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Abstract 
Forest plays a fundamental role in the environmental balance, mainly in the regulation of the climate, main 
variable that interferes in the propagation of fire in a forest fire. Climate change is caused by astronomic, 

natural and anthropogenic factors, the latter being primarily responsible for the change in the fire regime. 
There is a projection that there will be climate changes over the next 100 years, which will result in an impact 
on forest ecosystems. Therefore, this study aimed to was to determine, by decade, the Forest Fire Risk Zone 
Mapping (FFRZM) for the state of Santa Catarina by considering the average of two scenarios for the 
increase of the temperature of the Earth until 2100 (1 °C for the best-case scenario and 2.2 ºC for the worst-
case scenario) that were foreseen by the Intergovernmental Panel on Climate Change (IPCC) in 2013. For this 
purpose, eight variables classified according to fire risk and integrated in a weighting model were used. The 
results showed that, for both scenarios, there will be an increase of 11.48% in the best-case scenario and 

10.83% in the worst-case scenario in the extreme risk class from 2010 to 2100. For the low risk one, we 
estimate that there will be an increase of 8.13% in the best-case scenario and 11.62% in the worst-case 
scenario. The study reveals that if there is an increase in the temperature of the Earth, there may be an 
increase in the number of forest fire occurrences in the state of Santa Catarina for both scenarios. Thus, it is 
necessary a greater action on the prevention and combat in the areas defined as extreme risk. 
Keywords: Fuel load; Monte Alegre Formula; topography; population density; road system. 

 
Resumo 

Previsão do risco de incêndios florestais para o estado de Santa Catarina em função das mudanças climáticas A 
floresta desenvolve um papel fundamental no equilíbrio ambiental, principalmente, na regulação do clima, 

variável principal que interfere na propagação do fogo em um incêndio florestal. As mudanças climáticas são 
causadas por fatores astronômicos, naturais e antropogênicos, sendo este último o principal responsável pela 
mudança no regime do fogo. Há uma projeção de que haverá alterações climáticas nos próximos 100 anos, o que 
ocasionará um impacto nos ecossistemas florestais. O objetivo desse trabalho foi determinar, por decênio, o 
Zoneamento de Risco de Incêndios Florestais (ZRIF) para o estado de Santa Catarina, considerando a média de 
dois cenários de aumento da temperatura da Terra até 2100 (1 ºC para o melhor cenário e 2,2 ºC para o pior 
cenário) previstos pelo Painel Intergovernamental de Mudanças Climáticas (IPCC) em 2013. Para isso, foram 
utilizadas oito variáveis, que foram classificadas em função do risco de incêndios e integradas em um modelo de 

ponderação. Os resultados mostraram que, para ambos os cenários, haverá um aumento na classe de risco 
extremo de 11,48% no melhor cenário e de 10,83% no pior cenário no período de 2010 a 2100. Para o risco 
baixo, estima-se que haverá um aumento de 8,13% no melhor cenário e de 11,62% no pior cenário. Conclui-se 
que, caso haja   aumento na temperatura da Terra, poderá haver um aumento no número de   ocorrências de 
incêndios florestais no estado de Santa Catarina para ambos os   cenários,  Sendo necessária uma maior ação de 
prevenção e combate nas áreas   definidas como risco extremo. 
Palavras-chave: Material combustível; Fórmula de Monte Alegre; topografia; densidade demográfica; 

sistema viário. 

 

 

INTRODUCTION 

 

Forests perform important ecological functions in balancing the environment and play a significant role in 

climate regulation. Forest fires are one of the factors that affect forest conservation and can be intensified by 

changes in the climate, and cause environmental, economic and social damages (POURTAGHI; POURGHASEMI; 

ROSSI, 2015). Some ecosystems, such as the Brazilian Cerrado and the African Savanna, are resistant and 

dependent on fire, but its high occurrence may also generate losses (BRANDÃO; MIRANDA, 2012). 
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Forest fires may occur in greater number in the coming decades due to climate changes, to the 

interaction between climate, fire and vegetation, and to human activities, thus changing the  fire regime 

(HIGUERA et al., 2009). In addition to climate, factors such as fuel load and terrain topography may result in 

the increase of forest fires (GANTEAUME et al., 2012). 

The influence of vegetation on the relationship between fire and climate is due to the quantity, 

flammability and moisture of the fuel load (HIGUERA et al., 2009). However, the climate related to the 

topographic features can influence the fire behavior; and it is different in low and high altitudes (KEANE et al., 

2010). These factors may have higher risks in face of the vulnerability of human actions, as in the case of 

Southern Europe, where 90% of forest fires were caused by humans, often due to changes in the use of land and 

to negligence, for example, in places of recreational use of forests (HOYO; ISABEL; VEGA, 2011). 

There are studies that use fire danger index to predict the damage potential of a given area based on 
meteorological conditions (NUNES et al., 2010). However, only this index is not enough, and it is recommended 

to group several pieces of information that influence the behavior and propagation of fire. 

For better control of forest fires, several countries, such as Brazil, are using remote sensing techniques 

and geographic information systems to monitor and report the occurrence of forest fire at a given location. For 

Machado, Silva and Biudes (2014), it is possible to obtain reliable and accurate data to elaborate forest fire risk 

maps and predict fires on large scale according to these techniques. The fire risk mapping allows a more accurate 

assessment of the problems and enables the obtainment of an occurrence of forest fires forecast, as well as the 

performance of monitoring and planning with greater security (POURTAGHI; POURGHASEMI; ROSSI, 2015). 

Considering the importance of meteorological variables for fuel load moisture content and danger 

indices, topography, type of vegetation, population density and road network to form the Forest Fire Risk Zone 

Mapping and the hypothesis of increase in the  forest fires occurrence due to the increase of the average 
temperature of the Earth during this century, the objective of this work was to determine, by decade, the forest  

fire risk zone mapping for the state of Santa Catarina, considering the scenarios foreseen by the 

Intergovernmental Panel on Climate Change (IPCC) in 2013. 

 

MATERIAL AND METHODS 

 

Study area 

The state of Santa Catarina is situated between the parallels 25° 57’ 21” north latitude and 29° 21’ 17” 

south latitude and at the meridians 48° 19’ 38” and 53° 50’ 13” west of Greenwich. The territory of Santa 

Catarina covers an area of 95,734 km2, which corresponds to 1.12% of the Brazilian area and 16.60% of the 

Southern region area. Currently, the state has 295 municipalities and, in relation to the last population census, the 
resident population in the state is 6,248,436 inhabitants, from which 5,247,913 reside in the urban area and 

1,000,523 in the rural area, with average population density of 65.27 inhab./km2. In the state, altitudes vary from 

sea level and reach 1,827.0 m in the Morro da Boa Vista, located in the Serra da Anta Gorda. The climate, 

according to Köppen classification, is humid mesothermal Cf, including two subtypes, Cfa and Cfb (Brazilian 

Institute of Geography and Statistics (IBGE), 2010 and 2014). 

 

Methodological procedures for the preparation of risk maps 

The methodology of this research consisted of a careful analysis of two groups of factors, ignition sources 

and favorable propagation conditions, which enabled the establishment of the potential fire risk of a given region or 

wherever and how the fire will propagate. Thus, preliminary risk maps were elaborated for eight variables (Table 

1), from which five were considered static and three dynamic for the analyzed period (2010 - 2100). 

 
Table 1. Variables used in the forest fire risk zone mapping. 

Tabela 1. Variáveis utilizadas no zoneamento de risco de incêndios florestais. 

Static Dynamic 

Vegetation cover Fuel load moisture content 

Land slope Fire danger index (FMA) 

Hypsometry Population density 

Hillside orientation 
 Road system   
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The fire risk analysis was represented by thematic maps made in GIS environment through the ARCGIS 

software with spatial resolution of 30 m. The preliminary risk maps were obtained from the attribution of a risk 

coefficient that ranged from 0 to 5 for each unit of analysis, in which 0 was assigned for no risk and 5 for 

extreme risk. For the risk characterization, a specific table was used for each variable under analysis. 

The variable of vegetation cover (fuel load) represents the vulnerability to fire according to the activity 

that occurs in each region of the state. The risk map was elaborated based on the vegetation map produced by the 

Company of Agricultural Research and Technological Diffusion of Santa Catarina (EPAGRI) and IBGE (2004) 

and was classified according to table 2. 

 

Table 2. Classification of the risk for vegetation cover. 

Tabela 2. Classificação do risco para a cobertura vegetal. 

Soil cover Risk Coefficients 

Agriculture Moderate 2 

Mining area Low 1 

Urbanized and/or built area Very High 4 

Water bodies Null 0 

Forest cultivation Extreme 5 

Forest in intermediate or advanced and/or primary stage Very High 4 

Forest in intermediate stage or advanced and/or primary High 3 

Mangrove (exclusive pioneer formation) Moderate 2 

Pasture and natural field Extreme 5 

Exposed soil Low 1 

Floodplain and resting vegetation Moderate 2 

 

The fuel load moisture content and the fire danger index (FMA), as well as the slopes and altitude 

orientation, indicate the flammability and combustibility conditions of forest fuel indirectly, which influence the 

rate of fire propagation. 

The meteorological variables (temperature, relative humidity of the air and precipitation) for the 

determination of the fuel load moisture content and the FMA were obtained in the meteorological stations of 

EPAGRI. To execute the projection of these variables, a historical series was collected from each meteorological 

station from 1985 to 2009, and oscillations in the period were analyzed, in addition to the scenarios RCP2.6 and 
RCP6.0, which were published in the report of the Intergovernmental Panel on Climate Change (IPCC – 2013). 

These procedures were taken in order to conduct daily stochastic simulations of these variables for the period 

from 2010 to 2100, using the program PGECLIMA_R of Ponta Grossa State University (UEPG) (VIRGENS 

FILHO et al., 2009). The IPCC presents an increase of 0.3 to 1.7 °C (average 1.0 °C) in the average temperature 

of the Earth up to 2100 as the best-case scenario and an increase of 1.4 to 3.1 °C (average 2.2 °C) in the average 

temperature of the Earth up to 2100 as the worst-case scenario.  

The calculation of the fuel load moisture content was generated by the equation proposed by Simard 

(1968): 

E = 21,06 –  0,4944 × H +  0,005565 × H2 –  0,00063 × H × T (H >  50) 
In which: E = fuel load moisture content, in percentage; 

H = relative humidity of the air (daily average), in percentage; 

T = air temperature (daily average), in ºC. 

 
This variable was considered dynamic for the analyzed period; thus, two scenarios were generated (best 

and worst), which resulted in maps for each decade. The results were interpolated using the method “topo to raster” 

and were classified into 5 risk classes, in which 1 was the class of highest moisture content and 5 the lowest.  

For the determination of the fire cumulative index, the relative humidity of the air (directly) and the 

precipitation (indirectly) were used. The index was calculated for the period from 2010 to 2100 for the best and 

the worst-case scenarios by means of the Monte Alegre Formula (FMA). The days with the highest probability 

of fire danger were added interpolated by the method “topo to raster” and classified into five risk classes. 

In the variable of hypsometry (altimetry), the coefficients are inversely proportional to the altitude; thus, 

in its classification, we considered that the higher the altitude the lower the possibility of fire occurrence and 

propagation. The hillside orientation was classified considering the cardinal and intermediate directions, 

according to the amount of radiation received. The variable of land slope is associated with the speed and 

direction of the fire propagation and was classified according to the inclination of the terrain. Data for the 
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preparation of the preliminary maps of these variables were used from primary data of the TOPODATA project 

(National Institute for Space Research – INPE, 2008); for their classification, tables prepared by Eugene et al. 

(2016) were used. 

In order to spatialize the dynamic variable of population density, we used data from IBGE (2010) for 

the censuses of 1991, 2000 and 2010. Initially, it was necessary to estimate the population for each decade for 

the subsequent density calculation. For that, the Von Sperling method (2005), which determines a population 

projection denominated decreasing rate of growth, was used. This method defines that its rate of growth grows 

up to a certain extent and, as the city grows, the rate declines, i.e., the population tends asymptotically to a 

saturation value and stagnates later. Thus, the projection of the population of the state in the period from 2020 to 

2100 was estimated and separated by decades. The values observed for the population density per municipality 

were divided into five risk classes according to the classification proposed by Guillermo Julio (1992). 
The road system was calculated based on the transport data of the Ministry of Environment (MMA, 2008). 

Considering that the distance from the road system is inversely proportional to the risk of forest fire, influence 

buffers were delineated from the axes of the municipal, state, federal and railway lines. The degree of fire risk for this 

variable was established according to the size of the buffers, as proposed by Salas and Chuvieco (1994). 

The preliminary maps were integrated with the aid of a weighting model, which indicated the 

importance of each variable for the occurrence and propagation of fires in Santa Catarina. This weighting was 

conceived from an adaptation of the model used for the fire risk zone mapping for the state of Paraná (BATISTA 

et al., 2014), and resulted in the following formula: 

 

𝑅𝐼𝐹 = 0,33 ×
(𝑉𝐸𝐺 + 𝑈𝑀𝐶)

2
+ 0,33 ×

(𝐹𝑀𝐴 + 𝐷𝐸 + 𝐻𝑖𝑝𝑠𝑜 + 𝑂𝑟𝑖𝑒𝑛𝑡)

4
+ 0,33 ×

(𝐷𝐷 + 𝑆𝑉)

2
 

 

In which: RIF is the forest fire risk calculated in each unit of analysis, VEG is the type of vegetation cover, UMC 

is the fuel load moisture content, FMA is the fire danger index, DE is the land slope, Hipso is the hypsometry, 

Orient is the hillside orientation, DD is the population density and SV is the distribution of the road system. 

 

RESULTS 

 

The preliminary maps of the static variables are presented in Figure 1. The vegetation cover presented 

the largest part of its area in the high risk class, totaling 3.939.303,78 ha (41.33% of the state area). It was 

followed by the extreme risk, which amounted to 3.654.556,61 ha (38.34%). Of this total, 68.46% was 
concentrated in the serrana, west of Santa Catarina. Regarding the orientation of the slopes, the most 

representative fire risk class was the low one, with 39.14% of the total. In the variable declivity, low risk and 

moderate risk were the most representative classes, with 49.30% and 21.17% of the state area 

respectively.  Extreme risk is more frequently found in the west region and corresponds to 6.72% of the total. 

Regarding hypsometry, we observed that the high, very high and extreme risk classes accounted for 94.59% of 

the state area. The influence of the road system corresponded to 228,346.36 ha, 2.39% of the total area, which is 

mainly characterized by the very high risk, with 116.224,9 ha. 
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Figure 1. Preliminary maps of static variables. 

Figura 1. Mapas preliminares das variáveis estáticas. 

 

Regarding the dynamic variables, percent variations are presented in Table 1. In population density, the 

low risk class decreased from 2010 to 2100, going from 65.91 to 51.95%, and the extreme risk went from 13.58 

to 26.73% of the state. To the fuel load moisture content, in the best-case scenario, the high, very high and 

extreme risk classes totaled an area of 5,063,504.88 ha (53.11%) in 2010 - 2020 and in the period 2090 – 2100, 

there was a reduction to 4,806,279.96 ha (50.42%). In the worst-case scenario, the trend remained, but the most 

representative risk was the moderate one, with 33.32% in the period from 2010 to 2020, showing a slight 

decrease in 2100 (30.12% of the total). The extreme risk class represented 19.79% in 2010 – 2020, with an 

increase of 2.53% in 2100. In the evaluation of the FMA, for the best-case scenario in the decade of 2010 – 

2020, the low and moderate risk classes represented 62.94% and 37.06%, respectively, and the other classes 
were non-existent, whereas, in 2100, the high, very high and extreme risk classes corresponded to 64.36% of the 

area. In the worst-case scenario, the low risk class showed a drop of 28.48% in relation to the best-case scenario 
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in the decade from 2010 to 2020, and the most representative class was the moderate risk with 64.02% of the 

state. At the end of the century, the high, very high and extreme risk classes increased 5.8%. 

 

Table 1. Variation of the dynamic variables in 2010-2020 and 2090-2100 relative to the risk of forest fires. 

Tabela 1. Variação das variáveis dinâmicas em 2010-2020 e 2090-2100 em relação ao risco de incêndios 

florestais. 

Static Variables Risk Class 2010-2020 (%) 2090-2100 (%) 

Population Density 

Low 65.9 52.0 

Moderate 13.7 10.1 

High 4.4 7.3 

Very High 2.5 4.0 

Extreme 13.6 26.7 

Fuel Load Moisture 
Content (Best-case 
Scenario) 

Low 8.9 15.3 

Moderate 38.0 34.3 

High 20.3 16.6 

Very High 12.6 11.4 

Extreme 20.3 22.4 

Fuel Load Moisture 
Content (Worst-case 
Scenario) 

Low 8.6 14.2 

Moderate 33.3 30.1 

High 25.0 21.2 

Very High 13.4 12.2 

Extreme 19.8 22.3 

Monte Alegre Formula 
(Best-case Scenario) 

Low 62.9 19.5 

Moderate 37.1 16.2 

High 0.0 19.4 

Very High 0.0 34.7 

Extreme 0.0 10.3 

Monte Alegre 
Formula  (Worst-case 

Scenario) 

Low 34.5 3.5 

Moderate 64.0 26.3 

High 1.5 28.5 

Very High 0.0 34.6 

Extreme 0.0 7.0 

 

The Forest Fire Risk Zone Mapping (ZRIF) was generated to the state from preliminary maps, resulting 

in nine maps for each scenario, which present the beginning and end of the century (Figure 2). In the best-case 

scenario, the risk in the first decade (2010 - 2020) is concentrated on the moderate and high classes, with 44.59 

and 25.07 respectively, of which the greatest part of the area is located in the mountainous region. In relation to 

extreme risk (11.19 of the total), the largest part of the area is located in the west of Santa Catarina (73.82). This 

behavior persists until the decade 2070 – 2080, when the high and very-high risk classes become the most 

representative, with 26.10 and 22.61, respectively. In 2100, the percentage corresponding to the low risk class 

was 10.04. Of these, 40 of the area is located in the mountainous region. The other risks had similar proportions: 

the moderate risk obtained 20.08, the high risk 24.06, the very high risk 23.15, and the extreme risk 22.67. The 
latter, as in the first decade, had the greatest part of its area located in the west of Santa Catarina. In the worst-

case scenario, the decade of 2010 – 2020 presented a distribution of 15.10 for the low risk class, 26.81 for the 

moderate risk class, 27.51 for the high risk class, 18.15 for the very high risk class, and 12.44 for the extreme 

risk class, following the same trend of the best-case scenario, in which the most representative risks were also 

moderate and high, and the greatest part of the area was located in the mountainous region with 30.51 and 26.63, 

respectively. Over the decades, the risks low and moderate were decreasing, scenery that changes in the period 

2060 – 2070 when the high and very high risks come to be the most representative ones. In the last decade, the 

state of Santa Catarina did not present more area in the moderate and very high risk classes, transferring part of 

the area for the high risk class (50.01). Analyzing the extreme risk class (23.27), the state obtained an increase of 

87 from 2010 to 2100, equivalent to 1,026,659.60 ha. 
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Figure 2. Forest Fire Risk Zone Mapping for the period 2010 - 2020 and 2090 - 2100 for the best-case and 

worst-case scenarios. 

Figura 2. Mapas do Zoneamento de Risco de Incêndios Florestais para o período de 2010 - 2020 e 2090 - 2100 

para o melhor e pior cenários. 

 

DISCUSSION 

 

The static variables influenced the composition of the ZRIF over time in a constant manner. The 

vegetation cover mainly affected the west of Santa Catarina and the mountainous region, areas that concentrated 

the largest part of the extreme risk (68.46) given by the amount of pasture and forest cultivation in the region. 
Pine plantations deposit a large quantity of needles into the soil and have physical and chemical properties 

susceptible to the action of fire, as well as the accumulation of fuel load in eucalyptus plantations (WHITE; 

RIBEIRO; SOUZA, 2014). The orientation of the slopes had a low influence on the zoning, since a large part of 

the state is classified as low risk, same result observed by White, White and Ribeiro (2016) in Inhambupe, BA, 

Brazil. Slope followed the same trend; 49.30 of the state has a slope up to 15. In relation to the altitude, there is a 

high risk in the region near the coast and the west of the state due to lower altitudes that facilitate the spread of 

forest fires. The road system makes certain forest areas more accessible to human activities than others, 

highlighting a risk that must be considered in a fire-occurrence modeling (GANTEAUME et al., 2012). 

The dynamic variables were those that provided differences between the decades and between the 

analyzed scenarios. We noticed a trend towards an increase in population density in locations near the coast and 

in the west of the state, regions that require more prevention actions, since the human presence increases the 
chances of deliberate and accidental fires, mainly in recreational areas that had forest conversion to pasture 
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(HOYO; ISABEL; VEGA, 2011). Syphard et al. (2007) diagnosed that the population density in California 

(USA ) was one of the factors that increased the occurrence of fires in the region. This variable is, thus, an 

important element that will influence the increased risk of fire at the end of the century. 

Climatic factors were represented by the variables:  fuel load moisture content and fire danger index 

(FMA). In relation to the fuel load moisture content, there was little interference in the increase of fire risk  from 

2010 to 2100, and between the scenarios analyzed, which showed, for both analyses, the concentration of the 

extreme risk in the west due to the lower levels of relative humidity of the air and high temperatures, weather 

conditions that reduce the moisture content from fuels, making it a favorable environment for the ignition (LIU 

et al., 2012). The Monte Alegre Formula is widely used in several municipalities in Brazil to predict the danger 

of forest fires, which have had their risk boosted with the increase of the temperature of the Earth. In this study, 

it was the determining factor in the zoning of the state at the beginning and at the end of the century. 
The integration of the static and dynamic variables showed that, over time, there will be an increase in 

the risk of forest fires in Santa Catarina for both case scenarios. In comparison with the state of Paraná, this 

study found the same behavior. In the best-case scenario, the most representative classes at the beginning of the 

century (2010 - 2020) were the moderate and high risks, and, at the end of the century (2090 – 2100), the high 

and very high risks. In the worst-case scenario, the high-risk class was the most representative one in the first 

decade, but at a lower intensity compared to that of the state of Paraná. In the last decade, the very high risk class 

was the most representative class, with 51.74 to the state of Paraná, and 50.01 to the state of Santa Catarina 

(BATISTA et al., 2014). Instruments such as Forest Fire Risk Zone Mapping and risk maps are essential to plan, 

to prevent and to fight forest fires, thereby minimizing the negative effects of the fire. 

 

CONCLUSIONS 
 

The analyses allowed us to conclude that: 

 The state will have their risk of fire increased until the end of the century, noting the hypothesis that there 

will be more chances of forest fires to occur with the increase in the temperature of the Earth. 

 There was little variation when comparing the results of the best-case and the worst-case scenarios. Thus, it 

is recommended to use the extreme values of each scenario, and not their means for future studies. 

 The dynamic variables (population density, fuel load moisture content, fire danger index) showed an 

increase in the highest classes of fire risk over time and impacted the extreme class of the forest fire risk 

zone mapping directly. 

 The integration model was satisfactory, generating data compatible with the hypothesis at issue, due to the 

evolution of the highest risks over the decades. 
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