship between drought and fire has already documented in other regions of Brazil,
particularly in the Cerrado and Amazon biomes (Nogueira et al., 2017), where seasonal water deficits contribute
to fire intensification, especially in areas with drier vegetation.

The literature also highlights that the use of moisture indices such as the Keetch—Byram Drought Index
(KBDI) and the Fire Weather Index (FWI) has proven effective for fire risk prediction and monitoring, by
integrating meteorological and soil moisture information (Krueger et al., 2022). These indices are widely used
in operational early warning systems and fire management planning. The incorporation of remote sensing data
and climate modelling, such as those used in the development of PMI maps, represents an effective strategy for
detecting critical areas and guiding preventive actions (Krueger et al., 2022; Nogueira et al., 2017).

Thus, the methodology adopted in this study proved to be promising for the spatial and temporal
monitoring of regions at higher risk of wildfire occurrence. Its application provides a basis for mitigation
strategies and environmental management, especially during periods of drier climatic conditions, contributing
to the reduction of the socio-environmental impacts caused by fire.

The moisture content of the fuel material varied according to the type of vegetation cover, with average
values ranging between 30% and 50% in areas of dense forest and transitional vegetation (Figure 3), which are
above the critical ignition moisture threshold. The differences observed in fuel moisture indicate variations in

the structural characteristics of vegetation, which influence fire behavior and ignition probability. These
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variations are modulated by seasonal factors, burning, deforestation, pollution, among others, which can alter
ecological dynamics and compromise ecosystem balance (De Oliveira et al., 2018, Carvalho et al., 2021). In
addition, atmospheric factors associated with air dryness, such as temperature, play a more significant role in

the occurrence of wildfires than variables such as soil moisture (Tang et al., 2024).

160N
Figure 3 — Vegetation in the study area (relative air humidity of 47.4%).
Source: The authors, based on fieldwork.

In the state of Mato Grosso, an intense dry period is observed between July and September. During this
interval, the region of Cuiaba-MT experiences drought conditions that increase the probability of ignition and
the spread of fire hotspots. The climatic conditions, combined with the characteristics of the local vegetation,
create an environment highly conducive to fire propagation. The intensity of wildfires and the resulting
environmental damage vary according to the specific features of the ecosystem and the distribution of fuels on

the soil surface (Hoki al., 2020; Da Cruz Teixeira et al., 2021).
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Based on the analyzed data, the years with the highest number of fire outbreaks and the largest burned
areas, 2015, 2017, and 2019, were selected. Table 2 presents the quantification of these events, considering

both the Buffer Zone (BZ) and the internal area of Chapada dos Guimardes National Park (PNCG).
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Table 2 — Number of fire hotspots and burned area in Chapada dos Guimarades National Park (PNCG) and its Buffer Zone (BZ), based
on supervised classification for the years 2015, 2017, and 2019.

Number of fire hotspots Burned area (km?)
Year PNCG ZA Total | PNCG ZA Total
2015 91 335 426 47.47 130.11 177.59
2017 65 139 204 16.21 62.16 78.38
2019 193 666 859 65.81 223.13 288.94

Source: INPE, 2024; NASA, 2024.

Records of fire hotspots are a key resource for studying fire dynamics in landscapes prone to wildfires,
as well as for supporting the planning of controlled fire management actions. In this context, the PMI proves to
be a valuable tool for researchers and environmental managers, contributing to the assessment of climate
change impacts on ecosystems (Meng et al., 2022).

The results obtained highlight the importance of effective biomass management at the beginning of the
fire season as a preventive strategy to reduce wildfire occurrence. This underscores the need for a well-
structured operational framework, supported by geotechnologies, to predict, identify, and prioritize zones with
high fire potential through synergistic strategies involving local community engagement.

Fire severity refers to the intensity of the effects caused by fire on the environment and can be assessed
through various approaches, including field-based metrics and remote sensing data. Soil degradation severity
from heat considers the fire’s impact on edaphic properties such as physical structure, organic matter content,
and erodibility, as well as effects on the underground parts of plants. In turn, vegetation burn severity is related
to the damage and mortality of aboveground vegetation (Mclauchlan et al., 2020).

Detecting and predicting changes in fire activity remains a challenge due to short historical records,
variability across different biogeographic regions, and the complex influence of human activities. To understand
how fire regimes have been shifting in the context of the Anthropocene, and how human societies must adapt
to these changes, it is essential to promote integration among researchers from the biological, physical, and
social sciences, as well as professionals specialized in fire management (Bowman et al., 2020; Machado et al.,
2024).

For the year 2019, the fire event recorded on September 19 (the event with the highest number of fire
hotspots during the period) was analyzed. The analysis included the Normalized Difference Vegetation Index
(NDVI) and the supervised classification of the burned area within the PNCG, aiming to identify changes in

vegetation cover associated with this extreme event. The supervised image classification was conducted in QGIS



https://revistas.ufpr.br/raega
http://dx.doi.org/10.5380/raega.v64i1.100598

” 58
| J ISSN eletrdnico 2177-2738

0 ESPACO GEOGRAFICO EM ANALISE RA’EGA, Curitiba, PR, V.64, n.1, p. 42 - 70, 12/2025
https://revistas.ufpr.br/raega http://dx.doi.org/10.5380/raega.v64i1.100598

software using the LF Tools plugin, through the Parallelepiped method, applying three standard deviations

(99.7%) to define the spectral classes (Figure 4).
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Figure 4 — Normalized Difference Vegetation Index (NDVI) and supervised classification of the burned area in PNCG, based on OLI/LANDSAT 7
imagery from 19/09/2019 — Path 226 / Row 71.
Source: The authors, based on data from NASA (2024).

NDVI was used to infer variations in vegetation cover between areas with and without fire occurrence.
Significant differences in index values were observed between these areas, based on the spectral bands used
(Figure 4). Fire-affected regions showed reflectance values ranging from 0.0050 to 0.229, indicating lower
photosynthetic activity. The reduction in NDVI in burned patches highlights the effects of fire on vegetation,
resulting in biomass loss and reduced photosynthetic function (Ivo et al., 2020). The analyses confirmed changes
in vegetation cover after the extreme event, as reflected by the extent of the burned area. These findings are
likely important, as climate change is causing warming and severe vegetation moisture loss in the Cerrado,

thereby increasing fire potential in the PNCG.
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NDVI is an effective indicator for assessing water availability and vegetation productivity, and it is
particularly useful in the Cerrado, where climatic seasonality influences species phenology. In fire-affected
areas, significant reductions in NDVI values are observed, reflecting biomass loss and decreased photosynthetic
activity (Ivo et al., 2020). In addition to enabling the monitoring of seasonal and interannual variations, the index
also contributes to fire risk mapping. However, variables such as long-term ecological dynamics and
accumulated water stress in woody plants should be integrated into analyses, as they play a crucial role in fire
ignition and spread (Franke et al., 2018; Michael et al., 2021). Climate change, by intensifying warming and
vegetation dryness, increases fire risk in the Cerrado, especially in protected areas such as the PNCG.

In September 2019, a total of 9,204 fire hotspots were detected in Chapada dos Guimarades National Park
(PNCG). A notable fire concentration was observed (highlighted by the red circle) in the northeastern region in
August and in the southeastern region in September, near the Buffer Zone. The first fire outbreaks were
recorded in the northeastern portion of the park, progressing toward the southwestern region (Figure 4). Based
on the detection dates and spatial analysis of the hotspots, it was determined that the fire originated outside
the park boundaries, in anthropized areas. The burn scar identified on September 19, 2019, covered
approximately 77 km?, spanning from the northeastern to the southwestern regions of the park (INPE, 2023;
USGS, 2024).

Most fire risk maps are developed based on static information such as topography, vegetation density,
and instantaneous fuel moisture, typically derived from orbital sensors. However, key variables such as long-
term vegetation dynamics and the accumulated dryness of woody vegetation, which directly influence fire
occurrence and spread, are rarely considered in risk models. Therefore, it is essential to incorporate vegetation
analysis over extended temporal scales through the use of long-term average NDVI, which represents vegetation
dryness and can significantly improve the mapping of fire-prone areas (Michael et al., 2021). In this context, the
fuel load mapping approach has proven to be an effective tool for integrated fire management, contributing to
the planning and implementation of prescribed burns, the promotion of pyrodiversity, the definition of
suppression priorities, and the evaluation of management actions, in alignment with ecological conservation
goals (Franke et al., 2018).

The kernel density estimation survey conducted for the period from 2003 to 2023 enabled the
assessment of the spatial distribution of fire hotspots (fire pixels), identifying the most affected areas within

Chapada dos Guimaraes National Park (Figure 5).
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Figure 5 — Spatial distribution of fire scars from 2003 to 2023 in Chapada dos Guimaraes National Park (PNCG).
Source: The authors, based on data from INPE and NASA, 2024.

The analysis of fire hotspot density variation from 2003 to 2023 (Figure 5) revealed higher intensity in
the southwestern region of Chapada dos Guimaraes National Park (PNCG), highlighted by a red circle. Kernel
density classification of fire hotspots for the analyzed years was based on percentiles. In 2019, the density was
classified as "very high" (above 32 hotspots/km?), while in 2015 it was medium, and in 2017, very low (Table 3).

Table 3 — Data on the distribution of fire hotspots (FH, %), area of influence (km?), and density (hotspots/km?) in 2015, 2017, and
2019 in Chapada dos Guimardes National Park (PNCG).

Year FC (%) Area of influence (Km?) Density (spots/km?) Classification
2015 19 87.97 16.71 Medium
2017 19 62.19 11.82 Very low
2019 33 98.00 32.34 Very high

Source: The authors, based on data from INPE and NASA, 2024.

These results can be visualized in the maps generated through Kernel density estimation (Figure 6).
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Figure 6 — Spatial distribution of fire scars from 2015 to 2023 in Chapada dos Guimardes National Park.
Source: The authors, based on data from INPE and NASA, 2024.

The annual spatial distribution analysis of fire hotspots in PNCG indicated very high density in the years
2015, 2017, and 2019, with a predominant concentration in the southwestern portion of the park, particularly
in the waterfall circuit region. Several phytophysiognomies have been identified in this area: semi-deciduous
forest, riparian forest, cerraddo, cerrado sensu stricto, campo sujo, campo cerrado, and campo cerrado rupestre
(Vieira Junior et al., 2012). In 2019, two areas with high hotspot density stood out—one in the southwest and
another in the northwest of the park, the latter located in an anthropized area, as indicated by the red rectangle
in Figure 6.

Kernel density estimation, also known as a heatmap, is a statistical technique that allows for a smoothed

representation of the concentration of events in a geographic area, based on a set of observed points. Using a
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bidimensional function, it weights the occurrence of events within a given radius of influence, highlighting areas
with higher or lower density (Barbosa et al., 2014; Da Cruz Teixeira et al., 2021). In the context of Chapada dos
Guimardes National Park, this technique proved effective for environmental monitoring and the planning of
wildfire prevention and control actions, especially due to its low cost and operational applicability. Accurately
estimating the spatiotemporal dynamics of wildfires is essential for understanding their ecological impacts and
supporting public policies aimed at the conservation of protected areas.

An increase in fire intensity has been observed over longer intervals, highlighting the importance of
understanding its spatiotemporal application on biodiversity. Specific modeling approaches can support the
development of strategies tailored to local conditions and integrated fire management objectives, as in the case
of PNCG (Franke et al., 2018; Chuvieco et al., 2019; Alencar et al., 2022). In Brazil, approximately 83% of wildfires
occur in the Cerrado and Amazon biomes, where increases in fire frequency and burned area have been
recorded, driven by intensified human ignitions and climate change (Alencar et al., 2022; Mengue, 2022).

Wildfire management services are among the main users of remote sensing products, which are widely
available through regional geographic information systems. Annual fire risk assessments are primarily based on
data from the most recent events, obtained via burned area mapping, contributing to the planning and
implementation of fire prevention and control actions over the past decade (COREY et al., 2020; DAVIES et al.,
2021). In this context, intensive fire management aims to reduce the frequency, severity, and extent of wildfires
(COREY et al., 2019).

The use of prescribed fire and land management practices plays a strategic role in mitigating drought
effects and reducing fire risk, both under current conditions and in the face of climate change (NOWELL et al.,
2018). The implementation of prescribed burns with distinct management objectives has become increasingly
common in protected areas (SILVA et al., 2022), especially in fire-prone landscapes (DAVIES et al., 2021). In such
regions, Integrated Fire Management (IFM) is a systematic planning approach to sustainably protect assets and
forest resources.

Between 2003 and 2023, wildfires in Chapada dos Guimardes National Park (PNCG) occurred between
July and September, except in 2019, when they extended into October, with a peak in September. The spatial
distribution indicated ignition points starting in the northeastern and southwestern regions of the park,
progressing respectively toward the north and south, as shown in Figures 5 and 6. Areas with very high hotspot

density were located in the northeastern and southwestern portions, identified through Kernel density
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estimation, an efficient, low-cost technique applicable to environmental monitoring and preventive wildfire
management.

A pattern of increasing fire intensity over longer intervals reinforces the importance of spatiotemporal
approaches and modeling strategies tailored to local conditions, such as Integrated Fire Management (IFM),
which is particularly effective in fire-prone ecosystems like the Cerrado (Franke et al., 2018; Chuvieco et al.,
2019; Alencar et al., 2022).

The “Zero Fire” policy, which predominates in the management of Conservation Units in Brazil, has
proven inadequate for the Cerrado, an ecosystem ecologically adapted to fire. Fire exclusion in fire-adapted
vegetation areas, such as the Cerrado, can alter vegetation structure and composition, leading to the
accumulation of dry plant material that becomes fuel during drought periods (Schmidt et al., 2018). Periodic
controlled burning is recognized as a viable alternative for the management of Conservation Units in the Cerrado
(Durigan; Ratter, 2016; Fidelis et al., 2018; Schmidt et al., 2018).

Several studies have highlighted the negative effects of fire suppression on the Cerrado, particularly the
reduction in the diversity of underground organs and in bud density (Bombo et al., 2022). However, knowledge
about the resilience of plant communities to fire disturbance remains limited (Buisson et al., 2019), especially
concerning the effects of long-term fire exclusion on ecological recovery mechanisms. Given the high
vulnerability of these areas and their frequent neglect in environmental public policies, efforts aimed at
understanding these processes represent a strategic opportunity to integrate theoretical and practical
knowledge focused on the conservation and restoration of savanna physiognomies in the Cerrado.

In light of this, it is recommended that the management of Chapada dos Guimaraes National Park (PNCG)
expand its preventive actions throughout the entire year, encompassing all phases of the fire management
cycle, prevention, preparedness, response, and accountability, rather than relying solely on reactive fire
suppression. The dataset generated in this study can support more effective public policies for wildfire

prevention and control in the Brazilian Cerrado.

IV. FINAL CONSIDERATIONS

e The application of the Perpendicular Moisture Index (PMI) enabled the assessment of inter- and
intra-annual variability in vegetation susceptibility to fire during the dry season, providing valuable

input for the planning of preventive actions during critical periods.



https://revistas.ufpr.br/raega
http://dx.doi.org/10.5380/raega.v64i1.100598

L4 64
ISSN eletrdnico 2177-2738

0 ESPACO GEOGRAFICO EM ANALISE RA’EGA, Curitiba, PR, V.64, n.1, p. 42 -70, 12/2025
https://revistas.ufpr.br/raega http://dx.doi.org/10.5380/raega.v64i1.100598

e The wildfire event of 2019 in Chapada dos Guimarades National Park resulted in a significant reduction
in NDVI values, reflecting substantial biomass loss and changes in vegetation photosynthetic activity
during the dry period.

e Kernel density estimation proved to be an effective tool for identifying spatial patterns of fire
recurrence, highlighting critical burn scar areas over two decades. This information is essential for

guiding adaptive fire management and the conservation of protected areas in the Cerrado.
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