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ABSTRACT

Considering that the formulation of fire danger index helps in the planning of prevention and combat 
activities, revealing, in advance, the probability of occurrence and spread of forest fires. This work 
aimed to adjust and to validate the Fórmula de Monte Alegre for areas of eucalypt cultivation in the 
state of São Paulo. Data on relative humidity, rainfall and records of forest fires from 10/11/2003 to 
4/29/2016 were used. For the analysis, the data set was divided into two parts, with the observations 
between years 2003 and 2013 (75%) being used to adjust FMA, while the data referring to the years 2014 
to 2016 (25%) were used to validate the new classification generated according to the establishment 
of the new threshold values of distinction among the fire danger classes. The results showed that the 
establishment of new thresholds for the definition of the danger classes provided improvements in the 
efficiency of the Fórmula de Monte Alegre in predicting the occurrence of fires in the study region.
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RESUMO

Considerando que a formulação de índices de perigo de incêndios auxilia no planejamento das 
atividades de prevenção e combate, refletindo de forma antecipada a probabilidade de ocorrência e de 
propagação dos incêndios florestais, o presente trabalho teve por objetivo realizar o ajuste e validação 
da Fórmula de Monte Alegre para áreas de cultivo de eucalipto no Estado de São Paulo. Foram utilizados 
dados de umidade relativa do ar, precipitação pluviométrica e registros de ocorrência de incêndios 
florestais no período de 11/10/2003 a 29/04/2016. Para a análise, o conjunto de dados foi dividido 
em duas partes, sendo que as observações entre os anos de 2003 e 2013 (75%) foram utilizadas para 
o ajuste da FMA, enquanto os dados referentes aos anos de 2014 a 2016 (25%) foram utilizados para 
validar a nova classificação gerada conforme o estabelecimento dos novos valores limiares de distinção 
entre a classes de perigo de incêndios. Os resultados demonstraram que o estabelecimento de novos 
limiares para as definições das classes de perigo proporcionou melhorias na eficiência da Fórmula de 
Monte Alegre em prever a ocorrência de incêndios na região de estudo.

Palavras-chave: Meteorologia florestal; Índice de perigo; Proteção florestal

1 INTRODUCTION

Brazil has 1.2% of its territory destined to forest plantations, among which, 75% 

are formed by species of the genus Eucalyptus (IBGE, 2017b). According to Borges et 

al. (2011), areas with eucalyptus plantations confer a high risk of fire occurrence, due 

to the large amount of available combustible material which is formed both by the 

continuous deposit of leaves and branches in the understory and by the wood of the 

settlement itself.

In this context, the formulation of fire hazard indices has increasingly stood out 

as a fundamental tool in the management of commercial plantations, since it assists in 

the planning of prevention and combat activities, reflecting, in advance, the probability 

of occurrence and of spread of forest fires (SOARES; BATISTA; TETTO, 2017).

For the formulation of forest fire hazard indices, meteorological factors are the 

most indicated variables, because in addition to determining how fires behave, when 

and where they occur (VÉLEZ, 2009), they are also decisive in igniting combustible 

material and in the spread of fire. In Brazil, the first forest fire hazard index developed 
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was the Fórmula de Monte Alegre (FMA) (SOARES, 1972), which uses two meteorological 

variables, the relative humidity and precipitation. Over the years, FMA has become the 

main fire hazard index used in Brazil and in other countries, with national prominence 

for the states of Paraná (NUNES et al., 2010; KOVALSYKI et al., 2014), Minas Gerais 

(TORRES et al., 2017) and Mato Grosso (MACHADO et al., 2017), as well as Cuba 

(RODRÍGUEZ et al., 2012) and Mozambique (MBANZE et al., 2017), internationally.

However, the formulation of fire hazard indices for a specific region needs 

adaptation (VIEGAS et al., 2004). Thus, the main difficulty in using FMA is calibration, 

which is most often carried out by arbitrarily modifying the fire hazard classes of the 

index and by analyzing certain assumptions, such as minimizing the number of days in 

the classes, the high and the very high ones in danger, and maximizing the correlation 

between the occurrence of fires and the high and very high fire hazard classes (TETTO 

et al., 2015). In addition, another difficulty in applying FMA is the need to transform 

the hazard scale of the index into dichotomous values   by determining a cutoff value 

between the occurrence and the non-occurrence of fires (SAMPAIO; SOARES, 2000). 

In this sense, some authors (eg NUNES; SOARES; BATISTA, 2007; NUNES et al., 2010; 

BORGES et al., 2011; WHITE et al., 2013) considered the lower limit of FMA “medium” 

hazard class as a point cutoff. However, this value can only be considered adequate 

when the index classifies most of the predictions correctly (UNAL, 2017).

The main damage in the use of indices not adjusted in a specific way for the 

region of application, is the risk of making wrong decisions in relation to the prevention 

and combat procedures. Thus, the present work aimed to propose a new process of 

adjustment and validation of the Fórmula Monte Alegre through the establishment of 

new thresholds for the definition of hazard classes through the union index (UI), which 

maximizes the values of the detection probabilities and of the false detection obtained 

in the analysis of the area under the ROC curve.
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2 MATERIAL AND METHODS

2.1 Characterization of the study area

The study area comprises 32 municipalities, located in the central region of São 

Paulo state, totaling approximately 92,710 ha, between the geographical coordinates 

22º 1 ‘and 22° 52’ south latitude and 49º 30 ‘and 48° 33’ west longitude. According to 

the Köppen climate classification, the regions of Pratânia and Iaras fit into the Cwa 

climate, characterized by the tropical climate of altitude, with rains in summer and 

drought in winter, with the average temperature of the hottest month exceeding 22 

° C, while the regions of Avaí, Paulistânia and Lençóis Paulista fit into the Aw climate, 

that is, rainy tropical, with dry winter and colder month with average temperature 

above 18ºC (ALVARES et al., 2013).

The weather stations that provided the data for this study are operated by the 

company Lwarcel and are located in the municipalities of Avaí, Iaras, Lençóis Paulista, 

Paulistânia and Pratânia (Figure 1).

Figure 1 – Location of the study area

Source: Authors (2019), adapted from Lwarcel Celulose (2016) and IBGE (2017a)
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2.2 Obtaining meteorological data and fire occurrences

The data on the relative humidity of the air at 1 pm and the daily precipitation, 

as well as the occurrences of fires, were provided by the company Lwarcel, which has 

eucalyptus plantations in all the municipalities analyzed. All data were collected from 

10/11th/2003 to 4/29th/2016, totaling 12 years, 6 months and 8 days of registration.

2.2.1 Fórmula de Monte Alegre Adjustment

For the analysis, the data set was divided into two parts, and the observations 

between the years 2003 and 2013 (75%) were used to adjust FMA, while the data 

referring to the years 2014 to 2016 (25%) were used to validate the new classification 

generated according to the establishment of the new threshold values of distinction 

between fire hazard classes (WILKS, 2011).

The forest fire hazard was calculated using the Fórmula de Monte Alegre (FMA) 

(SOARES, 1972), which is a cumulative index based on only two meteorological variables: 

i) relative air humidity recorded at 1 pm, which is used directly in the calculation of the 

fire hazard, and; ii) total daily rainfall, which is applied as a restrictive factor, in which, 

depending on the amount of daily rainfall, corrections are made to the value of FMA.

The daily fire hazard indexes were determined using the Equation (1):

         (1)

In where: FMA = Fórmula de Monte Alegre; H = relative air humidity (%) measured at 1 pm; 

n = number of days without rain greater than or equal to 12.9 mm.

Then, the restrictive factor was applied in relation to the observed value of FMA, 

according to the parameters contained in Table 1.
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Table 1 – Restrictions on the Sum of FMA according to daily rainfall

Daily Rainfall 
Precipitation (mm)

Modification in Calculation

≤ 2.4 None.

2.5 - 4.9
Cull 30% in the FMA calculated the day before and add (100 / H) 

of the day.

5.0 - 9.9
Cull 60% in the FMA calculated the day before and add (100 / H) 

of the day.

10.0 - 12.9
Cull 80% in the FMA calculated the day before and add (100 / H) 

of the day.

> 12.9
Interrupt the sum (FMA = 0), resume the calculation on the next 

day or when the rain stops.

Source: Soares, Batista and Tetto (2017)

Then, using the scale shown in Table 2, the classification of the degree of danger 

estimated by the FMA between 2003 and 2013 was performed.

Table 2 – FMA danger scale

FMA value Fire Hazard Class

≤ 1.0 Null

1.1 - 3.0 Low

3.1 - 8.0 Medium

8.1 - 20.0 High

> 20.0 Very high

Source: Soares, Batista and Tetto (2017)

Through the Fire Occurrence Records (ROI) provided by the company Lwarcel, 

the observations between years 2003 and 2013 were classified as a fire occurrence, 

if at least one event was recorded on that day, and non-occurrence of fire, if no event 

was recorded on that day. In this way, it was possible to compare the values of the fire 

hazard classes with the occurrence data and number of fire days in the period.

After that, the adherence of the classification generated to the premise 

established by Nunes et al. (2010), in which the number of days foreseen in each hazard 
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class must show a decreasing behavior according to the FMA value. In addition, Nunes 

et al. (2010) also established that the distribution of fire occurrences should show an 

increasing behavior according to the hazard classes, so that the “high” and “very high” 

classes were responsible for concentrating the greatest number of occurrences in 

relation to the other classes.

The accuracy of the generated classification was evaluated using the analysis of 

the area under the ROC curve (AC). In addition to the application of the method known 

as skill score (SAMPAIO; SOARES, 2000; NUNES, 2005; NUNES; SOARES; BATISTA, 2006; 

NUNES et al., 2010), which is based on a contingency table that contains the observed 

and predicted values for an event in a population, “null” and “low” degrees of danger 

were considered non-indicative of fire and “medium”, “high” and “very high” degrees 

of danger as fire. From this definition, the skill score (SS), the success percentages (PS) 

and the probabilities of detection (POD) and false detection (POFD) for each study 

region were calculated.

In order to adapt the classification of the degree of danger estimated by FMA 

between the years 2003 to 2013 for the areas of study, new thresholds were established 

for the definitions of the hazard classes. The new threshold values   for class separation 

were obtained through the Union Index (UI), proposed by Unal (2017), which maximizes 

the values of detection probabilities and false detection obtained in the analysis of the 

area under the ROC curve.

The hazard class adjustment process took place through graphic analysis and 

alteration of the hazard class limits, according to the premise that the number of days 

foreseen in each hazard class must have an inverse relationship with the FMA value, 

that is, the greater the class of danger, the smaller the number of days foreseen for the 

occurrence of fire (NUNES et al., 2010). The adjustment of the minimum and maximum 

limits of the “medium” hazard class was conditioned so that the new threshold value 

occurred within that class.

To validate the new classification generated according to the establishment of 

the new threshold values of distinction between the fire hazard classes, independent 

data for the years 2014 to 2016 were used. Since, the adherence of these data was 

assessed to the pre-established premises by Nunes et al. (2010), as well as the skill 

score method was used to assess the assertiveness of the classification.



Ci. Fl., Santa Maria, v. 31, n. 4, p. 1867-1884, Oct./Dec. 2021

 | Adaptation of the Fórmula de Monte Alegre ...1874

3 RESULTS AND DISCUSSION

Contrary to the premise established by Nunes et al. (2010), there was no 

decreasing behavior in the number of days in each hazard class due to the increase 

in the FMA value (Figure 2). Thus, about 50% of the days were categorized into the 

“high” and “very high” hazard classes, indicating that the use of the original fire hazard 

scale proposed by Soares (1972) is not suitable for application in the study region. 

Regarding the distribution of fire occurrences in the hazard classes generated with 

the original FMA scale, an increasing behavior was observed, indicating a good ability 

to predict the occurrence of fires, since approximately 80% of the occurrences were 

concentrated in the “high” and “very high” classes. 

Figure 2 – Distribution of the number of days and occurrences by the original FMA 

danger class for the period 2003 to 2013.

Source: Authors (2019)
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The AC values found in this study demonstrated that the use of FMA is an 

appropriate methodology to classify the fire hazard in eucalyptus stands in the Central 

Region of São Paulo state. Iaras was the area with the highest AC, with 0.73, while 

Lençóis Paulista was the one with the smallest area, with 0.70 (Figure 3).

Figure 3 – Receiver Operation Characteristic (ROC) Curves for the five areas studied 

from 2003 to 2013: A = Pratânia; B = Avai; C = Iara; D = Paulistania; E = Lençóis Paulista

Source: Authors (2019)
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The percentage of success (PS), which is the percentage of correct answers in 

relation to the total observed, was 27.3% (Avaí) to 33.2% (Iaras), whereas the skill score 

(SS) is the reason for the difference between the hits and the expected number of hits 

ranged from 0.0159 (Lençóis Paulista) to 0.0215 (Iaras). Some authors obtained results 

similar to those of this study in the use of FMA, among which it is worth mentioning 

Nunes et al. (2010) (PS: 34.32%; SS: 0.0517), Borges et al. (2011) (PS: 38.54%; SS: 0.0946) 

and White, White and Ribeiro (2015) (PS: 20%; SS: 0.02). However, both rated the 

performance of the index as unsatisfactory.

In view of the above, in order to improve the classification of the degree of danger 

estimated by FMA between the years 2003 to 2013 for the study areas, new thresholds 

for the definitions of the hazard classes were established. The new threshold values of 

separation between classes were obtained by maximizing the probabilities of detection 

and false detection obtained in the analysis of the area under the ROC curve (Figure 4).

Figure 4 – Medium danger class limits and threshold values

Source: Authors (2019)

In where: White = indicates no fire occurrence; Black = indicates fire occurrence.

The original FMA, that is, the one produced using the original fire hazard rating 

scale proposed by Soares (1972), presented detection probability values   (POD) above 

90% in all regions studied, except for the region of Lençóis Paulista. Despite this, the 
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values obtained for POFD indicated that the original FMA has a strong bias in detecting 

non-existent events. After the establishment of new thresholds for the definition of 

hazard classes using the union index, it was observed that the POD values   decreased 

in all regions, as well as the POFD values. Similar behavior to that found in this study, 

was observed by Castedo-Dorado et al. (2011) when studying the modeling of the 

probability of fire occurrences caused by lightning. The only region that maintained 

similar behavior before and after adjusting the FMA classification scales was that of 

Lençóis Paulista (Table 3).

Table 3 – POD and POFD obtained for original FMA and adjusted FMA from 2003 to 

2013

Area
Original FMA Adjusted FMA 

POD (%) POFD (%) POD (%) POFD (%)
Pratânia 91.9 67.8 60.8 32.5

Avaí 95.9 75.7 68.9 35.5

Iaras 97.3 73.8 68.9 33.6

Paulistânia 95.9 72.0 68.9 36.1

Lençóis Paulista 67.6 39.2 66.2 38.9

Source: Authors (2019)

Based on the data in Table 3, it appears that the methodology used to change 

the values of the fire hazard scales, provided a greater balance between the values of 

POD and POFD, substantially reducing the probability of detecting false events and 

maintaining, in relative high levels, the probability of detecting true events.

In view of the adjustments made, the new hazard classes for the regions of 

interest were resized (Table 4). The new thresholds gave greater prominence to the 

lower classes of FMA, so that in the new arrangement, the representativeness of the 

“high” and “very high” classes represents about 20% of the observations, which in the 

original FMA arrangement represented around 50%.
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Table 4 – New FMA Fire Danger Classes for Study Region

FMA 
(adjusted 

scale)

Municipality

Pratânia Avaí Iaras Paulistânia Lençóis Paulista

Null ≤ 4.0 ≤ 4.0 ≤ 4.0 ≤ 5.0 ≤ 4.0

Low 4.1 - 10.0 4.1 - 11.0 4.1 - 10.0 5.1 - 12.0 4.1 - 11.0

Average 10.1 - 20.0 11.1 - 23.0 10.1 - 21.0 12.1 - 22.0 11.1 - 27.0

High 20.1 - 45.0 23.1 - 55.0 21.1 - 48.0 22.1 - 45.0 27.1 - 55.0

Very high > 45.0 > 55.0 > 48.0 > 45.0 > 55.0

Source: Authors (2019)

These changes provided greater adherence to the classification generated to the 

premise established by Nunes et al. (2010), as well as the minimizing of the number 

of days in the “high” and “very high” hazard classes, in addition to maximizing the 

correlation between the occurrence of fires and the “high” and “very high” fire hazard 

classes (TETTO et al., 2015) (Figure 5).

Figure 5 – Distribution of the number of days and occurrences per adjusted FMA danger 

class for the period 2003 to 2013

Source: Authors (2019)
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The adjusted FMA success percentage (PS) ranged from 61.2% (Lençóis Paulista) 

to 67.4% (Pratânia) and the skill score (SS) was 0.03 (Pratânia and Lençóis Paulista) to 

0.04 (Avai, Iaras and Paulistânia). As a comparison, Rodriguez et al. (2012), obtained PS 

of 40.44% and SS of 0.0411 for adjusted FMA for the province of Pínar del Rio (Cuba) 

and Kovalsyki et al. (2014) obtained PS of 53.86% and SS of 0.2234 for FMA in Ponta 

Grossa, Paraná. Thus, the performance of the adjusted FMA for the study region can 

be considered satisfactory.

Figure 6 – Distribution of the number of days and occurrences per adjusted FMA danger 

class for the period 2014-2016

Source: Authors (2019)

As the FMA adjustment was considered satisfactory for the study areas, the 

validation step was performed with the use of an independent database, composed of 

observations referring to the years 2014 to 2016.
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In the validation stage, the first assumption evaluated was the adherence of 

the distribution of the number of days in a decreasing way depending on the hazard 

class. In this regard, only Avaí did not meet the pre-established premise. As for the 

number of fire occurrences by hazard class, in general there was an increasing trend 

among the number of occurrences according to the hazard class, so that the highest 

percentages of fire occurrences were associated with the high and very dangerous 

classes high. Exceptions to the general rule were observed in the data distribution for 

the region of Avaí and Lençóis Paulista, with the first presenting a high concentration 

of occurrences in the high hazard class and the second showing a relatively uniform 

trend in the distribution of fire occurrences across the classes of danger.

For all the study areas, there was an increase in the values of percentage 

of success and skill score, which indicates that the adjustment of FMA provided an 

improvement in the efficiency of the index for the region of study (Table 6).

Table 6 – Comparison of Accuracy (A) and Skill Score (SS) between the original FMA and 

the adjusted FMA for the period 2014-2016

Area
Original FMA Adjusted FMA 

PS SS PS SS
Pratânia 32.5 0.040 44.7 0.09

Avaí 30.1 0.001 33.1 0.05

Iaras 31.2 0.030 33.2 0.13

Paulistânia 30.3 -0.020 35.8 0.04

Lençóis Paulista 26.7 -0.020 43.5 0.03

Source: Authors (2019)

The results obtained in this study corroborate the assumptions regarding 

the need to use fire hazard indexes specifically adjusted according to the climatic 

characteristics of each region, in order to accurately predict the occurrence of fires. 

The use of maladjusted indices, as demonstrated in this study through the use of the 

original FMA scale proposed by Soares (1972) is not suitable for application in the 

region of study, since it has a strong tendency to detect non-existent events, which in 

turn, it can lead to mistaken decisions in relation to the procedures for preventing and 

fighting forest fires, causing unnecessary expenses.
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4 CONCLUSION

It is concluded that the establishment of new thresholds for the definition of the 

hazard classes through the application of the union index resulted in improvements in 

the efficiency of FMA in predicting the occurrence of fires in the study region.
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