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ARTICLE INFO ABSTRACT

Keywords: The objectives of this study are: (i) to evaluate the space-temporal variability of fire foci by environmental
Fires satellites, CHIRPS and remote sensing products based on applied statistics, and (ii) to identify the relational
Burnings

pattern between the distribution of fire foci and the environmental, meteorological, and socioeconomic variables
in the mesoregions of Minas Gerais (MG) - Brazil. This study used a time series of fire foci from 1998 to 2015 via
BDQueimadas. The temporal record of fire foci was evaluated by Mann-Kendall (MK), Pettitt (P), Shapiro-Wilk
(SW), and Bartlett (B) tests. The spatial distribution by burned area (MCD64A1-MODIS) and the Kernel density -
(radius 20 km) were estimated. The environmental variables analyzed were: rainfall (mm) and maximum tem-
perature (°C), besides proxies to vegetation canopy: NDVI, SAVI, and EVI. PCA was applied to explain the
interaction between fire foci and demographic, environmental, and geographical variables for MG. The MK test
indicated a significant increasing trend in fire foci in MG. The SW and B tests were significant for non-normality
and homogeneity of data. The P test pointed to abrupt changes in the 2001 and 2002 cycles (El Nino and La Nina
moderated), which contributes to the annual increase and in winter and spring, which is identified by the Kernel
density maps. Burned areas highlighted the northern and northwestern regions of MG, Triangulo Mineiro,
Jequitinhonha, and South/Southwest MG, in the 3rd quarter (increased 17%) and the 4th quarter (increased
88%). The PCA resulted in three PCs that explained 71.49% of the total variation. The SAVI was the variable that
stood out, with 11.12% of the total variation, followed by Belo Horizonte, the most representative in MG. We
emphasize that the applied conceptual theoretical model defined here can act in the environmental management
of fire risk. However, public policies should follow the technical-scientific guidelines in the mitigation of the
resulting socioeconomic - environmental damages.

Statistical tests
Vegetation indices
MODIS

1. Introduction it comes to converting forests into pastures for livestock is by using fire
(Catla et al., 2015; Clemente et al., 2017). Recently, there have been
In Brazil, the most traditional way to land clearing, especially when significant increases in the occurrence of burning (resulting from
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deforestation and logging) and forest fires (degradation or fire scar) in
Brazil, and these occurrences often affect protected areas, such as Con-
servation Units (CU), Permanent Preservation Areas (PPA), Legal Re-
serves (LR), Indigenous Lands and the biomes (Catila et al., 2015; Barros
Santiago et al., 2019; Lima et al., 2020; Gois et al., 2020; Oliveira Jinior
et al., 2020). Burnings are traditional family farming techniques used for
cleaning the area for planting temporary crops. They are authorized by
the Federal Government (Clemente et al., 2017; Oliveira-Jtunior et al.,
2017) and generate various economic, ecological, landscape, and social
losses to a given area, especially in the protected areas existing in the
country (Fiedler et al., 2006; Catila et al., 2016; Freitas et al., 2020).
Burning and forest fires cause the loss of biomass and biodiversity,
increased greenhouse gases (GHG) and to a larger extent contributes to
climate deregulation at various spatial scales (Dean and Ferro, 1996;
Fiedler et al., 2004; Sohngen et al., 2008; Turetsky et al., 2014; Ghazoul
et al., 2015; Theisinger and Ratianarivo, 2015; Althoff et al., 2016) Thus,
the intensity and frequency of droughts and wildfires are likely to
accelerate global warming (Running, 2006; Brando et al., 2019; Boer
et al., 2020).

In Brazil, there are public policies (article 41 of the Environmental
Crimes Law) to deal with fires in forests and woodlands. The primary
public policy was established from the creation of the Action Plan for
Prevention and Control of Deforestation in the Legal Amazon
(PPCDAm). In order to decentralize the fight against the causes of
deforestation and hence burning, which are intrinsic to deforestation,
and were limited only to the supervision carried out by environmental
agencies, this public policy has positively integrated this oversight into
the policies of the Brazilian state. Created in 2004, the Presidential Civil
House initially coordinated this intensive action plan until March 2013,
when Decree n°. 7,957 transferred this function to the Ministry of
Environment (PPCDAm, 2016a; MMA, 2019).

Controlled burning is determined based on categories defined by the
federal government. These land categories can be divided into indige-
nous lands, settlements, protected areas and federal public plots that are
mainly used for sustainable development and infrastructure, such as
land use planning, construction of inter-municipal and interstate traffic
routes, and hydroelectric power stations with their large power trans-
mission lines (PPCDAm, 2016a; PPCDAm, 2016b).

Forest fires can occur through natural, accidental, or criminal
intervention (Batista, 2004; MMA, 2019). When their origin is natural,
they are caused by a combination of factors such as high temperatures,
low air humidity, and atmospheric discharges (Crutzen and Andrea,
1990; Schoennagel et al., 2004; Koutsias et al., 2010; Abatzoglou et al.,
2018) and by prolonged drought (Oliveira Jtnior et al., 2017; Brando
et al., 2019; Boer et al., 2020). Fire is usually a result of anthropogenic
activity, and if there is fuel to burn and people to cause ignition, fires
will occur (Carmona-Moreno et al., 2005). However, the use of fire helps
to promote diversity and natural regeneration, generate open habitats
that allow the evolution of plants and animals, pest control among
others (Kelly and Brotons, 2017; Pausas and Keeley, 2019). Forest fires,
urban fires, and burning contribute significantly to increased air pollu-
tion (Donaldson et al., 2000; Donaldson et al., 2001; Sohngen et al.,
2008; Silva de Souza et al., 2012), decreased air quality in several urban
centers in Brazil (Zeri et al. 2011, 2016) and in the world, especially in
the USA, Canada, Australia, Portugal, Spain, Greece and several regions
in Asia (Brando et al., 2019; Chuvieco et al., 2019; Bento-Goncalves and
Vieira, 2020; Boer et al., 2020), and even cause damage to the health of
the population (Castro et al., 2009; Ribeiro et al., 2013; Tan-Soo and
Pattanayak, 2019) and cause huge financial losses (Sayad et al., 2019).
Data from the Real-Time Deforestation Detection System (DETER) and
the Brazilian Amazonian Satellite Forest Monitoring Program (PRODES)
from the National Space Research Institute (INPE) indicated that
deforestation increased by 50% in 2019 and the fire focus number
increased by approximately 60% compared to the average of the last
three years of records, with about 39,000 fires foci in Brazil (INPE,
2019).
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Moreover, forest fires contribute to the release of GHG, and mainly
carbon dioxide (CO2) emissions (Moreno et al., 2014; Pausas and Keeley,
2019). Previously, Running (2006) showed that Forest fires add about
3.5 x 10'° g to the atmosphere carbon emissions each year. In Brazil is
about 3% of global emissions CO2 (Pereira, 2004; Turetsky et al., 2014).
Brazil was sixth in the ranking of the countries that emit most GHG
totaling 1,050 million tons of CO,. Currently, Brazil is the seventh in the
ranking of countries that emit greenhouse gases, of which 57.2% are
from Land Use, Land Use Change, and Forestry (MCTI, 2016; WRIBrasil,
2016).

With technological advances in recent decades, it is possible to detect
the occurrence of forest fires and burns from environmental satellites
effectively and at a lower cost compared to other means of surveillance
in Brazil (Batista, 2004; Musinsky et al., 2018). Environmental satellites
have become a practical and routine alternative in the detection of
burned areas, since they provide regional and global coverage of the
occurrence of fires (Chuvieco et al., 2019). In Brazil, in the late 1990s,
operating system called Burning Database (BDQueimadas) was devel-
oped by the Center for Weather Forecasting and Climate Studies
(CPTECQ) of the National Institute for Space Research (INPE), aiming at
monitoring fire foci by environmental satellites from the calculation and
prediction of fire risk in vegetation (Setzer and Sismanoglu, 2014;
CPTEC, 2018). Fire detection via environmental satellites has been a
promising alternative, but there are limitations at the time of detection,
as accuracy varies according to cloud coverage (Diniz et al., 2015; Nunes
et al., 2015; Catila et al., 2016; Oliveira Junior et al., 2017).

The use of environmental satellites in the operational detection of
burnings and wildfires in South America has been employed since 1997
from the implementation of the BDQueimadas of the CPTEC/INPE via
the Environmental Satellite Division (DSA). BDQueimadas stores several
satellite images whose orbits are polar and geostationary obtained from
orbital sensors, such as: Advanced Very-High Resolution Radiometer
(AVHRR), Imager Radiometer and Vertical Sounder (GOES I-M) - (Set-
zer and Verstraete, 1994), Along Track Scanning Radiometer (ATSR),
Spinning Enhanced Visible and Infrared Imager (SEVIRI), and Moderate
Resolution Imaging Spectroradiometer (MODIS) — (Huete et al., 2002;
Boschetti et al., 2008; Tomzhinski et al., 2011). The data obtained by
BDQueimadas are called fire foci and are available for monthly down-
load. The term “fire foci” is adopted by the official research agency of
Brazil, it is defined from pixels (“picture elements”) that present high
temperatures, which have the lowest values of gray level in the images of
the infrared thermal region band 3 (3.7 pm) of the AVHRR with a
minimum area of 1 km? are identified (Souza and Stosic, 2011). This
term may indicate a burn, small part of a fire or other hot sources, such
as reflection of light on the surface of a lake (Tomzhinski et al., 2011) or
exposed granites (Nunes et al., 2015; Catila et al., 2016).

In recent years, some research has been carried out to identify the
spatio-temporal pattern of fire foci in Brazilian states such as Rio de
Janeiro (Catla et al., 2016) and Mato Grosso do Sul (Oliveira-Jtnior
et al., 2020). However, Brazil is a country with continental dimensions,
which has 21 states and a Federal District and each state has intrinsic
edaphoclimatic characteristics. Therefore, it is necessary more studies to
understand the dynamics of fire foci in these states. At the beginning of
monitoring, in 1999, the state of Minas Gerais (MG) lost approximately
520 km? (52,000 ha) of Federal and State conservation units, and about
900 km? (90,000 ha) were cleared for controlled burning, in addition to
a significant area of unauthorized fires, such as fires reported in high-
ways margins, in private areas, among others (Lima, 2000; Ribeiro and
Figueira, 2011; Arantes Pereira et al., 2012). Even considering the
relevance of the theme, few studies were carried out in the state of MG
(Lima, 2000; Ribeiro and Figueira, 2011; Arantes Pereira et al., 2012;
Camargos et al., 2015), mainly with statistical and geotechnology ap-
proaches and by applying mathematical model, which can be reliably
and replicable adopted by public management, with the purpose of
monitoring and as an auxiliary tool in decision making.

Therefore, the objectives of this study are: (i) to evaluate the space-
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temporal variability of fire foci by environmental satellites, CHIRPS and
remote sensing products based on applied statistics, and (ii) to identify
the relational pattern between the distribution of fire foci and the
environmental, meteorological, and socioeconomic variables in the
mesoregions of Minas Gerais (MG) — Brazil.

2. Material and methods
2.1. Study area characterization

The state of Minas Gerais (MG) is located in the southeastern region
of Brazil, between the latitudes 14° 13’ 57” and 22° 55’ 47”S, and lon-
gitudes 39° 51’ 24” and 51° 02’ 56”"W (Fig. 1), with an area of 582,520
km?, consisting of 6.9% of national territory subdivided geopolitically
into twelve mesoregions (IBGE, 2019). The 12 mesorregions of MG are:
1) — Norte de Minas, 2) — Noroeste de Minas, 3) — Jequitinhonha, 4) —
Triangulo Mineiro, 5) — Central Mineira, 6) — Vale do Mucuri, 7) — Oeste
de Minas, 8) — Metropolitana de Belo Horizonte, 9) — Vale do Rio Doce,
10) — Sul/Sudoeste de Minas, 11) Campo das Vertentes, and 12) — Zona
da Mata.

Besides, there are three biomes in the state of MG: the Cerrado, the
Atlantic Forest and Caatinga. It is noteworthy that the three biomes
together correspond to 33.8% of the mining territory. The Cerrado has
the highest percentage, with 19.94% of the state, a biodiversity-rich
biome with more than 6,500 plant species (IEFMG, 2006). Then the
Atlantic Forest occupies 10.33% of the territory and is composed of
vegetation of Seasonal Deciduous and Semideciduous Forests, Open and
Mixed Forest, Dense Ombrophils Forest, and altitude fields (Fundacao
SOS Mata Atlantica, 2002). Like the Cerrado, the Atlantic Forest is
known for being one of the world’s richest biodiversity biomes, housing
more than 22,039 species of fauna and flora (IEFMG, 2019; IBF, 2019),
both of which are included among the 34 conservation hotspot in the
world defined by Mittermeier et al. (2005). Caatinga, on the other hand,
has the highest species richness among the nuclei of Seasonally Dried
Tropical Forests and Shrubs - SDTFS, and in Minas Gerais occupies only
2% of the state’s area (Fernandes and Queiroz, 2018).
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2.2. Time series of fire foci obtained from environmental satellites

This study used a time series of fire foci from 1998 to 2015. The
records came from the BDQueimadas of the Weather Forecasting and
Climate Studies Center (CPTEC) and INPE, available at: http://queim
adas.dgi.inpe.br/queimadas/bdqueimadas/- (CPTEC, 2018). In one
pixel there may be one or several distinct burns, but the indication will
be of a single focus (any recorded temperature above 47 °C). If a burn is
too extensive, it will be detected in a few neighboring pixels, i.e., several
foci will be associated with a single large burn. Such records are ob-
tained from images of the following orbital sensors: i) AVHRR/3 of
satellites NOAA-15, NOAA-18, NOAA-19, and METOP-B; ii) MODIS of
orbital platforms TERRA and AQUA,; iii) VIIRS (Visible Infrared Imaging
Radiometer Suite) of satellites NPP (National Polar-orbiting Partner-
ship) versions 375 and SUOMI and iv) satellite images version 13 and
16 of GOES (Geostationary Operational Environmental Satellite) and
3rd generation of MSG (Meteosat Third Generation), that are processed
and stored in BDQueimadas (CPTEC, 2018).

2.3. Statistics applied to time series of fire foci

All statistical procedures, such as exploratory and descriptive anal-
ysis of fire foci data, were performed in R software version 3.4.2 (R
Development Core Team, 2017). Descriptive statistics were used to
measure position: mean, median, standard deviation (S), Pearson’s
asymmetry coefficient (AS), kurtosis (K) and maximum amplitude (A,).
The exploratory analysis also used the boxplot and the frequency density
histogram.

In addition to descriptive statistics, Pearson’s (r) correlations be-
tween the means of the variables evaluated over the time series were
estimated. The correlation network was used to graphically express the
functional relationship between the estimates of the correlation co-
efficients between the traits, where the proximity between the nodes
(traces) was proportional to the absolute value of the correlation be-
tween these nodes. The thickness of the edges was controlled by
applying a cutting value of 0.60. Finally, positive correlations were
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Fig. 1. Map of the State of Minas Gerais, located in the Southeast of Brazil, with twelve mesoregions and hypsometry (m), respectively.
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highlighted in green, while negative correlations were represented on a
red scale.

To evaluate whether the time series of fire foci follows the criteria of
residual normality and homogeneity of variance, the Shapiro-Wilk
(Shapiro and Wilk, 1965) and Bartlett (Bartlett, 1937) parametric tests
were used, both with a probability at 5%. The SW test analyzes whether
the data set follows a normal distribution. The SW test is based on W and
is defined by Eq. (1):

k 2 r 2
Zaan»] (y,H‘+1 —yi)] { a; y(i):|
W=t = M
—\2 —\2
;(Yi_)/) ;(yi—y)
Wherein, k = sample; i= 1,2, ... n is the size sample;

y; is the total value of the sample analyzed; y; is the size mean.

The following hypotheses were adopted:

Hy: Fire foci have a normal (Gaussian) distribution;

H;: Fire foci do not have a normal (Gaussian) distribution.

For the fire foci to have normal (Gaussian) distribution, the following
conditions were considered:

For W <W,q,H, is rejected for p-value <0.05 (significant);

For W>W, Hyis accepted for p-value > 0.05 (non-significant).

Bartlett’s test (1937), By, proposed by Snedecor and Cochran (1989),
was used to verify the assumption that K samples from a population (V)
have equal variances, i.e., homogeneity of variances. This test is
expressed by Eq. (2):

—\2
n m (¥
<E;1 = k) ln—z j ok (- DL (,J,‘,l) -
By=
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sgn(x) = 1 for (x;) — (x;) > 0;

sgn(x) = 0 for (x) —(xp) = 0; sgn(x) = —1 for () —-(xp) < 0.

For series x = xj, X;, ..., X, with n > 4 according to Hy hypothesis of
no trend, S will show normal distribution with variance Var(S) as
follows:

n(n—1)(2n+5)

Var(S) = I8 @
With data replicates, the variance is defined as:
1 8
Var($) =g |n(n—1)(2n+5) - > 4, —1) (21,+5) 6)

=1

Wherein, n is the number of observed data; t, is the number of observed
data containing identical values in the set ps and g is the number of sets,
including equal values in the p group series. The second term denotes a
fit for data.

To test the S significance the bilateral test was used, in which Hy
should be rejected for larger values of Z, which is defined as:

S—1

— for §>0
Var(S)
MK = 0 for S=0 6)
S+1
ot for S§<0
Var(S)

Based on the value of Z, it is decided to accept or reject the null

—\2
()'1_/ Vi )

i | (i — 1)1n2}11 el

(2)

1 P 1
1+3(,‘,|) Zi:l,,f] Z &

J=1

By regarding the hypothesisHy = y2 ,.wherein, n is the number of
observations, n; and k is the number of observations within groups, y2 ,
is the Chi-square distribution, and By is Bartlett’s test statistics.

The following hypotheses were also adopted:

Hy: Fire foci have homogeneous variances;

Hj: Fire foci do not have homogeneous variances.

For fire foci to have heterogeneity or homogeneity, the following
conditions are required:

For By > ;(flia_kil) ,Hy is rejected for p-value <0.05 (significant);

For Bp < ;((21_3.’1(_1) ,Hy is accepted for p-value > 0.05 (non-
significant).

For evaluating the fire foci trend in MG, the Mann-Kendall (MK) test
was applied, because it is assumed the hypothesis of a stable series,
where the values occur independently, and the probability disposition
must be conserved (simple random series). The tests were also used to
analyze the correlation between two variables, that is, for the case of
time series. The MK test is described as a time series of x; of n-terms with
a variation (1 <i < n); set to X = X1, X, ..., X, by Eq. (3):

n

S= Z sgn(x; — x;) 3

j=it1

wherein x; corresponds to the estimated value segment data, n is the
length of the time series;

hypothesis, so when Hj, is accepted, there is no trend in the time series,
and when there is a trend in the time series the null hypothesis is
rejected, thereby H; is accepted.

In summary:

Hy: Non-significant trend in fire foci time series for p-value > a;
Hi: Significant trend in fire foci time series for p-value < a.

Significance level (o) considered for the test was 5%j; thus, for every
p < a value, there is a significant trend, while p > a values characterize a
non-significant trend.

By means Pettit test (Pettit, 1979), it is possible to verify the year or
month in which changes in the variation of segmented data occurred ina
historical sequence, where two samples are observed., Xj, ..., X; and

X¢i1, -5 X, to find out if they belong to the same population (N).

T
U[I:UH,T+ngn (x;fx/-) Fort=2,..,T (V2
=1

=

wherein; sgn(x) =1 for x > 0; sgn(x) = 0 for x = 0; sgn(x) = —1 for x < 0.
The statistics for Uyt is counted as 1 < t < T, so the Pettit test k(t)

statistic is equivalent to the absolute maximum value of U, r, which is

determined as the year or month in which the change occurs, according

to Eq. (8):

k(#) = Max|U, 1| (8)

l<r<T
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It identifies the point on which the abrupt change in the average
occurred over a time period and its significant level is given by Eq. (9):

p = 2exp{ —6k(t)’ / (T°+T7)} ©)

The abrupt change point is the t where the maximum of k(t) is found,
which has the critical values calculated from Eq. (10):

In(p/2)(T° + 7?)

k{:rit == 6

(10)

2.4. Fire foci mapping via Kernel density

The spatial variability of fire foci in the state of MG was verified from
the Kernel density method, performed by Quantum GIS software version
2.18.18 (Qgis Development Team, 2009). The Kernel density method is
based on point processes, as in the case of fire foci, and thus can estimate
the expected number of events per area unit (Clemente et al., 2017).
Mathematical interpolation was adjusted to the two-dimensional func-
tion evaluated by the distance of each point to the radius of interest. The
Kernel density is obtained by Eq. (11):

f(x):% Z K( ";Xi) (11)

n=1

Wherein K is the Kernel function; h is the search radius; x is the center
position of each output raster cell; x; is the position of the point from the
centroid of each polygon, and n is the total number of environmental
infractions (Oliveira and De Oliveira, 2017).

In this study, a radius of 20 km was fixed around the fire foci points.
However, rays of 5, 10 and 20 km were tested around the points based
on the Gualberto (2020) methodology, which tests different rays to
identify which of them presents the best visual analysis without preju-
dicing the quantitative data ranking. It is important to note that the
Kernel density estimator is a non-parametric method for estimating
density curves, where each observation is weighted by the distance from
a central value (Souto Maior and Candido 2014).

According Medeiros and Camara (1996), this method can provide a
qualitative interpretation of quantitative data for better understanding.
The result obtained by Kernel density was classified into three cate-
gories: low, medium and high.

The focus density (D) was calculated from Eq. (12):

_ NECM

202 a2

where, NFCM is the number of fire foci per mesoregion in the state of
MG.

2.5. Precipitation spatial analysis via CHIRPS product

In addition to the Kernel density, we used the precipitation product
of the 2nd version of the Kernel, the Climate Hazard Group InfRared
Precipitation with Station (CHIRPS) (Funk et al., 2015a). The choice of
CHIRPS is due to the spatial resolution, which allows to extract the
monthly value for each of the 853 municipalities in MG. Furthermore,
the accuracy of CHIRPS is an excellent alternative in regions with a lack
of rain stations in Brazil (Paredes-Trejo et al., 2017). Other studies point
to the effectiveness of CHIRPS, for example, (Funk et al., 2015b; Duan
et al., 2016; Katsanos et al., 2016; Bai et al., 2018; Luo et al., 2019;
Prakash 2019).

Thus, monthly CHIRPS data for 1998-2015 were used and seasonal
(winter and spring), and annual anomalies were extracted with a spatial
resolution of 0.05 ° x 0.05 °, for the state of MG, available at ftp://ftp.
chg.ucsb.edu/pub/org/chg/products/CHIRPS-2.0 - (Funk et al. 2015a,
2015bbib_Funk_et_al_2015abib_Funk_et_al_2015b).
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2.6. Principal Component Analysis (PCA)

After the descriptive analysis and the mapping of heat foci, the
Principal Component Analysis (PCA) was applied. The purpose of this
analysis was to detect an association between the occurrence of fire foci
and meteorological, environmental, and socioeconomic variables in the
state of MG. PCA reduces the number of variables from new synthetic
variables obtained by the linear combination of the original data, in
order to capture the highest variance explained (Preisendorfer 1988;
Westerling et al., 2003; Kassomenos and Paschalidou 2017; Kodanda-
pani and Parks 2019; Wilks 2019). However, such a reduction is only
possible if these variables are dependent and correlated to each other
(Preisendorfer 1988; Wilks 2019). To apply the PCA method the data set
quality was initially checked from the Kaiser-Meyer-Olkin test (KMO)
(Corrar et al., 2007), obtained by Eq. (13):

(Z/‘Zk#’fk)

KMO =
(EiZk%frJZk + ZiZk#ipJZk>

13

Where r is the standard correlation coefficient, p is the standard partial
correlation coefficient, and the KMO value ranges from 0 to 1.

According to Corrar et al. (2007), KMO values below 0.5 indicate
that the matrix should be discarded, between 0.5 and 0.7 are reasonable,
between 0.7 and 0.9 are good, and above 0.9 are considered large. After
the previous data evaluation by the KMO test, the PCA was applied. To
identify the ideal number of PCs, we used the Kaiser method, which
selects eigenvalues higher than 1 (A > 1) (Kaiser 1960; Hongyu et al.,
2016). Besides the correlation coefficient extracted from each PC, the
degree of influence of each PC from its respective factor load (Scores)
was also verified.

The PCA was applied to groups of variables: (a) meteorological:
Rainfall (R, mm), and Land Surface Temperature during the day (LST-D,
°C); (b) vegetation proxies: Normalized Difference Vegetation Index
(NDVI), Enhanced Vegetation Index and Soil Adjusted Vegetation Index
(SAVI), and Gross Primary Production (GPP, gC.m’Z. day’l); (c)
geographical and demographic variables: latitude (°), longitude (°),
altitude (m), area of municipality (km?), population density (hab.km~2),
municipal human development index (HDI-M).

The NDVI, EVI, SAVL, LST-D, and GPP data were obtained from the
MODIS orbital sensor of the TERRA satellite (Rouse et al., 1974;
Boschetti et al., 2008). LST-D data was obtained from the MYD11C3
product (Wan et al., 2015) and converted to from K to °C; NDVI and EVI
were obtained from the MYD13C2 product (Didan 2015). GPP was ob-
tained from the product MYD17A2 (Running and Zhao 2015), the
formulation for obtaining this product is detailed in Souza et al. (2014)
The SAVI is obtained by the following expression (Alhammadi and
Glenn 2008):

NIR — R

SAV = ————
NIR+R+L

*(14L) 14

NIR is the near-infrared channel band, R is the red channel band,
both obtained from the product MYD13C2. L is the soil reflectance
correction factor, for which the value of 0.5 was used. The products have
been resized to a spatial resolution grid of 0.05° x 0.05°, and temporal
resolution on a monthly scale.

The geographical (coordinates and altitude) and demographic
(population density, area of the municipality, and HDI-M) data corre-
spond to the information from each of the 853 municipalities obtained
by the 2010 census (IBGE, 2017). In order to carry out the PCA, 2010
was taken as the base year for all variables.

2.7. Burned Area

Fire detection was performed using a contextual algorithm (Giglio
et al., 2003) that exploits the high emission of mid-infrared radiation
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from fires (Dozier, 1981; Matson and Dozier, 1981). The algorithm ex-
amines each pixel of the MODIS swath and ultimately categorizes each
pixel into the following classes: missing data, cloud, water, non-fire, fire,
or unknown.

The Terra and Aqua combined MCD64A1 Version 6 Burned Area data
product is a monthly, global gridded 500-m product containing per-pixel
burned-area and quality information. The MCD64A1 burned-area
mapping approach employs 500-m MODIS Surface Reflectance imag-
ery coupled with 1-km MODIS active fire observations.

The hybrid algorithm applies dynamic thresholds to composite im-
ages generated from a burn-sensitive index that is derived from short-
wave MODIS infrared channels 5 and 7, and a measure of temporal
texture (i.e. ps-py/ps+p7). The date was then encoded in a single layer of
output data in terms of Julian days on which burning occurred (interval
1-366); 0 was assigned to “no burn” pixels and additional special values
were assigned to missing data and water grid cells. We sought to
calculate the burned areas for the Amazon basin (1-365 Julian days).
The burned area data will be calculated only for the years identified by
the Pettitt test (Fig. 6 and Table 1) from the rainfall anomalies via
CHIRPS product.

All statistical, geotechnology, and free software tools (R Develop-
ment Core Team., 2011), together with the available data (fire foci,
CHIRPS, and MODIS products) are in the flowchart summarizing the
methodology used in the study (Fig. 2).

3. Results and discussion
3.1. Statistical tests and statistical inference

Analysis of the SW and B tests (Table 1) applied to the time series of
fire foci in the state of MG showed that the tests were significant for
normality and homogeneity of variance at 5% probability level. There-
fore, we reject hypothesis Hy that the fire foci time series has a normal
and homogeneous distribution. It is noteworthy that there was a sig-
nificant growth trend (z > a) in the fire foci recorded in the state of MG,
according to the MK test for p-value <0.05 probability, followed by the
magnitude of (Se,) of 0.69. The magnitude-increasing effect of fire foci
differs from that found in probability, and this is one of the flaws in
decision-making models. This growing trend in the number of fire foci in
the state may be related to the recurrent drought periods and the
severity of droughts in recent years in various regions of the state
(Minuzzi et al., 2007; Reboita et al. 2010, 2015bib_Reboita_e-
t_al_2010bib_Reboita_et_al 2015), similar result based on MK test was
obtained for the biomes (Pantanal, Cerrado, and Mata Atlantica) existing
in the state of Mato Grosso do Sul (MS), where there was a positive in-
crease trend of fire foci associated with periods of drought and extensive
agriculture (Oliveira-Janior et al., 2020). Moreover, the change in
orbital sensors along with the time series (Catila et al., 2015) and the
significant increase in BDQueimadas environmental satellite network
from the 2010s may help regarding new findings (Catila et al., 2016).

3.2. Descriptive and exploratory statistics

According to the exploratory and descriptive statistics (Table 2), it is
verified that during the study period, there were a total of 602,226 fire
foci throughout the state of MG. Descriptive statistics indicated that the
mean and standard deviation was 33,457.00 & 5,723.67 fire foci, fol-
lowed by the median of 28,187 fire foci, and the mode of 4,799 fire foci

Table 1
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in the state of MG. The maximum and minimum values were identified
in the mesoregions of Northern Minas (24.958 fire foci year‘l), Jequi-
tinhonha (18,174 fire foci year’l), and Campos dos Vertentes (36 fire
foci. year 1), respectively. The highest standard deviation was observed
in the North of Minas, with 7.078,51 fire foci year‘l. The North,
Jequitinhonha, and Triangulo Mineiro mesoregions stand out in the
total accumulated and in the percentage, which together corresponds to
57.96% fire foci in the state of MG (see Table 3).

Regarding the coefficient of variation (CV%), the highest values
occurred in the mesoregions of Belo Horizonte (109.75%), Vale do
Mucuri (126.77%), and Vale do Rio Doce (118.14%), all located in the
southeast of the state and characterized by high population density, and
high industrial and agricultural activity (IBGE, 2017). All mesoregions
of the state had a positive AS coefficient; regarding the kurtosis coeffi-
cient, all were categorized as Platykurtic, except the Vale do Mucuri
mesoregion (Leptokurtic). Conversely, Gois et al. (2020) found for the
state of Rio de Janeiro (SRJ) a predominance of Leptokurtic distribu-
tions (K > 3, sharpest curve) greater than platykurtic distributions (K <
3, a more flattened curve).

It is observed that the mean value was higher than the median due to
the presence of outliers in the data, followed by the high discrepancy
between minimum and maximum verified by the high value of the
standard deviation. The outliers identified in the fire foci time series are
possibly justified by the change in orbital sensors over time. For
example, the sensor used previously was AVHRR, then the MODIS sensor
was adopted, and now VIIRS is used, followed by the entry of new
reference satellites adopted by BDQueimadas. In addition to these fac-
tors, the interannual and intraseasonal variability of meteorological
systems acting on the Southeast (Reboita et al., 2010; Catla et al., 2015;
Clemente et al., 2017; Mendes et al., 2019) interfere with rainfall, wind,
atmospheric stability, temperature and air humidity patterns, which are
the variables responsible for the dynamics of forest fires and burning
(Batista, 2003; Van Der Werf et al., 2008).

Based on the histogram of normalized fire foci (Fig. 3), it can be seen
that the tail of the normal distribution curve for the MG state is longer on
the right, indicating that the fire foci time series is asymmetric positive
(Meira-Neto et al., 2005) and does not have a normal distribution.
Regarding the Jequitinhonha and Triangulo Mineiro mesoregions, the
fire foci time series of each mesoregion are close to normal distributions.
The exception occurred in the Northern Minas mesoregion, which
despite having similar characteristics to the state of MG, it is worth
mentioning the density equal to 1.

The absolute frequency distribution of fire foci in MG (Fig. 4) showed
an inverted “J" format similar to the diameter distribution (Meira-Neto
etal., 2005). Fig. 4 shows the diameter distribution of the fire foci raised
in the study and clustered into classes with 1,000 fire foci intervals. The
inverted “J" shape presents a pattern where it is observed that the higher
the frequency, the smaller the trend of many fire foci; however, it is
observed that in the higher frequencies, a larger number of fire foci are
also verified. In the class from 9,000 to 10,000 fire foci, the curve has a
discontinuity, probably due to greater intervention in the area. It is also
noteworthy that this type of size structure when referring to Land Use
Change, it is often interpreted as an indicator of population stability or
increase, or capacity for self-regeneration and reproduction under the
canopy, while bell-shaped structures indicate species that do not often
reproduce under the canopy and require clearing for regeneration to
occur (Meira and Cabacinha, 2016).

Specifically, there is a higher frequency of fire foci in the first

Results of the Shapiro-Wilks, Bartlett, Mann-Kendall, and Pettitt tests applied to the fire foci time series in the state of Minas Gerais, from 1998 to 2015.

Shapiro-Wilks Bartlett Mann-Kendall Pettitt
w p-value e p-value z Sen p-value Kcritical p-value
0.5196 2.20 x 10716 620.61 2.20 x 10716 0.686 0.69 8.17 x 107° 55.4 0.0336
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Fig. 2. Flowchart of the methodology applied in the study.

Table 2
Descriptive statistics (mean, median, mode, minimum, maximum, amplitude, upper and lower limits) applied to fire foci for the twelve mesoregions of the state of
Minas Gerais, from 1998 to 2015.

Mesorregions Total Total Percentage Mean Median Mode Minimum  Maximum  Amplitude  Upper Limit  Lower
Accumulated (%) Limit
North 181270%*** 30.10%*** 10070.56  9836.50 1385.00 1148 24958 23810 —11347.50 29832.50
Jequitinhonha 85817 14.25% %% 4767.61 3736.50 559.00 396 18174 17778 —4390.38 12510.63
Zona da Mata 15637 2.60 868.72 568.50 104.00 104 3511 3407 —942.63 2526.38
Vale do Rio doce 43880 7.29 2437.78 1417.00 728.00 395 11246 10851 -1632.75 5265.25
Vale do Mucuri 19231 3.19 1068.39 694.00 260.00 81 5574 5493 —464.00 1850.00
Triangulo Mineiro 81939%*** 13.61%*** 4552.17 3995.50 508.00 508 9894 9386 —2309.75 11426.25
South-Southwest 24017 3.99 1334.28 942.50 150.00 150 3797 3647 —1485.88 3909.13
West 17207 2.86 955.94 837.50 147.00 147 2519 2372 —1387.13 3157.88
Northwest 65229 10.83 3623.83 3466.50 557.00 557 8773 8216 —4755.13 11507.88
Belo Horizonte 35694 5.93 1983.00 1124.50 172.00 168 7978 7810 —2221.25 5532.75
Central 24703 4.10 1372.39 1201.50 193.00 137 2719 2582 —1717.88 4619.13
Campos das 7602 1.26 422.33 366.50 36.00 36 1290 1254 —435.38 1195.63
Vertentes
TOTAL 602226 100 33457.00 28187.00  4799.00
Table 3

Descriptive statistics (Sample variation, asymmetry, kurtosis coefficients, sample standard deviation, standard error, quartile, and Interquantilic amplitude) applied to

fire foci for the twelve mesoregions of the state of Minas Gerais, from 1998 to 2015.

Coefficients Sample Standard Deviation  Standard Error ~ Quartile Interquantilic Amplitude
Mesorregions . A _

Sample variation Assimetry Kurtosis (K) Lower Upper

(%)
North 70.29 0.43 + —0.89  Platykurtic 7078.51 1668.42 4095.00  14390.00  10295.00
Jequitinhonha 90.96 1.52 + 244 Platykurtic 4336.61 1022.15 1947.50  6172.75 4225.25
Zona da Mata 95.97 1.72 + 286 Platykurtic 833.74 196.51 358.25 1225.50 867.25
Vale do Rio doce 11814 1.97 + 288 Platykurtic 2880.00 678.82 954.00 2678.50 1724.50
Vale do Mucuri 126.77 217 + 419 Leptokurtic 1354.42 319.24 403.75 982.25 578.50
Triangulo Mineiro 65.12 0.39 + —1.04 Platykurtic 2964.28 698.69 2841.25  6275.25 3434.00
South-Southwest 78.81 0.86 + —0.46  Platykurtic 1051.49 247.84 537.25 1886.00 1348.75
West 76.82 0.65 + —0.83  Platykurtic 734.31 173.08 317.25 1453.50 1136.25
Northwest 67.17 0.35 + -1.07 Platykurtic 2433.99 573.70 1343.50  5409.25 4065.75
Belo Horizonte 109.75 1.56 + 1.42 Platykurtic 2176.27 512.95 686.50 2625.00 1938.50
Central 65.53 0.20 + —1.54  Platykurtic 899.35 211.98 658.50 2242.75 1584.25
Campos das Vertentes ~ 73.28 1.03 + 094 Platykurtic 309.50 72.95 176.25 584.00 407.75
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Fig. 3. Density histogram versus standard residue of normalized fire foci in the state of Minas Gerais, North of Minas Gerais, Jequitinhonha Valley and Triangulo

Mineiro from 1998 to 2015.

confidence interval, from 0 to 25,000 fire foci in MG during the study
period. It is noteworthy that such concentration in this confidence in-
terval is also associated with the evolution of orbital sensors, the
implemented algorithms, the current number of environmental satellites
and, finally, the types of satellites in BDQueimadas the network (geo-
stationary and heliosynchronous) — (Antunes, 2000; Catila et al., 2015;
Clemente et al., 2017). In the Jequitinhonha mesoregion, most fire foci
are concentrated from 0 to 10,000, with the exception of the 20,000 fire
foci class, opposite situation to the North Minas mesoregion, which
presents fire foci variability across all classes. The Triangulo Mineiro
mesoregion presented the lowest occurrence among all mesoregions and
in relation to the state of MG.

Fig. 5 shows a variability pattern of fire foci in the state of MG, where
the most substantial records occurred from August to October. Our
findings corroborate the results found by Caila et al. (2015) when it
assessed fire foci for Brazil, which may be related to the transition be-
tween dry and rainy periods (Coutinho, 1990). Thus, the vegetation is
more vulnerable to fire action due to the low humidity and the absence
of rain in these months (Van Der Werf et al., 2008).

3.3. Pettit test and Kernel density

Trend detection in time series is crucial for good practices and nat-
ural resource management and can be done through non-parametric
statistical tests such as the Pettit test (Table 1), which pointed to an
abrupt change in fire foci time series in the year 2001 and 2002 (Fig. 6),
motivated by the abrupt growth of fires. Previously, Moreno et al.
(2014) used the Pettitt test and confirmed significant changes in the

number of fires and burned areas during the vegetative and
non-vegetative periods in all regions of Spain in 1970, followed by the
Northern and Interior regions in 1980 and the Mediterranean in 1990.
Lima et al. (2020) based on Pettitt’s test also showed a significant in-
crease (p < 0.05) in fire foci for most Indigenous Lands in the state of
Mato Grosso, starting in 2009. It is noteworthy that this year is part of
the 2001/2002 cycle (El Nino and La Nina moderate), which contributes
to the annual increase of fire foci, and the same condition was previously
identified by Clemente et al. (2017) and Freitas et al. (2020) in the SRJ.
Previously, Carmona-Moreno et al. (2005) identified the global scale
influence of ENSO on fire activity over a 17-year period. Recently, Lima
et al. (2020) identified a significant increase in fire foci in Indigenous
Lands in the state of MG in 2009, categorized as El Nino moderate. This
year there was below the average rainfall, followed by prolonged
droughts and positive air temperature anomalies from January to
August (Climanalise, 2020).

It cannot be ruled out that the increased occurrences are possibly
related to the change of the reference satellite (NOAA-12). Besides, the
change of the AQUA (moving at 4:00 am and 5:00 pm Greenwich Mean
Time - GMT) and EARTH (moving at 3:00 am and 2:00 pm) - (INPE,
2017) satellites may also have contributed to the increased records.
Added to the improvement of satellites/orbital sensors, there is the in-
fluence of rainfall deficit in much of the Southeast Region (CPTEC,
2017).

According to the Kernel Density Map (Figs. 7 and 8), it is found that
the low category ranged from 0 to 16 fire foci, followed by the medium
category with 17-48 fire foci, and finally the high category with 48-64
fire foci per unit of area. There is an occurrence of the high category in
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Fig. 5. Monthly boxplot of fire foci in the state of Minas Gerais in the
period 1998-2015.

the Northern Minas and Jequitinhonha mesoregions, due to the mainly
agricultural areas with extensive plateaus, annual temperatures pre-
dominantly high and frequently observed water scarcity (Bastos and
Gomes, 2010). The South/Southwest, Zona da Mata and Vale do Rio
Doce mesoregions had a low record of fire foci, since they are predom-
inantly agricultural regions with high altitudes, followed by
well-distributed rainfall during the year. When compared to the first two
mesoregions aforementioned, the Vale do Rio Doce has an irregular
rainfall distribution and warm climate (Bastos and Gomes, 2010). The
South/Southwest and Zona da Mata mesoregions, in addition to main-
taining a low spot record, these fire foci remained close to the medium
spot class.

Regarding foci density, the mesoregions of the state of MG that stood

Test Statistics.

Pen

I99R 1999 2000 200) 2007 ION5 G004 2005 2006 2007 2008 2009 R0I0 I N2 N M4 IS

Fig. 6. Pettit test applied to the time series of fire foci of the state of Minas
Gerais from 1998 to 2015.

out were Triangulo Mineiro, Jequitinhonha, Norte de Minas, and Nor-
deste de Minas in the 2001/2002 cycle. The exception was South of
Minas/Southwest of Minas only in 2002 (Table 4). It is important to
highlight the significant annual increase of the North of Minas of 280%
(20,677 foci krn’z). During the 2001/2002 cycle, in the Southeast re-
gion there was a significant decrease in rainfall producing meteorolog-
ical systems (South Atlantic Convergence Zone - SACZ and Frontier
Systems - FS) and an increase in rain inhibiting meteorological systems
(Atmospheric Block - BA and Upper Tropospheric Cyclonic Vortex -
UTCV) - (Climanalise, 2020), which in turn change the temperature
distribution and wind regime (Reboita et al., 2010; Mendes et al., 2019)
and thus contributed to a significant increase in fire foci.

Fig. 9 shows the quarterly Burned Area for 2001 and 2002 in the state
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Fig. 7. Density map of annual fire foci for the mesoregions of Minas Gerais in 2001 (a) and 2002 (b).

of MG, where the years used were obtained from the sudden change in
the time series of fire foci via Pettitt test (Fig. 6). In 2001, the main
regions were North and Northwest MG, Triangulo Mineiro, Jequi-
tinhonha, and South/Southwest of MG. In 2002, there was a significant
increase in the Burned Area throughout the state of MG, especially in the
North and Northwest mesoregions of MG and South/Southwest, high-
lighting the West mesoregion of MG. In all quarters, there was Burned
Area in the state of MG, but the third quarter with 2,914.772 km? (2001)
and 3,527.378 km? (2002) — increased 17% and fourth quarter with
373.598 km? (2001) and 3,039.226 km? (2002) - increased by 88%.
Similar results were obtained by Carmona-Moreno et al. (2005) in the
evaluation of burned areas on a global scale based on the quarterly
evaluation and seasonal fire probability maps, the third and fourth
quarters being highlighted for South America. The increases are also
justified by the variability of rain producing and inhibiting meteoro-
logical systems in the Southeast region (Reboita et al., 2010; Catla et al.,
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2015) and also for the changes in land use and land occupation via
NDVL

According to the average variability of NDVI for the state of MG
(Fig. 10a), abundant vegetation (Table 5) is found in the central-eastern
region of the state. This aspect of the vegetation is favored by the
orography. Furthermore, there was a predominance of sparse vegetation
in the Norte and Noroeste de Minas, Triangulo Mineiro, and Central
Mineira. This pattern is due to land use and occupation, in this case by
agricultural activities, such as sugarcane crops, mainly in the Triangulo
Mineiro (Dias et al., 2018; Dias 2019).

The year 2001 (Fig. 10b), identified by the Pettit test (Fig. 6) and the
Kernel density mapping (Figs. 7a, 8a and 8b), a positive NDVI anomaly
(negative) was identified in the western (eastern) portion of the Trian-
gulo Mineiro mesoregion. The Oeste de Minas mesoregion presented a
negative NDVI anomaly (decrease in vegetative quality) associated with
sugarcane crop, which in turn can trigger several fires and increased fire
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Fig. 8. Density map of monthly fire foci for the mesoregions of Minas Gerais in winter/2001 (A), spring/2001 (B), winter/2002 (C), and spring/2002 (D),

respectively.

foci, as verified by the burned area in Fig. 9a, and verified by the results
of Dias (2019). In 2002 (Fig. 10c), the anomalous pattern of NDVI was
similar to 2001. However, in the 2001/2002 cycle, there was an
occurrence of the ENSO phases, causing a change in the rainfall regime
and an increase in the burned area (Fig. 9b).

Complementary to the fire foci mapping via Kernel density, the
annual rainfall accumulated in 1998-2015 were evaluated (Fig. 11),
where the high-density areas of fire foci are associated with negative
anomalies, mainly in the Triangulo Mineiro mesoregions. Northwest and
North of Minas (eastern sector), with a deficit between 75.0 and 225.0
mm. year™'. The highest occurrence of fire foci in the Triangulo Mineiro
is due to the sugarcane harvesting period, which occurs between April
and November (Guimaraes et al., 2010; Dos Reis and Brito, 2011). In
spring and winter, we found that the mesoregions in the north of Minas

11

Gerais (North and Northwest) had negative precipitation anomalies due
to low rainfall and its irregular pattern (Reboita et al., 2015), with a
deficit between —37.5 mm. year ! and 150.0 mm. year !, which
favored the increased fire foci records.

Regarding the relational pattern, there was a high magnitude posi-
tive linear correlation between the evaluated vegetation indices. These
indices correlated negatively in high magnitude with LST and in low
magnitude with fire foci. Highlight for positive correlation, but of low
magnitude between LST and fire foci, followed by rainfall that corre-
lated negatively and in low magnitude with LST and fire foci (Fig. 12).
This technique was used by Oliveira-Junior et al. (2020) to explain the
relational pattern between rainfall and fire foci in State of Mato Grosso
do Sul. Likewise, the authors observed a low magnitude negative cor-
relation between these variables. These findings indicate that the
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Fig. 8. (continued).

Density of fire foci (foci. km~2) in the mesoregions of the state of Minas Gerais

for the years 2001 and 2002.

Mesorregions

2001 (foci. km~?)

2002 (foci. km~?)

Triangulo Mineiro

Noroeste de Minas

Norte de Minas

Jequitinhonha

Vale do Mucuri

Central Mineira

Metropolitana de Belo Horizonte
Vale do Rio Doce

Oeste de Minas

Campo das Vertentes

Sul de Minas/Sudoeste de Minas
Zona da Mata

3,857
3,545
5,435
1,347
0,415
1,420
1,142
1,205
0,992
0,392
1,632
1,137

9,817
8,515
20,677
7,685
2,072
3,930
3,805
3,897
3,055
1,537
5,305
2,477
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occurrence of fire foci is not mainly influenced by rainfall, LST, in
addition to the vegetation indices assessed (SAVI, NDVI, and EVI).
Oliveira-Janior et al. (2020) relates fire foci obtained from
BDQueimadas in Mato Grosso do Sul (MS) state for discussed the rela-
tionship between the fire foci and the phases of El Nino-South Oscilla-
tion (ENSO). However, there are marked differences between the studies
and these are listed below: i) monthly rainfall data from 32 rainfall
stations in the State of Mato Grosso do Sul were obtained from the
Hidroweb - ANA platform and received statistical treatment of gap
filling and data homogeneity (see Teodoro et al., 2015), unlike this study
which uses the rainfall product CHIRPS already consolidated in the
literature for evaluating rainfall anomalies; ii) we did not evaluate
rainfall anomalies and only identified relational patterns between the
three biomes (Mata Atlantica, Cerrado and Pantanal) existing in the
state of Mato Grosso do Sul, the observed rainfall and the fire foci. This
situation is the opposite of ours, where we do not evaluate the dynamics
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Fig. 9. Burned Area (km?) obtained from the product MCD64A1.006 for the
years 2001 (A) and 2002 (B) according to the Pettitt test.

of fire foci in the existing biomes of the state of Minas Gerais; iii)
regarding multivariate analysis, the PCA was applied to the geographic,
demographic and environmental data set and its interaction with fire
foci, unlike the previous study which used another statistics; iv) another
fact is that both states have totally different physiographic, climato-
logical and environmental characteristics. For example, the MS state is
in the Midwest region, where the meteorological systems are Upper
Bolivia, Lower Chaco and Low-Level Jets, unlike the state of MG, where
the meteorological systems are the Frontal Systems, South Atlantic
Convergence Zone (SACZ), and Atmospheric Blocking (AB). Regarding
the physiographic aspects, the state of MS has Cerrado, Atlantic Forest,
and the Pantanal, the largest floodplain in the world. On the other hand,
Minas Gerais has Cerrado, Atlantic Forest, and the Caatinga, the only
essentially Brazilian biome, and also the mountain chains: Serras do Mar
and Mantiqueira.

The result obtained from the KMO test regarding the quality of the
data matrix was 0.75, categorized as good (Corrar et al., 2007). The
lowest (highest) KMO value was verified by altitude (NDVI) with a value
of 0.60 (0.95). After the KMO test, the optimal number of PCs to be
selected from the Kaiser test was evaluated (A > 1) (Kaiser 1960; Hongyu
et al., 2016). The test indicated that three PCs, with a total of 71.49% of
the explained variance. The assessment of the variability of geograph-
ical, demographic, meteorological variables, and vegetation proxies
based on the year 2010 are found in Figs. 13 and 14 and in Table 6 and
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Table S1.

Fig. 13 illustrates the variability of Loadings from the three selected
PCs, with a distinct pattern between them. The 1st PC resulted in 36.22%
of the variance explained, with coefficients r between —0.71 (LST-D)
and 0.93 (SAVI) (Table 6). The 1st PC showed that the highest positive
(negative) values occurred in the variables: altitude, GPP, longitude,
NDVI, Rainfall, and SAVI (Fire Foci, HDI-M, Latitude, LST-D and Pop-
ulation Density).

According to the spatial pattern of contribution of Loadings
(Fig. 14a), negative (positive) values occurred in the North, West, and
Center (South and East) regions of the state of MG. The mesoregions
presenting negative contributions were Central Mineira, North of Minas,
Northwest of Minas, West of Minas, Triangulo Mineiro and in the
western part of the metropolitan mesoregion of Belo Horizonte (Fig. 1).
There was a highlight for the latter, with the largest negative contri-
bution (9.39). The positive contributions occurred in the extreme east
and south of Minas Gerais, in the mesoregions of Campo das Vertentes,
Jequitinhonha, South/Southwest Minas, Mucuri Valley, Rio Doce Val-
ley, Zona da Mata and in the western part of the metropolitan meso-
region of Belo Horizonte. Highlight goes to the mesoregion of the Zona
da Mata, which recorded the highest positive contribution (4.74), in the
municipality of Alto Caparaé (ID 22).

It is important to highlight some associations related to this PC, such
as the relevance of the variables extracted from vegetation indices
(NDVI, SAVI, and GPP), which present a high positive correlation with
fire foci. This is due to the characteristics of each biome belonging to the
mesoregions. Regions with positive contributions are inserted in
remaining areas of the Atlantic Forest that extends to the south and east
of the State (Gongalves et al., 2010). While negative contributions
occurred in the Caatinga (in the north of the state), Campos Rupestres
and Cerrado biomes in the central and western regions (Goncalves et al.,
2010).

According to Sano et al. (2008), 57% of the state of MG corresponds
to the Cerrado Biome. However, 46% of the area is anthropic, located in
the mesoregions of North Minas, Northwest Minas and Triangulo
Mineiro. Part of these mesoregions were even transformed into pasture
areas for agricultural cultivation, to which this characteristic influenced
the value of the Loadings. Another highlight should be made to the
variables LST-D and Fire Foci, both with negative correlations, the
interaction in this contribution pattern corroborates the results found by
Garcia et al. (2018) and Barros Santiago et al. (2019). In the case of
LST-D, Garcia et al. (2018) found maximum temperature patterns with
values between 25 and 35 °C in the North of Minas, Northwest of Minas,
and Triangulo Mineiro. These high temperatures associated with un-
dergrowth or degraded vegetation increase the plant stress, which favors
the occurrence of fire foci, as verified by Bastos and Gomes (2010), Reis
and Brito (2011), and Barros Santiago et al. (2019). Another interesting
fact was the HDI-M variable in this PC, the lowest HDI-M values
occurred in the North and Northwest mesoregions of Minas Gerais
despite the rich plant biodiversity in the region (de Oliveira et al., 2015).
As for the degree of contribution, the SAVI contributed 21.55% of the
total variance relative to this PC, highlighting Belo Horizonte with
2.59% of the total variance.

The second PC resulted in 25.44% of the total variance explained,
with a variation between —0.83 (Rainfall) and 0.89 (latitude). There is a
change in the correlation pattern of the variables in this PC, among the
negative ones are altitude, Rainfall, and HDI-M, while the positive ones
would be latitude, longitude, and LST-D. The pattern of the second PC
(Fig. 14b) showed significant change when compared with the first PC.
The negative Loadings values occurred in the mesoregions located in the
South of Minas Gerais: Triangulo Mineiro, South/Southwest of Minas
and Southeast, Campo das Vertentes, Zona da Mata, and the southern
part of the metropolitan mesoregion of Belo Horizonte, we again high-
lighted Belo Horizonte (ID 66) with the value of 4.24. While the positive
values are found in the northern part of the mesoregions of North Minas,
Northwest Minas, Jequitinhonha, Vale do Mucuri, Vale do Rio Doce, and
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Fig. 10. NDVI médio (1998-2015) (a), NDVI anomaly - 2001 (b) and NDVI anomaly - 2002 (c).

Table 5
Categories and mean NDVI values between 1998 and 2015.

NDVI values NDVI categories

—1.00 - 0.00 Water Bodies/Clouds
0.00-0.27 Baren Land/Built up/Rock
0.28-0.54 Sparse Vegetation
0.55-0.81 Abundant vegetation
0.81-1.00 Dense Vegetation

the northern part of the metropolitan mesoregion of Belo Horizonte. The
highlight goes to the municipality of Jaguaract (ID 396) with a value of
4.60.

Regarding this PC, there was a change in the Loadings contribution
sign, from negative to positive, when it moves in the northeast direction
of Minas Gerais (North by Latitude and East by Longitude). Furthermore,
such a pattern showed a possible association of the rainfall regime (due
to the negative contributions of Altitude, Rainfall, and HDI-M) with
orographic influence. This finding was similar to the results obtained by
Souza et al. (2011), who by evaluating only the space-time rain pattern
in the state of MG based on PCA and Cluster Analysis (CA), they detected
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the 1st PC exhibiting positive Loadings (negative) in the extreme south
and east (central and northern region) of MG. However, despite the
opposite sign, such changes are related to the number of variables used
in this study, a total of 11, i.e., there will be influence of other variables
in the outcome The mesoregions located in the South (Triangulo
Mineiro, South/Southwest of Minas and Southeast, Campo das Ver-
tentes, Zona da Mata) are located in areas above 650 m and are also
influenced by FS and SACZ (Reboita et al., 2010). Meanwhile, the
mesoregions of the northern part of the State (North of Minas and
Northwest of Minas) are located in plains and slopes (between 300 and
600 m), and besides they have problems of regular rainfall, with values
below 1,000 mm year’1 (Souza et al., 2015). Given the low rainfall in
the region, it conditions the period of drought and thus increases the
socioeconomic problems, possibly detected by the HDI-M (de Oliveira
et al, 2015). Regarding the degree of contribution, the latitude
contributed 28.35% of the total variance to this PC, while Belo Hori-
zonte is again the most representative, with 0.75% of the total variance
to this PC.

The third PC resulted in 9.82% of the total variance explained and
the correlation coefficient ranged from —0.36 (Fire Foci) to 0.86
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Fig. 11. Precipitation accumulated via CHIRPS product (in mm) for the mesoregions of the state of Minas Gerais: Anomaly in 2002 (a), Anomaly in 2002/winter (c)

and Anomaly in 2002/spring (c).

(Populational Density). We verified that the correlation values were
relatively low compared to previous PCs. Furthermore, the spatial
variability of the Loadings’ contribution (Fig. 14c) is different from the
previous ones, where part of the Loadings ranged from —1 to 1. The
significant contributions were the population density, especially in the
metropolitan region of Belo Horizonte, which were positive, especially
Belo Horizonte (ID 66), with a value of 20.40, while the municipality of
Santos Dumont (ID 755) presented the highest negative contribution,
with the value 3.19. Regarding the percentage of contribution, the
variable Population Density represents 68.44% of the total variance of
this PC, and again the municipality of Belo Horizonte is the most
representative with 45.15% of the total variance explained.

4. Conclusions

The methodology developed in this study can be applied to the
monitoring of forest fires in other states of Brazil and South American
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countries that are part of the BDQueimadas network, especially those
with similar characteristics to the state of Minas Gerais. We highlight the
use of several statistical tools, geotechnology, and remote sensing
products in the construction of a theoretical-conceptual model applied
in the environmental management of fire risk and fire foci dynamics
based on free software (R and QGIS) and available data (fire foci,
CHIRPS, and MODIS products) in an online format.

Based on statistical tests, the time series of fire foci in the state of
Minas Gerais do not show normality and homogeneity of variances at
5% probability, which indicates that the time series does not follow a
normal distribution. The descriptive and exploratory statistics used in
the study point to August to October, with the highest occurrences of fire
foci, months that deserve attention from environmental management.
The Norte de Minas, Jequitinhonha, and Triangulo Mineiro regions
stand out in the state regarding the dynamics of fire foci, mainly due to
the accumulated totals, which together correspond to 58% of the fire
foci in Minas Gerais.
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The Mann-Kendall test shows a significant trend in the increase of
fire foci in the state, which shows that public policies to control forest
fires and burnings deserve priority and urgency in the state. No less
important is the mitigation of the consequences of fires, which require
effective public policies to contain national deforestation, so that there is
no dissociation between deforestation and fire foci. This occurs because
burning is used as a practice for the initial cleaning and, when not
controlled, it to give rise to fires. Burning also is used after deforestation
to facilitate the entry of machines for use in extensive agriculture.

Pettitt’s test indicates an abrupt change in the time series of fire foci
from the 2001,/2002 cycle (El Nino and La Nina moderated), which
contributes to the annual increase and in winter and spring, which is

125
100
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Fig. 14. Spatial distribution of PC Loadings in the state of Minas Gerais by
Kaiser method,(a) 1°PC, (b) 2*PC, and (c) 3*PC.

identified by Kernel density maps. The mapping of the fire foci indicates
that the Norte and Jequitinhonha stand out from the other mesoregions
regarding the density of the foci per area unit. The areas burned in the
state of Minas Gerais via MODIS (MCD64A1) highlighted the Norte and
Noroeste, Triangulo Mineiro, Jequitinhonha, and Sul/Sudoeste of MG.
In 2001/2002 cycle, When used as base years for assessing CHIRPS
product, the anomalies of winter and spring rainfall deserve attention
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Table 6

Correlation Analysis (%) and Percentage Contribution (%) of each variable used
in the principal component analysis extracted from the first three principal
components (PC).

Correlation (%) Contributions for PC (%)

Variables PC1 PC2 PC3 PC1 PC2 PC3
Latitude —0.20 0.89 —0.02 0.97 28.35 0.03
Longitude 0.60 0.48 0.35 8.92 8.09 11.25
Altitude 0.06 —0.59 -0.23 0.08 12.63 4.81
Fire Foci —0.57 0.22 —0.36 8.15 1.70 11.87
Population Density -0.17 —0.15 0.86 0.76 0.78 68.44
HDI-M —0.54 —0.64 0.06 7.30 14.43 0.32
SAVI 0.93 —0.01 -0.13 21.55 0.01 1.47
NDVI 0.87 —0.03 —0.08 19.20 0.04 0.57
Rainfall 0.04 —0.83 0.00 0.03 24.90 0.00
LST-D -0.71 0.49 —0.07 12.51 8.64 0.43
GPP 0.90 0.11 —0.09 20.52 0.43 0.81

from public managers, as there is a significant increase in fire foci due to
the decrease in rainfall in Southeastern Brazil and the occurrence of dry
air mass together with the variability of the meteorological systems
contributing to prolonged droughts.

The PCA based on the three principal components results in 71.49%
of the variation explained. Clearly, all PCs show a distinct pattern be-
tween them, especially on the spatial scale. Individually, the 1st PC is
driven by variability in vegetation (GPP, NDVI, and SAVI) and temper-
ature (LST-D). The 2 nd PC is influenced by rainfall associated with
orography (altitude) in the northeastern direction of the state of MG,
with direct influence on the HDI-M. The 3rd PC represents the popula-
tion density pattern. The variables dependent on the three PCs are SAVI,
Latitude, and Population Density. However, the SAVI is the most
representative variable, with 11.12% of the total percentage, followed
by Belo Horizonte as the most representative municipality in MG. The
relational pattern between the environmental variable and vegetation
indices shows that the Triangulo Mineiro mesoregion is related to the
explanatory variable PRC, followed by Jequitinhonha with TMAX and
Norte de Minas with NDVI and SAVI.

The limitations of our study were that the performance of environ-
mental satellites was not evaluated, followed by the identification of the
main meteorological systems contributing to the increased fire foci on
the monthly scale in the state of Minas Gerais. As a suggestion for future
studies, the influence of fire foci on existing biomes (Cerrado, Mata
Atlantica and Caatinga) in the state of Minas Gerais and their relation-
ship with ENSO phases, as well as the relational patterns between
meteorological systems and fire risk over 20 years should be evaluated.
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