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Abstract: The general objective of this research was to propose a new fire risk index, specifically
the Fire Risk Atlantic Forest (FIAF) index in Itatiaia National Park (PNI). The data were collected
from two levels (2 and 10 m) of a micrometeorological tower, with a time series on an hourly scale,
daily from 2018 to 2021. Two multiple regression models were generated for the two collection levels
(FIAF 2 and 10 m) and, based on the statistical criteria and the choice of the best model, a future
simulation was generated using the scenario SSP 4.5 for 2022 to 2050. The correlation matrix between
the data from the FIAF and fire foci models was also analyzed. The FIAF model was compared with
the traditional models already used in Brazil, such as the Angstrom indices, Monte Alegre Formula
(FMA), and the improved Monte Alegre Formula (FMA+) models. The results showed that the FIAF
model at 10 m overestimated the results observed mainly during the dry season. The FIAF 2 m model
presented the highest correlation with a fire foci value greater than 0.74. In the future simulation, the
years that presented the highest extreme risks were: 2025, 2035, 2041, and 2049. Thus, it is possible to
state that the FIAF model at the 2 m level was the best model for predicting the degree of fire risk in
the PNI.

Keywords: micrometeorology; forest fires; future climate scenarios; tropical forests

1. Introduction

Tropical forests are characterized by high air temperatures, substantial rainfall, and
biodiversities that exceed that of any other biome on Earth. These forests represent carbon
in the form of biomass that contributes greatly to global carbon productivity [1]. Increasing
human pressure, with regional effects on land use change and further global effects, has
increased the vulnerability of this ecosystem [2].

With the recurring forest fires in Brazil, accompanied by increasing air temperature,
intensified climatic phenomena, and greater anthropic intervention, forests are losing their
fire resilience capacity, which is causing a substantial decrease in their areas. The increase
in forest fires also reduces air quality and increases atmospheric carbon dioxide [3]. More
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regular occurrences of phenomena such as the El Nifio-Southern Oscillation have also
intensified the number of fire foci in various Brazilian biomes [3-8].

In the Atlantic Forest close to Itatiaia National Park (PNI), forest fires have been
observed more frequently during the dry season in the southeast region [9]. In the PNI,
there are approximately 40 endemic vegetation species that are threatened by fire episodes.
Fire ecology must be precisely investigated in the PNI, as fires can compromise soil water
storage [10] and contribute to the reduction in soil organic matter and nutrient content [11].

Forest fires in Brazilian conservation units also occur on a recurring basis, as shown
by studies performed in the Chapada Diamantina National Park [12], Triunfo do Xingu
State Environmental Protection Areas (APA), Marajoé and Baixada Maranhense [9], and in
the PNI [13].

Fire regimes depend on the interactions between climate and vegetation, which affect
the availability of biomass and flammability of the material [14]. The severity of forest
fires does not only happen in Brazil, but these events have been increasing significantly all
over the world as a result of climate change. Climate variability associated with extreme
events and anthropogenic activities has increased the number of fires in Australia [15], in
the boreal forests of southern Siberia, Russia [16], in Greece [17], and on the west coast of
the United States [18]. To assist in the identification of forest fires, fire hazard classification
systems have been developed, which provide numerical indices that attempt to estimate
the intensity of possible fires [19-21].

Fire risk indices are used in many parts of the world to meteorologically integrate
and associate information into a single or small number of measurements, such as the
risk of fire in the Canadian system, the Fire Weather Index—FWI, which is used in other
regions such as the Mediterranean environment of Crete, Greece [22], Portugal [23], and
western China [24]. Models include the Forest Fire Danger Index (FFDI), widely used in
eastern Australia [25], and the dimensionless index F that has been used in several parts
of the world, even in Brazil [9]. In Brazil, some indices have been widely used, such as
the Monte Alegre Formula (FMA) and the modified FMA+ that have been widely used
in numerous studies in Brazil [26-29]. Dependence on climate, particularly the future
consequences of rising air temperatures and extreme weather events, has incited concern
by researchers regarding the increasing number of forest fires [9]. The sixth report of
the Intergovernmental Panel on Climate Change (IPCC) showed that higher values of
air temperature could contribute to a greater number of mega fires, which could cause
permanent loss of these forest areas [30]. Changes in these elements such as air temperature
and relative humidity will lead to more extreme fire events in the future [31,32].

Numerous models have been used in an attempt to simulate future climate conditions
at regional and global levels, and the meteorological elements generated by these models
can be fitted into new proposed scenarios called Shared Socioeconomic Pathways (SSPs) [30].
To generate new indices, such as those for fire hazards, an alternative method is to use
the set of models available from the Coupled Model Intercomparison Project Phase 6
(CMIP6) [33].

A better understanding of the relationship between meteorological elements and the
degree of fire danger in these regions is important for a greater understanding of the effects
of climate change on the Atlantic Forest, which is a heritage site of world biodiversity. This
will allow for the development of strategic plans to grow and use the natural resources
of the Atlantic Forest in a rational manner. Therefore, this study aimed to investigate and
propose a new fire risk index (Fire Risk Atlantic Forest; FIAF) in the PNI and to promote
this model as an alternative for new initiatives to generate relevant information on the
subject of fires related to climate change in the Atlantic Forest.
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2. Materials and Methods
2.1. Study Area

The study area comprised the Itatiaia National Park (PNI), located in southeastern
Brazil (Figure 1). It has an approximate area of 225.54 km? and is located in Serra da
Mantiqueira, which is a border region between Minas Gerais and Rio de Janeiro.
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Figure 1. Geographic location of the study area. The micrometeorological tower used in this study is
highlighted.

The climate classification of the municipality of Itatiaia, close to the PNI, is tropical
with dry winters and hot summers (Cwa) [34]. A recent study of the PNI using the climate
database proposed for the entire national territory by [34,35] verified the occurrence of five
climatic regions: tropical humid without a dry season and a hot summer (Cfa), tropical
humid without a dry season and a temperate summer (Cfb), tropical humid with a dry
winter and hot summer (Cwa), tropical humid with a dry winter and temperate summer
(Cwb), and tropical humid with a dry winter and short cool summer (Cwc).

2.2. Micrometeorological Data and Automatic Station A635

The micrometeorological data were collected from a micrometeorological tower located
in the lower part of the PNI that was installed in 2015 and has been in operation since 2017.
The tower has a height of 30 m, along which the sensors used for this research and others
are coupled. The tower is located in an area predominantly composed of dense montana
ombrophilous forest, at the geographic coordinates 22°27'10.83” S and 44°36/28.51” W and
at an elevation of 835 m (Figure 1) [35].

For this study, two sensors were used to measure air temperature (AT; °C) and relative
air humidity (RAH; %): model HC2S3 from the Campbell Scientific Company, protected by
solar radiation shields, and model 41003 from the Young Company, positioned at heights
of 2 and 10 m [35]. A Gill WindSonic sensor was used for wind speed (Wind; m s Hand
wind direction (°) measurements at a height of 10 m. For rainfall data (Rf; mm), hourly data
from the same time series of an automatic station (A635) bordering the PNI of the National
Institute of Meteorology (INMET) were used. The initial time series totaled 35,040 hourly
observations from 2018 to 2021, and these data were transformed into a daily timescale.
The wind speed was adapted to a height of 2 m using the method proposed by FAO-56 [36].

Daily analyses of the variables AT, RAH, Wind (2 and 10 m) and Rf were processed
through the tidyverse, viridis, lubridate, scales, prophet, readr, readxl, and ggplot2 li-
braries [37].
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2.3. Fire Risk Index

Numerous methods were used for estimating fire risk in this study, such as the
Angstrom indices [38], Monte Alegre Formula (FMA) [39], and the improved Monte Alegre
Formula (FMA+) [27,29]. The Angstrom index was mentioned in 1972 in Brazil [38],
while the FMA and FMA+, both were tested and validated in the Brazilian states of
Parana and on the north-central coast from the State of Espirito Santo to the south coast
of Bahia [26,28]. The time series included daily data for the years from 2018 to 2021 for
the micrometeorological collections from 2 m to 10 m in the PNI. To calculate the FMA,
the script available and accessed on 15 April 2022 at <https://italocegatta.github.io/risco-
de-incendio-pela-formula-de-monte-alegre /> was used, and for the FMA+ calculation,
we chose the electronic spreadsheet SISCLASS developed by [28]. The data followed the
standard time of 13:00 h for air temperature, relative humidity, and wind speed.

2.4. Regression Model and Statistical Analysis

A multiple regression analysis was used for the two levels (2 m and 10 m) to gen-
erate a new fire risk model for the local conditions of the Atlantic Forest. Prior to choos-
ing the FMA+ model as the dependent variable (Y; 2 m and Y; 10 m), this model was
adopted as a standard, as it considers three important meteorological elements for the
analysis of the risk index: the air relative air humidity (%), wind speed (m s71), and
rainfall (mm) [28]. The existence of a functional relationship between the independent
variables (Xij,i=1,2, ..., k), wind speed (m s~!), relative humidity (%) at 2 m and 10 m,
and rainfall (mm) was verified. From these analyses for the two levels, a regression model
was created for the conditions of the Atlantic Forest, which was called the Fire Index At-
lantic Forest (FIAF) model, and a new classification of the degree of fire risk was presented
for the local conditions of the PNI. The statistical regression model is given by:

Yi2mand10m) = Bo+ B1Xasi + BoXai + ... + PrXii + & 1)

where ¢, A1, - .. , Bk of Equation (1) are the regression coefficients, 3 is the intercept of the
line on the ordinate axis, and {31, ..., Bk is the slope of the line. The term ¢; represents the
error associated with the distance between the observed value Y; and the corresponding
point on the curve of the proposed model.

The statistical performance of the FIAF model was analyzed considering the coefficient
of determination (R?) and standard error of estimation (SEE). Willmott’s coefficient was cal-
culated and evaluated [40] within the range from 0 (no agreement) to 1 (perfect agreement).
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(4)

where O; is the observed value of FMA+ at the ith observation, O is the mean of the
observed values at the ith observation, n is the number of samples,i=1, 2, ..., n, and P; is
the estimated value of FIAF at the ith observation.

2.5. Fire Foci and Correlation Analysis

To verify the accuracy of the new FIAF model at 2 m and 10 m, monthly fire foci data for
2018-2021 were downloaded from the Fire Information for Resource Management System
(FIRMS) accessed on 15 April 2022 (https:/ /firms.modaps.eosdis.nasa.gov/) (Figure 2).
The monthly fire foci and FIAF data were correlated using a correlation matrix by the spline
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interpolation method. The libraries used for this analysis and software were FactoMineR,
factoextra, GGally, and ggplot2, and R software version 4.1.3 was used to generate the
correlation matrix.

M Fire foci S
[11tatiaia National Park
[rtatiaia

Lruro L o Kilometers
0098 36 54 72

Figure 2. Distribution of fire foci points and monthly variation during the years 2018-2021 that served
for the correlation analysis between the FIAF model and fire foci in Itatiaia National Park, Brazil.

2.6. MRI-ESM2-0 Model—Intermediate Scenario (SSP4.5)

For the future analysis of the FIAF fire risk, the MRI-ESM2-0 model [41] from the
Coupled Model Intercomparison Project Phase 6 (CMIP6) was chosen. These data were
downloaded into a grid for the coordinates of the micrometeorological tower (Figure 1).
For the new IPCC scenarios (2021), known as the Shared Socioeconomic Pathways (SSPs),
the scenario chosen was the intermediate SSP4.5. The downloaded data comprised the
model output on a daily time scale for the years 20222050 for the variables air temperature
(°C), minimum air temperature (°C), rainfall (mm), and wind speed (m s~!). The MRI-
ESM2-0 model does not include variable relative air humidity (%); therefore, the method
proposed in FAO bulletin 56 [36] was used, in which the minimum air temperature (Tmin)
would approximately equal the dew point temperature (Tgew) (Tgew = Tmin)- Based on this
criterion, the current water vapor pressure was calculated for the minimum air temperature
(ea = esTmin, kPa) (Equation (5)). The saturation pressure in relation to air temperature
(esaT; kPa) was estimated for the air temperature provided by the MRI-ESM2-0 model
(Equation (6)), after which the relative humidity of the air at 13:00 h was estimated using
the model proposed by [42] (Equations (7) and (8)).

75 Tin ]

s = exrmin = 0.61078 % 10/(Z73 in )
ecar = 0.61078 x 10[(z575541)] ©)
RAHpRr = < Ca )*100 @)

€sAT
RAHygian = (877004 RA)) — 2043 ®)

where,

€, = esTmin = Current water vapor pressure calculated from the saturation pressure eqrmin (kPa);
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esar = Water vapor saturation pressure calculated from the average air temperature of the
MRI model (kPa);

RAHjpgy = Relative humidity estimated from the current and saturation pressure of water
vapor (Equations (5) and (6)) (%);

RAHMgrri3h = Estimated relative humidity for 13 h (%).

3. Results
3.1. Meteorological Variables

Through the analysis shown in Figure 3, the daily temporal behavior of the variables
studied could be verified. The micrometeorological data during the four years studied
followed the climatological pattern of the region. The AT 2 m reached its minimum and
maximum on 30 July 2021 and 29 November 2021, respectively, with values ranging from
34.86 °C to 8.71 °C, while for the upper level the minimum value occurred on the same
day with 9.58 °C and the maximum on 16 May 2019 with 37.33 °C. The RAH at 13:00 h at
2 m and 10 m showed values lower than 29% and 34% for 27 July 2021 (dry season) and
values higher than 90% for 16 October 2018 (rainy season). The relative humidity of the air
followed the same seasonality as that of the dry and rainy seasons in the southeast region.

The lowest daily wind speed (Wind) at 2 m was found on 3 March 2018 (0.23 m s~ 1),
and the maximum value was 1.57 m s~! on 3 January 2019. At 10 m, the lowest and highest
recorded wind speeds fluctuated between 0.29 m s~! and 1.96 m s~! for the same days and
years in question. The rainfall totals followed the seasonality of the southeast region and
ranged from a minimum of 15.8 mm for the month of June 2021 to a maximum of 502.6 mm
for the month of December 2021.

3.2. Regression Model and Degree of Danger for the FIAF

From the evaluation of the micrometeorological data, a multiple regression analysis
was generated to develop two new equations for fire risk at the levels of 2 m and 10 m in
the PNI. The coefficients found for the two equations verified that the models at 2 m and
10 m were statistically very similar, but the 10 m level obtained the highest coefficient of
determination (>0.78) and the highest residual error (>1). For the 2 m level, R? reached
a value of 0.77 with an error less than 0.99. There were no major differences between the
models generated at 2 m and 10 m in this analysis. The selected regression models are
presented below using Equations (9) and (10):

Yerap (am) = 1318929+ (—0.1187 + RAH) + (—7.10189 * Wind) ©)

Y Frar (1om) = 13.33046 + (—0.12317 + RAH) + (—5.18153  Wind) (10)

From the equations generated for the FIAF, a new degree table was created for fire risk
in the PNI region (Table 1).

Based on the analysis of the two multiple regression equations (Equations (9) and (10)),
we aimed to identify the relationship between the values estimated by the new model for
the two FIAFs and the observed levels of FMA+, for which a linear regression analysis
was adopted (Figure 4). The FIAF model for the 10 m level presented an R? = 0.80, a
D index = 0.86, and, for this level, the error was greater than eight. The FIAF model at
2 m presented an R2 greater than 0.90, a D index of 0.87, and an error greater than three
(Figure 4). The 2 m level was statistically better than that at 10 m in this analysis.

Table 1. FIAF values (2 and 10 m) and classification according to the degree of fire danger in Itatiaia
National Park.

FIAF Value (2 and 10 m) Degree of Danger
<5 Small
5-15 Average
15-25 High
25-45 Very high

> 45 Extreme
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Figure 3. Temporal distribution of daily micrometeorological data during the years 20182021 for the
10 m and 2 m levels in Itatiaia National Park, Brazil. AT = air temperature (°C); RAH = relative air
humidity (%); Rf = rainfall (mm)—automatic station A635; Wind = wind speed (m s7h.

In Figure 5, the analysis of the error is compared with the model considering the
observed FMA+ and the proposed model FIAF for 2 m and 10 m throughout the daily
series studied. The 10 m level overestimated the FIAF model compared to that of the 2 m
level mainly in the driest season, in which the risk of fire is greater; the smallest errors were
concentrated mainly in the rainy season for both levels (2 m and 10 m). The smallest errors
found throughout the series were found with the 2 m level FIAF model (Figure 5).

When analyzing the results between the fire foci and FIAF correlations, the most
significant result appeared to be found for the 2 m level, in which the correlation coefficient
was above 0.74, whereas for the FIAF model at 10 m, the coefficient of correlation reached a
value greater than 0.57 (Figure 6).

In the risk analysis (Figure 7), a weak relationship among the seasonality of fires in
the Atlantic Forest was observed with the Angstrom model, in which the values were
concentrated in the unfavorable fire conditions and unlikely fire occurrence categories. The
indices that best identified the fire risk conditions for the PNI were the FMA, FMA+, and
the new proposed model FIAF at 2 and 10 m, in which the highest concentration of risk
was found during the winter months (June, July, August, and September), which represent
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the driest season, with low cloud cover, a greater number of fire foci, and low relative
humidity. The months that represent the rainy season were considered low risk (Figure 7).
The 10 m level (Figure 7 on the right) FIAF index presented as extreme, mainly in July, when
compared to the results obtained at 2 m (Figure 7 on the left). The more extreme results of
the FIAF model at 10 m may be associated with high dispersion and low correlation with
fire foci in the vicinity of the PNI (Figures 4-6).

FIAF 10m \ FIAF 2m

y=-0.124+163x R’=0.80 y=0263+128x R’=095

SEE=8.90 SEE=3.34

D=086 D =087
P
100
<
&
a
m
=
<
=
= 50
A /

g 4 7
0
0 50 100 0 50 100

OBSERVED (FMA+)
Low u—————— Hi o h

Figure 4. Regression analysis between the observed FMA+ model and the estimated FIAF for the 2
and 10 m levels in Itatiaia National Park, Brazil.

Rainy season Dry season Rainy season

& FIAF 10m

olnppblbli®

Jan Feb Mar Apr May

Jun Aug Sep Oct Nov Dec
Months

Figure 5. Daily temporal analysis of the error associated with the FIAF model for the 10 and 2 m
levels, highlighting the two seasons in the southeast region (dry and rainy) for the Itatiaia National
Park, Brazil.

Based on the criteria established in the results, the FIAF model at 2 m (Equation (9))
was selected as the best for the PNI conditions, and the degree of future fire risk was
simulated in the MRI model. In Figure 8, the daily temporal behavior from 2018 to 2021
is represented for the observed data of the generated FIAF model (2 m and 10 m) and the
future SSP4.5 scenario (2022-2050) for the MRI model. The future FIAF simulation started
in 2022. From the FIAF model at 2 m (Equation (9)), the results revealed that the fire risk
extended in a few months before being considered low risk (small), such as in May, when
the highest values were concentrated, and in September (extreme), when the number of
fire foci increased considerably in this region.

The years that presented the highest extreme risks were 2025, 2035, 2041, and 2049,
and after 2035, a periodicity occurred of approximately seven years for extreme conditions
of the fire index (2035, 2041, and 2049). Although the rainy season has been considered to



Forests 2022, 13, 1844 9 of 15

have the lowest intensity in the risk associated with fires in the past (2018-2021), this season
is expected to experience more extreme conditions, mainly from the year 2026 (Figure 8).

FF ] FIAF_2m FIAF_10m

0.015-

0.010- Y

41

0.005- AN

0.000-

A Corr:
T 0905

wg avid

Value

s
]

i
Wl Ivid
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Figure 6. Correlation matrix between observed fire foci (FF) data and the FIAF model for the two
levels of 2 and 10 m (FIAF_2m and FIAF_10m) during the years 2018 to 2021 in Itatiaia National
Park, Brazil.
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Figure 7. Fire risk for the models studied in Itatiaia National Park, Brazil. Left, level 2 m, and right,
10 m.
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Figure 8. Daily temporal analysis of the FIAF model at 2 and 10 m (2018-2021) and future scenario
SSP 4.5 associated with the risk frequency of monthly MRI fires (2022-2050).

4. Discussion
4.1. Meteorological Variables and Fire Risk Models

The daily results of the micrometeorological elements from 2018 to 2021 from the PNI
tower followed the seasonality of the region, with the highest values being found during
the beginning of the spring equinox (beginning of the rainy season) and increasing until
the end of the summer solstice in the southeastern region (end of the rainy season) [35].
According to the World Meteorological Organization (WMO), 2021 was one of the seven
hottest years in the history of global mean temperature records [43], and as found in our
results, 2021 had increased rainfall when compared to 2020. According to the National
Oceanic and Atmospheric Administration (NOAA), 2021 was a La Nifia year [44], where
rainfall in the south of the country was below average and that in the southeast was above
the climatological average [45].

Our FIAF model, when compared with other models such as the FMA of [39] and the
FMA+ index of [26] used by [28], suggested that the results obtained can be used with local
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conditions of the PNI. Other models, such as that of Angstrom (Figure 7), proved to be
limited to the local and climatic conditions of the study region. In some regions, such as
the Brazilian Agreste, climatic conditions favor the Angstrém index in presenting a high
correlation with fires [46].

Correlations with fire foci obtained from the FIAF at 2 m showed that this model
could be applied to the conditions of the Atlantic Forest, which is characterized by high
volumes of precipitation during the rainy season and low rainfall during the dry season
(Figures 4-6). Although large volumes of rainfall occur in this region, the Atlantic Forest
is highly susceptible to fires during winter, mainly because of the significant reduction in
relative humidity (Figure 3). Unlike other indices used in the state of Rio de Janeiro [9], the
FIAF showed a high correlation with the driest season, where the number of fires increased
considerably [7] (Figure 2).

In Norway, cloud computing services have been developed to create a fire risk index
for homes, as the vast majority of houses are made of wood [47]. Although our results
were obtained from another region and a different biome, the main objective of this study
was to create a local meteorological database and an FIAF predictive model at 2 m for the
reduction in fire risks in the Atlantic Forest area.

As proposed by our FIAF model, new indices were created from meteorological
elements. In the United States, a new fire index was also created capable of simulating and
predicting large fires [48], i.e., the Hot-Dry-Windy Index (HDW), which takes into account
meteorological elements such as relative humidity, air temperature, water vapor pressure
deficit, and wind speed.

In Poland, the authors used the fire risk model from the Canadian Fire Weather Index
(FWI) system and coupled this model to the meteorological fields generated by the Weather
Research and Forecasting (WRF) model for the year 2019 [49].

In Ogan Komering Ilir Regency, South Sumatra, the authors also used fire foci data
from NASA'’s FIRMS (Figure 2) and correlated them with the FWI and Fine Fuel Mois-
ture Code (FFMC) fire models, where they found a good correlation with these data
(Figure 6) [50].

4.2. Future Analysis of FIAF in the Atlantic Forest

The implementation of new fire risk indices for future climate scenarios, such as the
FIAF implemented in the MRI model (Figure 8), is critical for the Atlantic Forest, which has
been the subject of studies and interest in the behavior of fires, future fire risk scenarios,
and fire foci [7,9]. Ref. [12] also highlighted the importance of understanding climate risks
and the vulnerability of these regions and commented that the similar results found in that
study may guide the planning of the segmentation of the most vulnerable areas to reduce
exposure or protect vulnerable populations to future fires. In a study in the Atlantic Forest
Central Corridor [51], it was highlighted that the imminent risks arising from agricultural
expansion and the dismantling of environmental inspection agencies in Brazil increase the
need for research that can assist in the management of areas such as the Atlantic Forest.

Heat waves will occur more frequently, and dry seasons will intensify, thereby increas-
ing the imminent risk of fires in the Atlantic Forest (Figure 8). A practical example of this
was observed in in Australia in 2019/20, prior to the arrival of the COVID19 pandemic.
At that time, Australia experienced a mega fire in the southeast region that was unprece-
dented [15]. Ref. [15] highlighted that past projections of more than a decade of fire risks
had previously been detected and that these mega fires were predicted for 2020. Our results
using only one scenario considered intermediate SSP4.5 to address these issues, and the
months corresponding to the dry season in the southeast region clarified that these fire risk
events may be repeated on a scale unprecedented in the Atlantic Forest (Figure 8).

A recent study in the state of Rio de Janeiro [52] verified the reduction in rainfall
during the rainy season. These results converge with those found by the FIAF, mainly
during the month of May 2035 (Figure 8), in which, through the analysis of the model, the
rainy season is expected to be shorter, which will further increase the natural disasters
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associated with extreme hydrometeorological events over small intervals and mega fires
during the dry season.

The world has experienced major drought events, such as those that occurred in
2005, 2010, and 2015, with an emphasis on those that occurred in 2005 and 2010 due
to their severity and territorial extension [53,54]. Those authors also suggested that, in
future simulations, the risk of extreme drought events will be more intense, even in humid
regions [53]. Our results showed similar events to those that have previously occurred;
the years 2035, 2041, and 2049 were indicated as years in which extreme drought events
could trigger larger fire events in the Atlantic Forest and also in various regions of the
world [15-18]. Ref. [9] also indicated that the increasing occurrence of fires in the Atlantic
Forest requires further study of this area for monitoring and follow-up of these elements
over time.

In a recent study in South America using the CanESM5 model and the future scenarios
SSP126 and SSP585 for all biomes from the World Wide Fund for Nature, the authors
verified the increase in air temperature mainly in tropical regions during the studied years
of 20212040 [55]. This increase in air temperature in these biomes will accelerate the
probability of mega fires and consequently the reduction in vegetation mainly during the
dry season.

In the Iberian Peninsula, the meteorological indices of present and future fires were
also studied, where the authors also verified an increase in the future climatic risk of fires,
especially in late spring and early autumn, and also in the south and east of the Iberian
Peninsula [56]. Our results also addressed seasonal issues such as those raised in this
work [56], also associating greater fire risks in certain months and years (Figure 8).

UK researchers also used meteorological elements and fire models for spring con-
ditions such as the Initial Spread Index (ISI) and Fire Weather Index for drier weather
conditions, especially in summer [57]. The authors comment in their work that, in the
future, the events associated with fire risks will be much greater, since the air temperature
will increase from 2 to 4 °C.

5. Conclusions

The FIAF model at the 2 m level was the best model for predicting the degree of fire
risk in Itatiaia National Park, and it can be used in other regions with similar climates.

The Angstrom model showed no relationship with the climatic conditions of the study
area. In addition to the proposed FIAF model, the FMA and FMA+ models were reliable
models that could be used for this region.

This study showed the potential of the FIAF model to contribute to future action in
combatting fires in the Atlantic Forest, as well as its applicability to models that simulate
the future climate for Shared Socioeconomic Pathway (SSPs) scenarios. The FIAF model
used for the proposed future scenario showed that the years 2035, 2041, and 2049 will be
years of major fire events in the Atlantic Forest.
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