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Abstract Forest fires have global, regional, and
local socioeconomic and environmental conse-
quences, with negative effects on ecosystem services,
air quality, population health, and other relevant
aspects, emphasizing their significance in the con-
text of the United Nations Sustainable Development
Goals. The study identified areas in the Rio de Janeiro
State (RJS) with varying degrees of susceptibility to
fire focis using remote sensing data derived from top-
ographic, anthropogenic, meteorological, and hydro-
logical factors based on seasonality and integrated
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into geographic information systems. The analytical
hierarchy process was used as a method of integration
and normalized hierarchy of variables, generating
susceptibility maps in the annual, summer, and win-
ter periods in the RJS’s hydrographic regions (HR),
with the application of the associated chi-square
test to records of fire focis from the AQUA satellite,
period 2003 to 2017, without methodological varia-
tion for data acquisition, whose susceptibility was
classified as very low to very high. The results show
that the years with the most fire foci in the adopted
time series are 2007 and 2014, with a peak in Sep-
tember and a fall from October onwards. According
to the susceptibility map, 9% of the RIS is highly sus-
ceptible during the annual period, with HR-IX being
especially vulnerable. In the summer, 0.2% of RJS is
extremely vulnerable, while 32% is highly vulnerable
in the winter, with 6402 km? of HR-IX areas being
extremely vulnerable. A statistical correlation was
discovered between the chi-square test and suscepti-
ble areas. This work contributes as a decision-making
tool in fire planning and emergency response, with
the potential to assist control bodies (city halls, civil
defense, environmental protection bodies, health sys-
tems) in the local and regional context in the assess-
ment, analysis, and management of these phenomena.

Keywords Fire risk - Fire foci - Susceptibility -
AHP - GIS - SDGs
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Introduction

Fire affects of the Earth’s surface, burning an average
of 363.41x 10° ha of the planet’s total area from 2015
to 2019 (Wei et al., 2021). It integrates the geological
cycle and rural culture and influences the biodiversity,
soil properties, the carbon cycle, sediment and water
production, air and water pollution, as well as all asso-
ciated risks, aspects, and characteristics that necessi-
tate planning, organization, and decision-making for
its management (Cerda, 2020).

According to Bowman et al. (2020), factors such as
fire behavior, size, frequency, intensity, severity, sea-
sonality of burning, and other complexities describe
the components of fire regimes and determine the
gasses and aerosols, and particulates released into the
atmosphere (Majdi et al., 2019; Palm et al., 2020).
Among the fires’ negative effects are water sup-
ply and air quality impacts and changes in the land
surface and precipitation patterns, which can cause
desertification (Nunes et al., 2018).

Fires are distinguished by their extent, speed, and
potential to affect fauna, flora, the local economy, and
the population (Dickman, 2021), with socioeconom-
ics and health consequences (Wunder et al., 2021). In
Brazil, the primary cause of fires is typically related
to human activities, including burning for agricultural
activities, clearing pasture areas, and wood extraction
(Oliveira et al., 2020; Santos et al., 2021).

Fires continue to be a significant natural distur-
bance in many ecosystems, helping to shape biome
distributions, control the carbon balance, and influ-
ence terrestrial carbon cycling and significant
changes, with serious consequences for human socie-
ties and security risks (Wu et al., 2021). Its primary
causes and consequences are related to natural factors
(Aragio et al., 2007; Chandler, 1982; Corcoran et al.,
2011; Littell et al., 2016; Rorig & Ferguson, 1999),
and Human factors (Altay et al., 2013; Badia et al.,
2019; Bowman et al., 2020; Cardil & Molina, 2015;
Cardil et al., 2020; Kiely et al., 2021; Pereira et al.,
2021; van Mantgem et al., 2015).

Fire and its consequences have a direct impact on
nine of the seventeen proposed United Nations Sus-
tainable Development Goals — SDGs (UNEP, 2021)
related to geographic expansion, environmental qual-
ity, climate change, and land use (Martin, 2019).
Fire provides insights and guidance for implement-
ing various SDGs such as environmental protection;
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emissions with regional and global impacts on air
quality, precipitation, and greenhouse gas contribu-
tion to global warming: carbon dioxide (CO,) and
black carbon (Haines et al., 2017; Lowe & Bernie,
2018); its role in the global process of land degrada-
tion (UN, 2015; Hill et al., 2018); as well as its impact
on ecosystem services such as air and water quality,
precipitation, and soil patterns; it is also linked to
seven SDGs (Martin, 2019).

All of the risks, aspects and characteristics associ-
ated with fires necessitate planning, organization, and
decision-making. In this way, fires necessitate fire-
fighting and management strategies that use increas-
ingly effective methods. From this perspective, the
use of tools that geographically represent fire-prone
areas is critical in the investigation of the factors that
promote its emergence. These tools can help with
land use and protected area management, reducing
and mitigating the harmful effects of fires and con-
tributing to decision-making processes and planning
actions aimed at predicting and preventing these
occurrences.

Remote sensing (RS) is essential for the identifi-
cation, evaluation, and analysis of these phenomena.
According to Pettinari and Chuvieco (2020), satel-
lite observations provide significant resources for the
evaluation of several variables that integrate fires:
ignition sources, fuel state and abundance, topog-
raphy and meteorological conditions that influence
fire propagation, and so on. This data is useful for
estimating, with a focus on global and continental
fire risk systems, as well as providing near real-time
information about fire occurrences for preventive
response teams. Adab et al. (2021) developed a fire
probability index based on the efficiency and effec-
tiveness of satellite imagery early warning systems in
fire prevention and mitigation, making it a useful tool
for decision-making in fire management in near real
time.

Geographic information systems (GIS) applications
relevant to spatial, geobiophysiographic, and socio-
environmental analysis can support practical and
low-cost solutions, improve results, and be used to
integrate analyses, particularly in areas prone to fires,
where soil, topography, and climatology can be used
as influencing factors. Tehrany et al. (2019) used the
LogitBoost ensemble-based decision tree machine
learning method to map wildfire susceptibility in
Vietnam, and the results can accurately predict
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wildfire-prone areas, potentially with applications in
forest conservation management. Eslami et al. (2021)
created forest fire susceptibility maps in Iran using
random forestry methods, artificial neural networks,
and logistic regression models. Abedi Gheshlaghi
(2019) created wildfire risk maps in northern Iran using
GIS-based multi-criteria decision analysis (MCDA).
Sivrikaya and Kiiciik (2022) created risk maps for
forest fires in Turkey using GIS-MCDA, the analytical
hierarchy process (AHP), and the statistical index (SI).
Srivastava et al. (2019) identified areas in India with
high severity and probability of wildfires using the
normalized burn rate calculated from Landsat TMS
data. The multi-criteria assessment attributes allow for
the prediction of fire-prone areas. Ager et al. (2021)
used fire risk reduction models in 76 national forests
(58 million ha) across 15 western and central US states.
ForSys was used to recover affected areas, and FSim
was used to simulate large-scale fires. In analyzing
and communicating forest fire management initiatives,
the methods emphasize the use of scenario planning.
Leuenberger et al. (2018) used non-linear methods to
map wildfire susceptibility in a highly vulnerable region
of Portugal, comparing extreme learning machine and
random forest stochastic approaches to a deterministic
method based on the location of pixels with similar
standardized susceptibility and total burned area.
Bergonse et al. (2021) evaluated the prevention of
potential burned areas in Portugal before the critical fire
season, using logistic regression models that combine
susceptibility to forest fires with the meteorological
index. The model can help with resource optimization
and allocation for prevention, early detection, and
suppression activities.

Multi-criteria analysis methodologies are used to
seek optimized solutions from the investigation of
problem-solving alternatives by Castro et al. (2015).
It is based on the spatial modeling of various crite-
ria for selecting suitable areas through different con-
cepts: restriction, a legal issue criterion associated
with the impossibility of changing the environment
in specific locations; and adequacy, a scale of values
that represents the greatest adjustment of a given area
in relation to another. The process is carried out using
weights and the AHP methodology, which was devel-
oped and consolidated by Saaty (1977) and is widely
used in the scientific literature (Kumari & Pandey,
2020; Nuthammachot & Stratoulias, 2021). The AHP
compares the importance in pairs, with all factors

implicitly ordered to reduce arbitrariness and eventual
inconsistencies in determining their weights, and its
development process evaluates the consistency of the
comparison, indicating whether or not it is random
(Castro et al., 2015; Lorentz et al., 2016).

Several studies depict fires in the Rio de Janeiro
State (RJS). Gois et al. (2020) assessed the spatio-
temporal variability of fire foci in the RJS, as well as
the environmental and socioeconomic characteristics
critical to their dynamics, using statistical procedures
(descriptive, exploratory, and multivariate analyses)
and data from environmental satellites. Behling et al.
(2020) investigated the links between climate and fire
processes and ecological patterns in the mid and late
Holocene (4870 years BP) in Serra de Itatiaia, RJS.
Freitas et al. (2020) investigated how fire focis dis-
tribution influences the spatio-temporal vegetation
cover pattern in the RJS using fire foci, the Enhanced
Vegetation Index (EVI) from the MODIS sensor, and
Kernel density calculations.

Estimating the likelihood of a fire and associat-
ing it with environmental and human conditions is an
important step in supporting forest protection plans,
contributing to the reduction of its consequences
and assisting in emergency planning actions. The
goal of this article is to identify the RJS regions that
have different hierarchical levels of susceptibility to
the occurrence of fires, thereby subsidizing the plan-
ning and management policies of local environmental
agencies in response to the problem.

Materials and methods
Study area

Rio de Janeiro State, located in Southeast Brazil
(SEB), has a territorial area of 43,750.427 km?, with
a population of 17,264,943 and a demographic den-
sity of 394.62 inhabitants/m> (IBGE, 2021). It has
nine hydrographic regions (HRs): I (Baia da Ilha
Grande), II (Guandu), III (Médio Paraiba do Sul),
IV (Piabanha), V (Baia de Guanabara), VI (Lagos
Sdo Jodo), VII (Rio Dois Rios), VIII (Macaé e das
Ostras), and IX (Baixo Paraiba do Sul e Itabapoana);
defined as environmental planning units, to assess the
vulnerability of fire risk across the state (Fig. 1).
There are 92 municipalities in the state, which
are divided into eight administrative divisions

@ Springer
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Fig. 1 Geographic setting of the study area

(government regions): Noroeste Fluminense (NOF),
Norte Fluminense (NF), Baixadas Litordneas (BL),
Serrana (S), Centro-Sul Fluminense (CSF), Metro-
politana (M), Médio Paraiba (MP), and Costa Verde
(CV) (Fig. 1). Alvares et al. (2013) presented the cli-
mate for the state’s administrative divisions based on
the Koppen classification: tropical for NOF, NF, and
BL; tropical monsoon for M; humid maritime climate
for S; and subtropical/altitude tropical climate for MP
and CSF.

The most diverse climate changes have occurred
in recent decades, contributing to increased vulner-
ability to climate risks associated with the gradual
increase in average air temperature, extreme rain-
fall, and, most notably, the severity and duration of
droughts in some Rio de Janeiro regions (Brito et al.,
2017; Sobral et al., 2018).

Most of the time, the RIS is influenced by a south
Atlantic Subtropical Anticyclone (SASA), which cre-
ates clear or cloudy skies and prevailing north and
northeast winds of low intensity, mainly in the state’s
northeast (FIDERIJ, 1978). According to Reboita et al.
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(2010), the following transient systems in the region
include extratropical cyclones, cyclonic vortexes of
high subtropical origin, and mesoscale convective
systems, which promote increased cloudiness, pre-
cipitation, and wind intensification. The formation of
the South Atlantic convergence zone (SACZ), which
is characterized by a band of convective cloudiness
extending in general from the Amazon to the Atlan-
tic Ocean in a northwest-southeast direction, is com-
mon from November to March (Kodama, 1992, 1993;
Kousky, 1988).

Decades of research have shown that the RJS is
characterized by high precipitation variability due to
its complex topography and proximity to the coast,
which influences the occurrence of mesoscale mete-
orological systems such as land/sea and valley/moun-
tain breezes and mesoscale convective systems over
the region (Brito et al., 2017; Davis & Naghettini,
2000; Dereczynski et al., 2009; Lima et al., 2021;
Nimer, 1972).

The maximums are typical of high-altitude areas,
while the minimums are typical of lowland and
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coastal areas (Silva & Dereczynski, 2014; Sobral
et al., 2018). The highest annual average rain-
fall indexes, according to Silva and Dereczynski
(2014), are found on the border of the Metropoli-
tana region and the coastal lowies with the Serrana
region, where the average annual rainfall ranges
between 2500 and 2800 mm. According to Brito et al.
(2017), Sobral et al. (2018), and Lyra et al. (2018),
total annual rainfall ranges from 1000 to 2300 mm,
while Alvares et al. (2013) reported that air tempera-
ture ranges between 12 and 14 “C on higher altitude
(>850 m.a.s.l.) regions and between 24 and 26 C on
coastal regions.

According to a recent study by Sobral et al. (2018),
the average annual rainfall in the Rio de Janeiro state
for the period (1979-2009) was 1544 mm, which
was distributed as follows: BL (2144 mm), CV
(1912 mm), MP (1602 mm), M (1571 mm), and S
(1547 mm) had higher averages than the state aver-
age during the period, while the CS (1307 mm), NOF
(1235 mm), and NF (1033 mm) were below average.
In terms of seasonality, the months with the least rain
are June, July, and August, while the months with
the highest rainfall totals are between November and
March, depending on the region of the state.

Data and information

The list of data used includes the records of fire
foci from 2002 to 2017 (from AQUA - Aqua Earth-
observing satellite mission, version launched on
05/04/2002 (INPE, 2022)), from the INPE, Instituto
Nacional de Pesquisas Espaciais, which saves the
hourly records to the burnt database (BDQueimadas),
available in https://queimadas.dgi.inpe.br/queimadas/
bdqueimadas (INPE, 2021). Geobiophysiographic
data, including land use and cover of the INEA, Insti-
tuto Estadual do Ambiente (INEA, 2021), the base
year 2015. Geomorphological data include slope ori-
entation, altimetry, and declivity, with a spatial reso-
lution of 30 m (SRTM - Shuttle Radar Topography
Mission), from the USGS — United States Geological
Survey (USGS, 2021). Climatological data (water
deficit, temperature, and precipitation), with a spatial
resolution of 1 km? cover from 1977 to 2000 (Fick &
Hijmans, 2017). ArcGIS 10.5, Excel 2013, and the
R Gui statistical program were the computational
platforms that supported the results preparation and
respective analysis.

Methodology: identification of fire focis and
susceptibility parameters

According to Fig. 2, this study is based on six inte-
grated approaches: (1) conceptual definition, (2)
obtaining and pre-processing necessary data, (3)
exploratory analysis of fire foci, (4) data processing
and product generation, (5) AHP method application,
with the establishment of condition weights and elab-
oration of the susceptibility map to the occurrence
of fire risk in the RJS based on the fire foci, and (6)
results from validation.

The conceptual definition (1) is based on the
annual identification of fires that occurred in the
RJS (Aximoff et al., 2016; Fernandes et al., 2011),
whose determination of its conditions, meteorologi-
cal, hydrological, topographic, and anthropic factors,
favors the appearance of fire foci, according to pre-
vious studies (Adab et al., 2013; Matin et al., 2017,
Prudente & Rosa, 2010; Sausen & Lacruz, 2015).
Contributions that emphasize the main environmental
variables that trigger hot flashes are land slope, land
use, temperature, precipitation, slope orientation,
altimetry, and water deficit. These conditions enhance
the appearance of fire foci during periods of low pre-
cipitation, which can evolve and become fires.

The spatial information (2) obtained includes cli-
matological data from the WorldClim database (Fick
& Hijmans, 2017), composed of a set of global cli-
matic layers (climate grids), with a spatial resolution
of 1 km?. The topographic data from the SRTM with
a spatial resolution of 30 m. The goal of the SRTM
was to create a digital model of the land area between
56 and 60° N so that a full base of terrestrial digi-
tal topographic letters with a spatial resolution of 1
arc-second (=30 m) could be generated. The geobio-
physiographic data from the INEA (INEA, 2021) and
annual and monthly fire foci records (INPE, 2021).

The identification of fire focis is carried out by ten
satellites that have optical sensors operating in the
average thermal range of 3.7 to 4.1 m of the optical
spectrum, on board eight polar orbit satellites 18 and
19, Metop-B and C (Advanced Very High Resolu-
tion Radiometer/3 — AVHRR/3 sensor), NASA Earth
and Aqua (MODIS Sensor), and NPP-Suomi (Suomi
National Polar-orbiting Partnership) and NOAA-20
(Visible Infrared Imaging Radiometer Suite — VIIRS
Sensor), and two geostationaires, Goes-16 (Geosta-
tionary Operational Environmental Satellite) and
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MSG-3 (Meteosat Second Generation), where each
every day, more than 100 images are analyzed spe-
cifically to detect focis of vegetation burning, and the
data is freely available.

The detection of fire focis is based on the emission
of infrared radiation from fires, with an algorithm that
examines each pixel of the MODIS sensor, categoriz-
ing them as missing data, cloud, water, no fire, fire, or
unknown (Justice et al., 2006).

The algorithm determines fire focis by using
brightness temperatures derived from 4 m wave-
lengths (channels 21 and 22) and 11 m wavelengths
(channel 31), denoted by T4 and T11, respectively.
Channel 32 is used to mask clouds. Channels 1 and 2
are used to filter out false alarms and to mask clouds.
Channel 7 is used to reject false detections caused by
water. Pixels that do not contain valid data are imme-
diately classified as missing or deleted data.

To determine low-intensity fires, the fire detec-
tion strategy is based on absolute fire detection and

@ Springer

relative detection of the thermal emission of sur-
rounding pixels. The goal of this method is to find
pixels with values greater than the average thermal
emission of the surrounding pixels, as well as to com-
pute the surface temperature variation and sunlight
reflection.

The analysis of the fire foci dataset (3) related
to the Atlantic Forest biome was obtained from the
AQUA MT satellite and considered a 14-year obser-
vation period (January 2003 to December 2017),
distinguishing itself by the type of sensor (MODIS)
and satellite (polar and heliosynchronous). The data
were separated into annual and monthly data, rep-
resenting occurrences at different times in the study
region. We highlight the differentiation of outbreaks
in terms of occurrence in unlikely places: water bod-
ies, rocky outcrops, and urban areas, designated as
ANSOF (areas not susceptible to the occurrence of
fires), which were identified from the land use data-
base and excluded from the time series. The seasonal
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fire foci behavior was determined using boxplots on
annual and monthly scales, which are useful in iden-
tifying outliers.

For data processing (4), the data were converted
into a vector format (shapefile) as matrices, generating
maps of land use and water deficit. According to the
INEA metadata section (INEA, 2021), the construction
of the land use and coverage was made from the
use of Landsat-8 satellite scenes, a panchromatic
multispectral sensor with a 30-m spatial resolution
for the year 2015, through object-directed analysis
(Geobia — geographic object-based image analysis), and
made available in vector format, and scale 1/250,000.
According to Cronemberger et al. (2011), the water
deficit was calculated using the Thornthwaite equation
(Thornthwaite, 1948), which was based on average
air temperature data from Worldclim and the average
photoperiod for converting medium air temperature
data into evapotranspiration data Potential (ETp).
Following that, the method of Thornthwaite and Mather
(1955) for generating the water balance was used in
the calculation of real evapotranspiration (RE). This
method estimates real evapotranspiration by taking into
account the storage capacity of water in the soil due to
the average depth of the roots (vegetation cover) by soil
type. Water storage capacity values are for medium to
advanced recovery stage vegetation: approximately
300 mm, and initial 200 mm; pasture and other
cultures: 100 mm; and uneven urban: 50 mm. Urban
areas and bodies of water were not taken into account.
The accumulated negative values, storage rate, change
rate, actual evapotranspiration, water deficit, and water
surplus were calculated from these values, resulting in
the water balance model (Cronemberger et al., 2011), of
which the values of hydric deficit for RJS.

After matching the data format, the variables were
reclassified into five different notes, ranging from
very low (note 1) to very high (note 5), based on the
degree of flammability of the available surface bio-
mass (soil use and cover), solar incidence (orienta-
tion), flame spread (altitude and slope), and locations
where precipitation is lower than evapotranspiration
(rainfall and water deficit). Using the AHP method,
each chosen variable was given a normalized hierar-
chical ordinal value after reclassification. The geo-
graphical coordinates were transformed into metrics
using the equivalent conical projection of Albers
(Oliveira & Saraiva, 2015) and estimating the area
occupied by each susceptibility class in the RJS in

square kilometers (Camargo et al., 2019). Data on
water deficit, precipitation, and temperature have var-
iable frequency distributions, as they reflect different
seasonal periods (annual, summer, and winter). To
standardize these variables, the observed values (x;)
were transformed into score values (z;), as proposed
by Ferreira (2017), using Eq. (1).

i ey

where x; is the observed data, X is the average of
observations, and o is the standard deviation of
observations.

According to Ferreira (2017), using the stand-
ard scale for data on water deficit, precipitation, and
temperature can help to remove the interference of
seasonal frequency variations. Negative z; values
indicate that the x; value in the seasonal period stud-
ied is lower than the regional average; positive val-
ues indicate the opposite, that x; is higher than the
regional average; and when z;= 0, x; is equal to the
seasonal average. In this regard, the standardized var-
iable z; is more effective at quantitatively positioning
a geographical unit in relation to the regional context
(Charre, 1995).

The weights establishment or degree of contribu-
tion of each conditioner is based on multi-criteria
analysis through the AHP method (5), whose applica-
tion includes the following: organization of the condi-
tions in a matrix format (parallel comparison matrix);
logical verification of the calculated weights matrix
(eigenvector); consistency of the matrix; consistency
ratio (CR), which assesses the measure of the con-
sistency of the decision and describes the integrity or
quality of the judgments. It is obtained by the ratio
between the consistency index (CI), which indicates
the eigenvalue deviation from an expected theoreti-
cal value n, and the random consistency index (RC),
which represents the value to be obtained in an order
comparison matrix n. For the determination of CR,
CI was compared with RC, and the determination of
the quality of the judgment was made.

Based on numerical values obtained by the AHP
method application, the level of importance each con-
ditioner exerts in fire foci occurrence, called weights,
was established, which were later combined by over-
lapping the themes, to indicate the most vulnerable
regions for which susceptibility maps were generated.
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The resulting scale adopted in the overlapping of the
themes at different cartographic scales was the low-
est spatial resolution. In this sense, Worldclim’s spa-
tial resolution is 1 km?, corresponding to a scale of
1/5,000,000, ensuring that positioning or geometry
errors remain below those specified for the mapping
scale (Moura et al., 2009; Sampaio & Brandalize,
2018), which is compatible with RJS’s geographic
extension.

To assess the proposed cartographic model accu-
racy (6), the annual records of fire foci between 2003
and 2017 were compared with the annual suscepti-
bility map, obtaining the frequency of occurrence
by susceptibility class, as well as the fire focis that
appeared between December and March (Brazilian
summer season) and from June to September (Bra-
zilian winter season), represented by bar graphs.
The measure of association between the variables’
“susceptibility maps” and “burning events” was per-
formed using the chi-square test (y?) for two inde-
pendent samples, with a confidence level of 95%,
assuming the following hypotheses:

e Hj: The variables are independent.
e H;: The variables are not independent.

The y? statistic aims to test the independence
between a probabilistic model and a set of observed
data, built from the fire foci frequency extraction in
each susceptibility class (the observed frequency),
and the expected behavior of the correlation between
fire foci and susceptibility classes (the expected fre-
quency) by applying Eq. (2), based on the hypothesis
that there is no association between the two variable
categories. If the observed and expected frequency
distributions are equal, the chi-square test result is

null. Thus, a low value of )(2 indicates independence
between the variables (Favero & Belfiore, 2017).

X _211211

where O is the number of observations in the i-th
category of variable X, and in the j-th category of
variable Y;E; is the expected frequency of observa-
tions in the i-th category of variable X, and in the j-th
category of variable Y; I is the number of categories
(lines) of variable X; and J is the number of catego-
ries (columns) of variable Y.

For this study, the calculated chi-square values
(x2,) approximately follow a y?, distribution, with
(I—-1) and (J—1) degrees of freedom, respectively.

—-E; )
! )

ij

Results
Spatio-temporal analysis of fire foci

Between 2003 and 2017, 12,819 fire foci were
recorded in the RJS during the day, of which 2041
were classified as ANSOF when compared to the land
use map (INEA, 2021) and subsequently discarded
from statistical validation, leaving 10,778 total fire
foci. In the annual distribution, 2007 and 2014 were
marked by the maximum values of the adopted series,
highlighted by the accumulation of 1378 fire foci in
2007 (Fig. 3).

In 2014, by February, 107 fire foci events were
recorded, an increase of 296% compared to the aver-
age value of observations between 2003 and 2017. In
2015, by January, 86 fire foci events were registered,
an increase of 562% compared to the average number
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Fig. 3 Bloxplot of fire foci in RJS, 2003-2017: a annual and b monthly
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of observations between 2003 and 2017. The monthly
distribution of fire foci between 2003 and 2017 dem-
onstrates the seasonal behavior of the phenomenon,
showing that in January and April, the average num-
ber of fire foci remained practically stable, except for
outliers, and increased in May and June. Starting in
July, a progressive increase was noticed, reaching its
peak in September, with a decrease in the number of
records after October.

Conditioning factors

To generate the fire risk susceptibility map, seven
relevant factors, including environmental variables,
were considered as data for fire occurrences: topo-
graphic factors including declivity, altitude, and slope
orientation (Ghorbanzadeh et al., 2018; Kolden &
Abatzoglou, 2018; Lautenberger, 2017); human ori-
gin factors including land use (Pourghasemi et al.,
2016); meteorological factors including tempera-
ture (annual, dry, and wet period); and hydrological
factors including water deficit (annual, dry, and wet

period) and precipitation (annual, dry, and wet peri-
ods) (Ganteaume et al., 2013). See Figs. 4 and 5.

Declivity

The declivity map, prepared using the SRTM digi-
tal elevation model, identified 17,829.32 km? with
declivities classified as strongly undulating (accord-
ing to EMBRAPA methodology (Santos et al.,
2006)), which corresponds to 40.86% of the RIS ter-
ritory. In the comparison among HRs, HR-IV (Pia-
banha) stands out, with 69.17% or 2452.31 km? with
declivities greater than 45%. Table 1 highlights the
susceptibility classes prevalent for each HR in rela-
tion to the declivity.

Altimetry

Using the Jenk method, which minimizes the sum of
variance within each class (Ferreira, 2017), five alti-
metric classes were established, separated accord-
ing to the highest percentage of area occupied
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by HRs (Table 2). The altimetric values between
1280 and 2765 m were equivalent to 3242.41 km?
(7.43%) of the RJS. HR-I (Baia da Ilha Grande)
had 346.97 km? (20.50%) of its occupied area with
values above 1.208 m, dominating the comparison
among all HRs.

Slope orientation

Slopes oriented in the N and NW directions have
greater exposure to sunlight, increasing the evapo-
ration capacity of the combustible material on the
surface (Ferraz & Vettorazzi, 1998). Based on this

Table 1 Classification

. . Declivity Note Predominant HR

attributed to susceptibility

category for declivity Class Percentage classes Area (km?) Percentage HR
Very low 0% a3% 1 1484,55 41,22% VI
Low 3% a 8% 2 833,69 23,15% VI
Average 8% a20% 3 243,81 37,86% 1
High 45% a 75% 4 1939,27 54,70% v
Very high >75% 5 513,04 14,47% v
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Table 2 Classification

e Altimetry Note Predominant HR

of susceptibility to the

altimetry category Class Altimetric classes Area (km?) Percentage HR
Very low 0-218.5m 1 4431.69 32.86% IX
Low 218.6-524.5m 2 833.69 23.15% VI
Average 524.6-841.5m 3 2431.82 37.86% I
High 841.6-1279 m 4 1939.27 54.70% v
Very high 1280-2765 m 5 346.97 20.50% I

principle, the highest scores were attributed to the Water deficit

directions that received the most solar radiation,
while directions with the least exposure received
the lowest scores in the reclassification (Table 3),
which occupied 24.67% of the RIS territory,
equivalent to one area of 10,784.72 km?. HR-VII
(Rio Dois Rios) had 1210.08 km? or 27.69% of the
slopes oriented in the north—northwest direction.

Land use

From land use mapping, different biomasses
were identified in the RIJS, whose categories
and percentages of occupied area are described
in Table 4 and are considered as the main
contributors to the appearance of fire foci,
consistent with the national and international
scientific literature (Chuvieco & Congalton,
1989; Ferraz & Vettorazzi, 1998; Sausen &
Lacruz, 2015). ANSOF distributed in HRs totaled
4959.32 km? The classes identified as “very
low” and “low” dominated in HRs II, III, V, VI,
and IX, totaling 645.41 km?. Approximately 52%
of the RJS consists of fields/pastures, a dominant
category in HR-III (Médio Paraiba do Sul), HR-VII
(Rio Dois Rios), and HR-IX (Baixo Paraiba do Sul
e Itabapoana), regions with more than 50% of their
area comprised of this biomass.

The standardization of water deficit values in
the annual, summer, and winter cycles was per-
formed using Eq. (1), for an average (u)=77.23 mm
and standard deviation (0)=48.12 mm annually;
(W=6.44 mm and (6)=8.33 mm in summer; and
(W=56.7 mm and (6)=24.42 mm in winter; values
were reclassified according to the deviation from
the null value (average of observations) according to
Table 5.

In the annual period, 1502.48 km? or 3% of
the RJS experienced a water deficit greater than 2
standard deviations, with an interval between 173.6
and 324 mm. When comparing the HRs, HR-VI
(Lagos—Sao Jodo) obtained the highest percentage of
the classified area above 2 standard deviations, corre-
sponding to 422.6 km?, or 12% of its area.

In the summer, 198.56 km” or 0.4% of the RIS
had a water deficit greater than 2 standard deviations,
with an interval between 24 and 120 mm. In the com-
parison between the HRs, HR-VI (Lagos—Sdo Jodo)
obtained the highest percentage of the area classified
above 2 standard deviations, corresponding to 198
km?, or 5% of its area.

In the winter period, 250 km? or 1% of the RJS
had a water deficit greater than 2 standard deviations,
with an interval between 120 and 130 mm. In the
comparison between the HRs, HR-IX (Baixo Paraiba

Table 3 Classification of

o Slope orientation Note Predominant HR

susceptibility for the slope

orientation category Class Exposition Area (km?) Percentage HR
Very low Plan—south—south-east 1 631.29 36.80% I
Low South-west 2 749.01 11.66% 111
Average East-west 3 1509.10 23.49% 1
High Northeast 4 742.97 17.00% VII
Very high North—northwest 5 1210.08 27.69% Vil
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Table 5 ‘C.lassiﬁcation of Class Z-score Water deficit imm) Note Predominant HR
susceptibility to the water
deficit category Area (km?) Percentage HR
Annual
Very low <-0.3 4-62.8 1 1730.84 100% I
Low -03-0 62.81-77.23 2 3051.19 48% I
Average  0-1 77.24-125.3 3 1876.19 43% VII
High 1-2 125.4-173.5 4 5445.13 40% IX
Very high >2 173.6-324 5 422.59 12% VI
Summer
Very low <-03 4 1 19,781.87 100% | I 1
v VII
Low -03-0 4.1-64 2 2786.60 21% X
Average  0-1 6.5-15 3 568.36 4% X
High 1-2 16-23 4 77.50 2% VI
Very high >2 24-120 5 198 5% VI
Winter
Very low <-0.3 549 1 1730.84 100% 1
Low -0.3-0 50-57 2 680 35% VIII
Average  0-1 58-81 3 4236 67% I
High 12 82-110 4 6555 49% IX
Very high >2 120-130 5 248 2% IX

do Sul e Itabapoana) obtained the highest percent-
age of the classified area above 2 standard deviations,
corresponding to 248 km?, or 2% of its area.

Precipitation

The WorldClim climatological database spans the
years 1970 to 2000, which is incompatible with
the temporal availability of data on fire foci. In this
regard, the hotspot records obtained from the AQUA
satellite’s MODIS sensor are critical in demonstrating
the accuracy of the cartographic model developed in
this study.

We compared observed precipitation and temperature
data from the Climatological Normals, years 1961-1990
and 1981-2010 (INMET, 2022), recorded in different
meteorological stations: 7 for precipitation and 6
for temperature; with estimated WorldClim data
(1970-2000) to assess the reliability of the data used
in the construction of the climatological maps. The
hypothesis of data correlation was confirmed using
the statistical application F of Fischer — Snedecor
(with «=0.05 for 1 and 10 degrees of freedom). After
confirming the normality of the observed and estimated
data with the Shapiro—Wilk test, the Pearson test was

used to determine the homoscedasticity (same finite
variance) and the absence of outliers, as well as the
intensity of the correlation (R) and the adjustment
between the observed and estimated variables (R?)
of the sample. The results show an F-calculated
of 4.96, demonstrating the correlation between the
databases, distinguishing between intensity (R) and
sample adjustment (R?) (Table 6). The comparative
values demonstrate database compatibility, allowing
WorldClim data to be used in the representation of the
meteorological variables used.

The standardization of pluviometric accumu-
lations in the annual, summer, and winter cycles
was carried out by applying Eq. (1), for an aver-
age (W)=1325.55 mm and standard deviation
(6)=227.84 mm annually; (u)=595.59 mm and
(6)=129.65 mm in summer; and (W) =102.51 mm
and (6)=31.81 mm in winter. Values were reclassi-
fied according to the deviation from the null value
(average of observations) according to Table 7.

In the annual period, 17,992 km? or 41% of
the RJS presented accumulated precipitation less
than—0.3 standard deviations, estimated between
813.6 and 1257 mm. In the comparison between the
HRs, RH-VI (Lagos—Sao Jodo) obtained the highest
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Table 6 Statistical

. Stations Climatological normals Climatological normals
comelation between the (1961-1990) and WorldClim  (1981-2010) and WorldClim
ogical normals an (1970-2000) (1970-2000)
WorldClim databases
F-calculated R R? F-calculated R R?

Precipitation

Alto da Boa Vista 30,50 0,87 0,75 7,54 0,66 0,43
Campos 57,97 0,92 0,85 114,13 0,96 0,92
Carmo 210,29 0,97 0,95 293,28 0,98 0,97
Cordeiro 55,64 0,92 0,85 227,83 0,98 0,96
Itaperuna 92,44 0,95 0,9 278,57 0,98 0,97
Resende 468,92 0,99 0,98 310,92 0,98 0,97
Santa Maria Madalena 120,44 0,96 0,92 226,96 0,98 0,96
Temperature

Campos 7144 0,99 0,98 567,37 0,99 0,98
Cordeiro 52,76 0,92 0,84 55,23 0,92 0,84
Ecologia Agricola 239,85 0,98 0,96 243,07 0,98 0,96
Itaperuna 53,82 0,92 0,84 88,26 0,93 0,39
Resende 930,97 0,99 0,98 330,15 0,98 0,97
Santo Antdnio de Padua 914,96 0,99 0,98 843,92 0,99 0,98

percentage of the area below—0.3 standard devia-
tions, corresponding to 3266 km? or 91% of its area.
In the summer period, the accumulated standard
deviations were less than—0.3 standard deviations,
ranging between 271.3 and 557 mm, representing

17,145 km?, or 40% of the RJS. In the compari-

son between the HRs, HR-VI (Lagos—Sdao Jodo)

obtained the highest percentage of the classified area
below —0.3 standard deviations, corresponding to
3284 km?, or 93% of its area.

Table 7 Classification

T Class Z-score Precipitation (mm) Note Predominant HR

of susceptibility to the

precipitation category Area (km?) Percentage HR
Annual
Very low <-03 813.6-1257 5 3266 91% VI
Low -0.3-0 1258-1325 4 1199 25% \%
Average 0-1 1326-1553 3 5307 83% 1
High 12 1554-1780 2 646 37% 1
Very high >2 1781-2375 1 565 33% 1
Summer
Very low <-03 271.3-557 5 3284 93% VI
Low -0.3-0 557.1-597 4 727 17% VIII
Average 0-1 597.1-725 3 3065 70% vl
High 12 725.1-855 2 2749 78% 1
Very high >2 855.1-1.110 1 60 3% 1
Winter
Very low <-03 49.1-94 5 5584 87% 1
Low -0.3-0 94.1-103 4 1683 12% X
Average 0-1 104-135 3 3449 95% VI
High 12 136-167 2 2607 54% v
Very high >2 168-326 1 706 41% 1
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In the winter period, the accumulated standard
deviations were less than—0.3 standard deviations
and ranged between 49 and 94 mm, representing
19,802 km?, or 45% of the RJS. When comparing
the HRs, HR-III (Médio Paraiba do Sul) obtained the
highest percentage of the classified area below —0.3
standard deviations, corresponding to 5584 km?, or
87% of its area.

Temperature

The standardization of accumulated temperature in
the annual, summer, and winter cycles was carried
out using Eq. (1), for an average (u)=21.5 ‘C and
standard deviation (6)=1.9 ‘C in the annual period;
(W=29.6 C and (6)=1.8 C in the summer; and
(W=18.8 C and (6)=2 °C in winter and reclassified
according to the deviation from the null value (aver-
age of observations) according to Table 8.

In the annual period, 3781 km?, or 3% of the RJS,
presented temperatures between 1 and 2 standard
deviations, estimated between 23.6 and 23.8 C. In
the comparison between the HRs, HR-II (Guandu)
obtained the highest percentage of area, comprising
between 1 and 2 standard deviations, corresponding
to 382 km?, or 91% of its area.

In the summer, 5286 km?, or 12% of the RJS,
showed temperatures between 1 and 2 standard devia-
tions, estimated between 31.5 and 32.6 ‘C. When
comparing the HRs, HR-IX (Baixo Paraiba do Sul
e Itabapoana) obtained the highest percentage of
the area between 1 and 2 standard deviations, corre-
sponding to 3887 km?, or 29% of its area.

In winter, 4156 km?, or 9% of the RJS, presented
temperatures between 1 and 2 standard deviations,
estimated between 20.4 and 21.4 “C. In the compari-
son between the HRs, HR-II (Guandu) obtained the
highest percentage of the area between 1 and 2 stand-
ard deviations, corresponding to 1142 km?, or 31% of
its area.

Map of susceptibility to fire risk

The susceptibility map to fire risk was created by
combining and categorizing the conditions deter-
mined by the AHP method (Eq. (3)), allocating
weights of normalized values between variables, and
producing, on a scale of 1/5,000,000, three carto-
graphic representations from the surface of the RJS
that show the possibility of fire occurrence in the
annual, winter, and summer periods.

Table 8 Classification of

o Class Z-score Temperature (°C) Note Predominant HR
susceptibility to temperature
Area (km?) Percentage HR
Annual
Very low <-03 9.5-21.0 1 4812 75% 1
Low -0.3-0 21.1-21.5 2 1010 16% 1
Average 0-1 21.6-23.5 3 3432 95% VI
High 1-2 23.6-23.8 4 382 8% 1I
Very high >2 - 5 - - -
Summer
Very low <-03 16.8-29.0 1 2494 71% v
Low -0.3-0 29.0-29.6 2 1946 30% m
Average 0-1 29.6-31.5 3 3724 77% v
High 1-2 31.5-32.6 4 3887 29% IX
Very high >2 - 5 - - -
Winter
Very low <-03 7.2-18.2 1 2951 83% v
Low -0.3-0 18.2-18.8 2 975 15% il
Average 0-1 18.8-20.8 3 3892 81% v
High 1-2 20.8-21.4 4 1142 31% I
Very high >2 - 5 - - -
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Susceptibility = 0.2085P + 0.1724U + 0.1170H
+ 0.0897D + 0.04030 + 0.0344T + 0.0344A.

where P, U, H, D, O, T, and A are the precipitation,
land use, water deficit, declivity, slope orientation,
temperature, and altimetry matrices.

In the annual period, 3291 km?, or 9% of the RJS
area, was classified as having “very high” susceptibil-
ity. In this scenario, HR-IX (Baixo Paraiba do Sul e Ita-
bapoana) was responsible for 2800 km? of areas highly
favorable to fire foci appearance, corresponding to 7%
of the total area susceptible to burning in the RJS. The
accumulation of fire foci in the medium susceptibility
class (Fig. 7) is notable, as this class was responsible for
47%, or 5024, fire foci between 2003 and 2017.

In summer, 84.34 km?, or 0.2% of the RIS area,
was classified as having “very high” susceptibility,
which characterizes a reduction of 3817% compared
to the annual period, and an accumulation of fire foci
in the susceptibility class average (Fig. 7), responsible
for 61%, or 400 fire foci between 2003 and 2017.

During winter, an area equivalent to 12,497 km?
or 32% of the RIS, was classified as highly susceptible
to fire foci, representing an increase of 74% in regions
prone to burning events, compared to the annual period.
The hydrographic regions that demonstrated extensive
areas with very high susceptibilities during winter were:
HR-IX, 6402 km?, equivalent to 53% of its territory; HR-
VII, with 2154 km?, equivalent to 51% of its territory; and
HR-III, with 2650 km?, equivalent to 43% of its territory.
The sum of the HR areas mentioned above represents
90% of the most critical areas in the RJS. Of interest is the

Fig. 6 Distribution of fire
foci by susceptibility class
in the RJS 6000
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1000

Very Low
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Table 9 Classification of susceptibility in the RJS

Class Susceptibility  Note Area (km?) Percentage  HR
Annual

Very low  0.59-1.70 1 1262.45 3% 1
Low 1.80-2.20 2 7514.27 19% I
Average 2.30-2.50 3 15,672.06 41% VIII
High 2.60-2.70 4 10,910.34 28% IX
Very high  2.80-3.40 5 3291.97 9% X
Summer

Very low  0.59-1.70 1 1904.89 5% 1
Low 1.80-2.20 2 8479.58 22% 11
Average 2.30-2.50 3 19,934.41 52% VI
High 2.60-2.70 4 8212.79 21% X
Very high  2.80-3.40 5 84.34 0%

Winter

Very low  0.59-1.70 1 780.34 2% 1
Low 1.80-2.20 2 2716.86 7% 1
Average 2.30-2.50 3 10,187.60 26% v
High 2.60-2.70 4 12,439.08 32% il
Very high  2.80-3.40 5 12,497.24 32% IX

accumulation of fire foci in the “high” and “very high”
susceptibility classes (Fig. 6), corresponding to a total of
4852, or 68% of the fire foci, between 2003 and 2017, and
45% of the total spots in the series adopted.

Table 9 summarizes the area occupied by each sus-
ceptibility class, in square kilometers, and percentage
values, indicating the dominant HR by susceptibility
class. Figure 7 shows the results for the annual, sum-
mer, and winter periods.

Correlation between Fire foci and susceptibility classes (2003 - 2017)

Average High Very high

Winter
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Fig. 7 Map of susceptibil-
ity to the occurrence of
fire foci in the a annual, b
winter, and ¢ summer by
hydrographic region in the
RJS
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Table 10 Observed values

Year Annual Winter Summer

from the accumulated

fire foci frequency by VL L A H VH VL L A H VH VL L A H VH

susceptibility class
2003 33 164 523 256 65 12 54 176 256 192 2 1 36 0
2004 26 131 334 154 35 9 22 100 139 92 o 5 7 0
2005 26 125 286 166 19 12 32 101 142 57 1 8 17 0
2006 50 192 481 281 73 15 39 191 322 275 0 4 19 14 0
2007 47 311 589 261 66 16 40 202 265 229 4 5 27 6 0
2008 19 94 211 168 41 9 26 99 162 98 2 1 1 0
2009 14 63 157 123 23 5 12 65 101 55 2 1 10 3 0
2010 37 165 489 273 97 9 47 159 292 226 3 1 55 12 0
2011 41 193 484 262 34 8 31 149 317 171 11 4 24 12 0
2012 14 75 246 142 21 4 25 61 107 74 3 2 16 6 0
2013 15 30 175 106 23 5 18 55 105 68 6 3 3 2 0
2014 53 299 537 233 37 5 26 108 203 130 14 15 8 17 0
2015 30 83 216 130 12 7 16 56 38 42 4 11 71 17 0
2016 27 86 296 169 41 7 47 121 163 130 0 4 5 5 0

VL, very low; L, low; A, 2017 27 145 419 251 41 7 32 120 191 160 4 3 21 6 0

average; H, high; VH, very Total 432 2011 5024 2724 587 130 467 1763 2853 1999 56 68 400 117 0

high

Relationship between fire foci and susceptibility
to fire risk

From the accumulated fire foci frequency by sus-
ceptibility class, a table of observed values was

built (Table 10). From the application of Eq. (2), the

Table 11 Expected values from the application of Eq. (2)

expected values, represented in Table 11, were estab-
lished for the annual, winter, and summer periods.
The result of the statistical calculation y* (Eq. 2)
applied to annual and winter periods, at the 95%
confidence level with 56 degrees of freedom, dem-
onstrated the robustness of the probabilistic models

Year Annual Winter Summer
VL L A H VH VL L A H VH VL L A H VH

2003 4098 192.47 48591 265.58 56.06 12.44 44.68 168.67 27296 19125 4.19 509 2995 876 -
2004 26.77 125.73 31740 17348 36.62 6.53 2344 8849 14320 10034 131 159 936 274 -
2005 24.48 115.00 290.33 158.69 33.50 6.20 2228 84.09 136.08 9535 2,53 3.08 18.10 529 -
2006 4239 199.13 502.71 274.77 58.00 15.18 54.52 205.83 333.09 23338 323 393 23.09 675 -
2007 50.15 235.55 594.66 325.03 68.61 13.56 48.69 183.83 297.48 208.44 3.67 446 2621 7.67 -
2008 20.98 98.55 248.79 13598 28.70 7.10 2551 9631 15586 109.21 0.52 0.64 3.74 1.10 -
2009 1496 7026 177.37 9695 2046 429 1541 58.18 94.15 6597 140 170 998 292 -
2010 41.76 196.17 49524 270.69 57.14 13.21 4746 179.18 289.97 203.17 620 7.53 4431 1296 -
2011 3991 187.48 473.30 258.70 54.61 12.19 43.77 165.25 26742 18737 446 541 31.83 931 -
2012 19.60 92.08 23245 127.05 2682 4.88 17.55 6625 107.21 75.11 236 286 16.85 493 -
2013 13.74 6453 16290 89.04 1880 4.52 1625 61.36 9929 69.57 122 149 874 256 -
2014 45.62 214.29 540.99 295.69 6242 8.51 30.56 115.38 186.72 130.83 11.71 1422 83.62 2446 -
2015 18.54 87.08 219.85 120.16 2537 3.77 13.53 51.09 8268 5793 9.00 1093 64.27 18.80 -
2016 24.37 11445 288.93 15792 3334 844 30.30 11440 185.14 129.72 122 149 874 256 -
2017 34776 163.26 412.16 22527 47.55 9.19 33.02 124.67 201.75 14136 297 3.61 2122 621 -
Total 432 2011 5024 2724 587 130 467 1763 2853 1999 56 68 400 117 0

X-squared =259.73

X-squared =121.32

X-squared =108.64
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in evaluating the observed data set because the tabu-
lated y2, equal to 79,082, was less than the }{czal' In
summer, the same event was observed statically for
42 degrees of freedom at the 95% confidence level,
and the robustness of the probabilistic model to the
observed data set, because the tabulated ;{2, equal to
61,656, was lower than the calculated )(czal.

Discussion

All the results highlight that the fire foci variability in
the RIS intensifies after June and peaks in September.
This variability is consistent with the RJS seasons, as
between June and September, the precipitation pro-
files are lower because of the high-pressure synoptic
systems operating during winter (André et al., 2008;
Brito et al., 2017; Coelho et al., 2016; Reboita et al.,
2012; Sobral et al., 2020). The monthly variability
in fire foci corroborates previous RJS studies (Catla
et al.,, 2015; Clemente et al., 2017; Nunes et al.,
2015).

With regard to outliers, those of greater repre-
sentativeness were identified in the years 2014 and
2015, coinciding with the prolonged drought period
that affected the RJS in 2014 and 2015, when a water
crisis hit the Southeast region in January 2014 and
February 2015, a process that significantly favored
the occurrence of forest fires and fires in several RJS
regions (Otto et al., 2015; Rodrigues et al., 2018).

The prolonged drought that occurred in January
2014 and February 2015, on the other hand, favored
the appearance of fire foci in the summer period,
regions that are typically classified as low and very
low.

During each analyzed year, the quarter with the
highest occurrence of fire foci corresponds to the
transition period between winter and spring. These
seasons are typically distinguished by the occur-
rence of dry spells, long dry periods, low air humid-
ity, and a dry air mass in the Southeast region (Brito
et al., 2017; Grimm, 2003; Reboita et al., 2010). The
rainy season in the southeast region begins in Octo-
ber in normal years (Minuzzi et al., 2007), which may
explain the high number of fire foci in the months
preceding the rainy season, particularly in the RJS.

The Climatic Analysis Bulletin (INPE, 2014)
reported that an atmospheric blockage (AB) inhib-
ited the formation of the South Atlantic convergence

zone (SACZ), changing the rain regime quality. In
2015, due to the formation of an intense high-level
cyclonic vortex (HLCV) of 250 hPA over NEB, the
precipitation patterns in the southeast were affected
by negative precipitation anomalies, a factor associ-
ated with the strong stability of the system synoptic,
inhibiting cloud formation and storm cloud develop-
ment. Simultaneously, it blocked the entry of fron-
tal systems (FS) from the southern portion of South
America, which is a fundamental mechanism in total
regional precipitation production during the southern
summer, and favored environmental humidity reduc-
tion, increasing fire propagation potential, and hinder-
ing the actions aimed at its control, a situation that
explains the increase of fire foci in 2014 and 2015
(Braga & Molion, 2018; Sausen & Lacruz, 2015).
Changes in soil use and cover, such as new agri-
cultural boundaries and urban-forestry expansion pro-
cesses, make exposed areas more vulnerable to burns
and fires (Badia et al., 2019; Cardil et al., 2020).
However, according to the adopted mapping of land
use and land cover (INEA, 2021), between the years
2010 and 2015, no amendments compatible with the
scale used were detected in ANSOF areas, resulting
in changes in the identification of regions not prone
to the emergence of fire focis in RJS. In this regard,
possible changes in areas of ANSOF that impact
the identification of regions susceptible to fire focis
necessitate a cartographic scale with additional detail.
HRs I and IV showed the greatest declivity in the
RJS, which facilitated the spread of fire foci (Adab
et al., 2013; Prudente & Rosa, 2010; Torres et al.,
2014). Their access and extinction was made diffi-
cult (Badia-Perpinya & Pallares-Barbera, 2006) as
they were mainly in environmental protection areas
(Camargo et al., 2019; Coura et al., 2011; Fernandes
et al., 2011) and the forest fire sites had high exten-
sion and duration, resulting in the loss of the origi-
nal fauna and flora (Aximoff, 2011; Rodrigues et al.,
2018), intensifying the ongoing forest fragmenta-
tion, and promoting an increase in the vulnerability
and ecological instability of forest remnants (Lima
et al., 2017). The HR-IIT (Médio Paraiba do Sul),
HR-VII (Rio Dois Rios), and HR-IX (Baixo Paraiba
do Sul e Itabapoana) were identified in more than
50% of areas composed of fields/pastures, a use that
favors fire appearance, especially in dry periods,
with a strong presence of sugarcane cultivation in
HR-IX. Factors that favor fire foci emergence are
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directly associated with the adoption of the practice
of burning sugarcane fields in the pre-harvest sea-
son, a typical action in Brazil, driven by economic,
environmental, and cultural factors, especially in
Rio de Janeiro and Sdo Paulo states (Franca et al.,
2014). Consistent with these factors, the aforemen-
tioned HRs have the highest evapotranspiration
rates (Aradjo et al., 2007; Fernandes et al., 2011),
as well as the highest temperatures and the lowest
accumulated precipitation (INEA, 2011), conse-
quences that are reflected in the loss of moisture
from plant biomass (Sausen & Lacruz, 2015), and
favor the appearance of fire foci. In this sense, in the
annual period, as it presents 2800 km? of areas sub-
ject to the appearance of fire foci, HR-IX is distin-
guished from the other hydrographic regions of the
RIS because of the high level of susceptibility and
numerous records of fire foci in the region.

In the summer, mainly in SEB (Barcellos &
Quadro, 2019; Coelho & Nunes, 2020), the main
rainmakers in the RJS are the SACZ (Coelho &
Nunes, 2020), frontal systems (Dereczynski et al.,
2009; Seluchi & Chou, 2009; Seluchi et al., 2016),
isolated convective systems (Silva & Dereczynski,
2014), or even the association among these systems
(Moura et al.,, 2013), which can cause significant
variations in the spatial organization and precipitation
intensity, modifying the moisture content of the
combustible material available on the surface
(Sausen & Lacruz, 2015), making it difficult, or even
impossible, for the appearance and propagation of fire
foci. When compared to the regional climatological
pattern, the prolonged drought that occurred in
January 2014 and February 2015 favored the
appearance of fire focis in the summer period, regions
typically classified in the low and very low range.

During winter, the reduction in precipitation accu-
mulations (Silva & Dereczynski, 2014; Sobral et al.,
2018) and the increase in evapotranspiration rates
(Anjos et al.,, 2016), which characterize the RJS
dry season, justify the increase in areas classified
as high and very high susceptibility in the follow-
ing hydrographic regions: HR-IX (Baixo Paraiba do
Sul e Itabapoana), HR-VII (Rio Dois Rios), HR-IV
(Piabanha), HR-III (Médio Paraiba do Sul), HR- II
(Guandu), HR-IV (Piabanha), and HR-V (Baia de
Guanabara). Regions that integrate several important
areas of environmental protection in the RJS, espe-
cially in the mountainous and southern regions of the

@ Springer

state, where the following stand out: Petrépolis Envi-
ronmental Protection Area, Serra dos Orgéos National
Park (PARNASO), Araras Biological Reserve, Itati-
aia National Park, and similar areas. These areas are
classified as having high and very high susceptibil-
ity levels during winter, a result that converges with
the records found by (Aximoff & Rodrigues, 2011;
Nunes et al., 2015; Rodrigues et al., 2018).

In the SDGs context, the majority of municipalities in
the RIS are located in HR-II (Guandu) and HR-V (Baia
de Guanabara), areas with average susceptibility to fire in
the annual, winter, and summer periods, with a similar
situation in HR-VI (Piabanha) and HR-VIII (Macaé and
Ostras). Municipalities in HR-IIT (Médio Paraiba do Sul)
and HR-IX (Baixo Paraiba do Sul e Itabapoana) have
medium-to-high susceptibility in the annual and summer
periods and high to very high in the winter, drier period,
characterizing the regions with the highest vulnerability
to the occurrence of fires, primarily in Volta Redonda
(HR-IIT) and Miracema (HR-IX).

The intersection between the registered fire foci and the
pixels classified into different susceptibility classes, using
the y? statistic, demonstrated a dependent relationship
among the listed variables, indicating that the predictive
models adhere to the events in loco. In this regard, the
hypothesis of increased vulnerability to the emergence
of burnings in HR-II, I, IV, V, VII, and IX during the
winter period is congruent with the statistical test used
because, in winter, 68% of the fire focis focused on pixels
classified between high and very high classes, with a high
concentration of fire focis in the aforementioned regions,
similar to the results obtained by Clemente et al. (2017),
which highlighted the increase in the concentration of
fire focis. HR-VII and IX concentrated areas of greater
susceptibility to fire focis over the annual period, with
HR-IX presenting regions of moderate susceptibility to
desertification (Bohn et al., 2021; Santos et al., 2022), as
well as low pluviometric indices, high temperatures, and
high evapotranspiration rates. During the summer, areas
of greater vulnerability to fire focis are concentrated in the
RJS’s coastal regions, and areas of high susceptibility are
not detected. The results show that the spatial-temporal
variation of fire focis can influence the standard of
vegetable cover (Andrade et al., 2019; Freitas et al.,
2020; Silva, 2019) because environmental factors and
forest structure have a large influence on fire initiation
(Sivrikaya & Kiiciik, 2022), due to the geographical
extent of the areas indicated with high and very high
susceptibility.
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In this context, digital technologies used for the
establishment of vulnerable areas to burn in periods
are relevant in the context of the application of SGDs
(Pigola et al., 2021) because such tools favor analyses
on burn prevention (Abedi Gheshlaghi et al., 2021),
reduction of emissions from atmospheric pollutants,
as well as impacts on the most vulnerable popula-
tions (Afrin & Garcia-Menendez, 2021; Marlier et al.,
2020), and the sustainable management of economic
and environmental resources. Such factors contribute
to the efforts and challenges of achieving sustainabil-
ity in the 92 municipalities of RIS in their social, eco-
nomic, institutional, and environmental dimensions,
thereby reducing pressure on natural resources and
the negative impacts that result.

Conclusions

Theresults should support spatial analysis and decision-
making on the subject, with the potential to subsi-
dize, allow, and facilitate the assessment, analysis,
and management of these phenomena on local and
regional scales, as well as their planning and control
by public institutions.

According to the RJS’s temporal evaluation of
fires, the most critical is June, with a peak in Septem-
ber and a fall from November onwards. In the winter,
there is an increase in the absolute number of records
of fire focis associated with a decrease in precipita-
tion and an increase in the number of HRs with high
susceptibility to fire in the RJS, primarily compromis-
ing environmental preservation areas.

The chi-square statistics confirmed the asso-
ciation between fire focis and the susceptibility of
areas classified as “very low” to “very high,” con-
firming the effectiveness of factors that exacerbate
the emergence of fire focis and the hierarchical
analysis method used, resulting in a method that can
be replicated in other states in Brazil and around the
world.

In the SDGs context, the majority of the munici-
palities covered by the RJS are located in areas with
a year-round susceptibility to fire. Regions with high-
to-very high susceptibility are critical during the dri-
est period (winter), which may impede future SDG
adoption for municipalities located in these areas,
particularly Volta Redonda (HR-III) and Miracema
(HR-IX).

The mapping of fire foci, which includes data,
information, and the identification of areas most
vulnerable to forest fires, can assist institutions and
response agencies (environmental agency, civil
defense, and health system) in the implementation
of contingency plans and combat protocols for forest
fires. The susceptibility results support a variety of
actions for the environmental agency and civil defense,
including promoting management for fire suppression,
particularly during critical periods and drought, and
for the health system, specifically noting the drop in air
quality standards and an increase in hospital admissions.
Such consequences necessitate the adoption of structural
and non-structural measures by the government, whose
resources destined for prevention, response, and recovery
are better used when the areas of greatest criticality and
vulnerability are identified.
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