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«Dixerat ille, et iam per moenia clarior ignis  
auditur, propiusque aestus incendia volvunt.  
òergo age, care pater, cervici imponere nostrae;  
ipse subibo umeris nec me labor iste gravabit;  
quo res cumque cadent, unum et commune periclum,  
una salus ambobus erit.ó » 
 

Publius Vergilius Maro 

 Aeneis, Liber II, vv 705-710 

 
 
 
 
 
 
 
«He spoke; and higher o'er the blazing walls 
leaped the loud fire, while ever nearer drew 
the rolling surges of tumultuous flame. 
òHaste, father, on these bending shoulders climb! 
This back is ready, and the burden light; 
one peril smites us both, whate'er befall; 
one rescue both shall find.ó » 
 

Publius Vergilius Maro 

Aeneid, Book II, vv 705-710 

Theodore C. Williams, trans., 1910 
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FOREWORD 

 

It is my pleasure to present this volume that collects most of the papers delivered at the 

International Conference on Fire Behaviour and Risk, which held in Alghero (Sardinia, 

Italy) in October 2011. The Conference was organized in the framework of the European 

Project Proterina-C, Italia-Francia Marittimo Programme, co-sponsored by the Global Fire 

Monitoring Center (GFMC), an action of the UN International Strategy for Disaster 

Reduction (UN-ISDR), under the patronage of University of Sassari, the Euro-

Mediterranean Centre for Climate Change (CMCC), the Regional Administration of 

Sardinia, and the Province Administration of Sassari. The Project involved three cross-

border regions (Sardinia, Corsica, Liguria), which face similar several environmental 

issues, among which fire is one of the main concerns, especially in the Mediterranean 

Basin.  

Fire is a complex phenomenon caused mainly by human activities, and we are still learning 

how to bind and fight fires. The purpose for this volume is to present key main results of 

the project activities and to review the most relevant research results from other countries. 

In addition, the volume represents a step ahead in disseminating recent and relevant 

scientific results and advances in forest fire research. 

The relationship between humans and fire can be traced to the origin of our civilization. 

Since ancient times, fire has been considered as a sacred and powerful element. In the 

Greek mythology, fire could be used only by Gods. When Prometheus stole a spark from 

the Olympus and gave it to mankind, humans gained warmth and light. Caves were no 

longer dark and life became safer.  

However, fire is a good servant, but a bad master. It has to be kept under control. Once it is 

out of control, it has the ability to take away lives and destroy property. In Sardinia, we 

have dramatically experienced that a small number of fires with extreme behaviour can 

account for the widest impacts on forest ecosystems and for the hugest damage to 

properties, along with loss of human lives.  

It is, therefore, critical that the continuous progress in knowledge on fire drivers and causes, 

together with the advancements in technologies and modeling approaches and the 

awareness of population and politicians about the risk associated, are the keystones and the 

scientific bases for the prevention and management activities in order to reduce the risk 

associated with fires.  

This volume gathers the contributions of the prominent researchers to scientific and 

operational knowledge of wildland fires at international level. It is a comprehensive source 

of information in answering the demands from international, national, and local Institutions, 

which expect improvements in knowledge, innovation, and operational tools to face the 

wildfire issue and support the planning fuel management and urban development.  

The University of Sassari is grateful to the research group of the Department of Nature and 

Environmental Sciences for promoting and conducting outstanding research and teaching 

activities in the field of fire research. I would recall the involvement in the EU cooperative 

FUME (Forest fire under climate, social and economic changes in Europe, the 

Mediterranean and other fire-affected areas of the world), which is currently the most 

important European project with more than 35 partners. The projects funded by the Sardinia 
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Administration to deal with this serious concern should also be mentioned. Also, I would 

highlight the Course on Fire Behaviour Analyst, started in 2009, that provides extensive 

training to the officers of the Sardinian Forest Service; the imminent startup of the 

International Master PIROS on Planning, Prevention and Control of Wildland Fires in the 

Mediterranean Area. A particular note should be made about the upcoming International 

Summer School on Fire Risk Prevention and Assessment in Mediterranean Areas that will 

be held in Alghero in June 2012. 

Moreover, the University of Sassari supports International Programs promoting exchange 

and sharing of knowledge between our researchers and other reputable research centers 

worldwide. Some of the authors who contributed to this volume participated in the Visiting 

Program in the past years, and many other researchers are expressing their interest to 

further their research in Sardinia.  

On this basis, the University of Sassari represents and will represent in the future a point of 

reference for the wildfire issue, with several initiatives ranging from local scale to Euro-

Mediterranean areas. 

 

 Attilio Mastino 

       President of the University of Sassari 
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INTRODUCTION  

 

The Mediterranean basin ecosystems are exceptionally sensitive and vulnerable to 

anthropogenic disturbances, and fire is one of the most significant threats for the 

Mediterranean forested areas. Over the last three decades, forest fires have showed an 

increase in both occurrence and number of extreme fire seasons. Moreover, a growing 

number of fires threats the wildland-urban interface, with a high potential risk for safety 

and damage for villages, tourist resorts, and other human activities. Therefore, the 

development of fire management policies is required to reduce the wildland and wildland-

urban interface fire risk by applying methods and models for planning the operational 

phases of fire management. In the Mediterranean countries, considerable knowledge, 

several tools, and adapted methodologies typical for each country were developed to help in 

improving the efficiency of forest fire prevention and suppression systems. Some of these 

tools are efficient and should be shared with others.   

In this framework, the Project PROTERINA-C aimed to focus on the interplay between 

climate changes and risks, providing common tools to prevent and reduce the negative 

effects of climate variability on risk conditions.  

Key elements of the Project were the training programs for local governments and the 

information campaigns for the population facing fire risks. The Project aims at expanding 

the fire prevention culture, from communication and education programs to scientific 

results sharing. In this context, the International Conference on Fire Behaviour and Risk (an 

initiative of the Proterina-C Project held in Alghero in 2011) represented a relevant 

milestone in sharing scientific results, information, and experiences among Mediterranean 

and extra-Mediterranean countries and contributing to the enrichment of forest fire 

knowledge, prevention, and suppression.  

This volume, titled ñModelling Fire Behaviour and Riskò, which collects the works 

presented during the International Conference, the Department of Science for Nature and 

Environmental Resources (DipNeT), is a step forward in the dissemination of relevant 

scientific results and advances in forest fire research. The volume illustrates the 

contribution of researchers to scientific and operational knowledge of wildland fire, with 

particular attention paid to fire behaviour and risk modelling, relationships between climate 

change and fires, and fire risk impacts at wildland-urban interface.  

The report is organized in four sections, reflecting the main theme related to a better 

understanding of fire behaviour and risk modelling. The first section is focused on the 

theme of the relationship between Vegetation and Fire, emphasizing that an accurate 

knowledge and comprehensive description of fuel characteristics and conditions are critical 

matters in fire prevention, fire danger, and fire behaviour understanding. The second 

section, ñClimate and Fireò, presents an investigation and analysis of weather and climate 

conditions that influence forest fires and directly affect fire ignition, spread, and severity. 

Finally, the last two sections deal with the modelling of fire behaviour, risks, and impacts 

on the wildland-urban interface. Several papers presenting the most recent advances in 

modelling techniques and fire danger forecast attest the high specialization achieved by the 

scientific community. In addition, the wildland-urban interface becomes a global issue, in 

particular in areas where fires coexist with human presence in dwellings and settlements. 
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Researches attempted to close the gaps in the research and understanding of the WUI 

challenges, its characterization, and extent. 

We would like to thank all the authors for their interest and contribution to this volume.  

 

 

Yours sincerely, 

 

The Editors: 

 

 
Donatella Spano Valentina Bacciu Michele Salis Costantino Sirca 
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PROTERINA -C PROJECT 

 

The Project Proterina-C ñA forecast and prevention system for climate change impacts on 

risk variability for wildlands and urban areasò (EU Italia-Francia Marittimo 2007-2013 

Programme) explores climate change impacts on wildlands and anthropic areas, with 

particular emphasis made on the interplay between climate changes and accompanying 

risks. The study areas are Sardinia, Corsica, and Liguria that are similar in terms of 

topography and land use. The main objective is to provide efficient tools to prevent and 

reduce the negative effects of climate variability on risk conditions. Another important aim 

of PROTERINA-C is to investigate the effects of climate on fuel characteristics. Fire 

danger and behaviour models are used to evaluate the interactions between climate changes 

and fires. The Project also discusses communication and education programs integrated into 

wildland fire management. 

Project Coordinator: Regione Liguria - Dipartimento Agricoltura, Protezione Civile e 

Turismo 

Partner 2: Université de Corse - Equipe feux de forèt 

Partner 3: Regione Sardegna - Assessorato della Difesa dell'Ambiente - Direzione Generale 

del Corpo Forestale e di Vigilanza Ambientale 

Partner 4: Arpa Sardegna 

Partner 5: Consiglio Nazionale delle Ricerche - Istituto di Biometeorologia, Sassari 

Partner 6: Università degli Studi di Sassari - Dipartimento di Scienze della Natura e del 

Territorio 
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_________________________________________________________________________ 

Abstract 

One of the goals of the EU PROTERINA-C project (Programme Italy-France Maritime 

2007-2013) is to evaluate the fire danger in Mediterranean areas and characterize the 

vegetation parameters involved in the combustion process. Therefore, specific project 

activities were focused on i) identifying and describing the different fuel types mainly 

affected by fire occurrence in Sardinia and Corsica islands and ii) developing custom fuel 

models for Mediterranean vegetation. In the first part of the work, field sampling sites were 

randomly located on selected vegetation types historically affected by fires in Sardinia and 

Corsica islands. The following variables were collected: live and dead fuel load, depth of 

the fuel layer, plant cover. In the second part of the work, a cluster analysis algorithm was 

used to identify fuel types by grouping fuel variables collected in the field. A set of custom 

fuel models was then developed. Finally, the potential fire behaviour for every custom fuel 

model was calculated by Behave Plus fire behaviour prediction system using two different 

weather scenarios typical of summer conditions. 

Keywords: Proterina-C, fuel characteristics, potential fire behaviour, custom fuel models 

 

1. INTRODUCTION  

An accurate knowledge and comprehensive description of fuel characteristics and 

conditions has shown to be a critical matter in fire danger description (Deeming et al. 

1977), and fire effects prediction (e.g. Reinhardt et al. 1997). Knowledge of natural fuel 

loads (biomass weights) and species composition is also critical for improving current fire 

prevention and fire behaviour modeling programs (Tian et al. 2005). During the last decade, 

considerable effort has been devoted to fuel characterization (e.g. Dimitrakopoulos 2002; 

Keane et al. 2001; Sandberg et al. 2001, Fernandes et al. 2006). Several fuel type 

classifications have been developed and are currently employed by different forest 

management services around the world (e.g. NFDR, Deeming et al. 1977; ICONA 1990; 

FCCS, Ottmar et al. 2007). However, in several European countries, for example in France 

and Italy, the systematic analysis of vegetation characteristics related to fire behaviour and 

risk is still a relevant issues that need to be addressed.  

This study is a comprehensive, collaborative effort conducted under Proterina-C Project to 

identify and describe the different fuel types mainly affected by fire occurrence in Sardinia 

and Corsica islands and provide a set of fuel models for the main Mediterranean maquis 

associations. 

mailto:p.duce@ibimet.cnr.it
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2. MATERIAL AND METHODS  

Experimental activities were performed in 12 experimental sites, 4 in south-east Corsica 

island (France) and 8 in western Sardinia island (Italy) (Figure 1). All sites are 

characterized by different types of Mediterranean shrub community, as reported in Table 1. 

The climate along the coast line of both regions is sub-arid with a remarkable water deficit 

from May to September.  

Fuel characteristics were determined 

on five 2x2 m sampling plots along a 

transect in each test site. In Letia site 

(Corsica), which is characterized by 

a high homogeneity of vegetation, 

measurements were carried out only 

on two plots. Therefore, the analysis 

included a set of 57 plots. Each plot 

was ideally partitioned into 16 

quadrants and the height of the 

prevailing plant species was 

measured on each quadrant. Plant 

cover and dominant species were 

also surveyed and sketched on a 

ñplot descriptionò form. The images 

were analysed using AutoCAD map 2002 (Autodesk Inc., San Rafael CA, USA) to 

calculate the area covered by each species. All plant material inside each plot was clipped 

at the ground line, divided into biomass and necromass, and weighed. Litter was sampled 

by dividing the plot in four quadrats and collecting a sample from each quadrat using a 0.13 

m x 0.13 m sampling frame. In laboratory all shrub parts were separated into size classes by 

diameter: 0 to 0.6 cm (fine fuels), 0.6 to 2.5 cm (medium branches), and 2.5 to 7.5 cm 

(thick branches) (Roussopoulos and Loomis 1979; Martin et al. 1981; Brown 1982). The 

size classes we used correspond to the 1h, 10h, and 100h time-lag fuel categories described 

in literature (Deeming et al. 1972). Each sample was weighed and a sub-sample (about 20% 

of total weight) was oven dried at 100°C until constant weight, in order to measure the dry 

weight. The surface volume ratio (SAV) of live fuel was also measured for the following 

species: Arbutus unedo, Cistus monspeliensis, Genista salzmannii, Olea oleaster, Phyllirea 

angustifolia, Pinus pinaster, Pistacia lentiscus, and Erica arborea. 

Hierarchical cluster analysis using Euclidean distances and Wardôs method was used to 

identify homogeneous fuel type groups, (e.g. McCune and Grace 2002; Poulos et al. 2007). 

Cluster analysis was performed by SYSTAT 13 statistical software package. The average 

property values of all the plots classified into the same cluster were assigned to each 

homogeneous fuel type group. Then, the ANOVA and LSD post-hoc tests were performed to 

test statistical differences in fuel bed characteristics across the groups. Experimental data 

grouped according to fuel types were also generalized adapting the methodology proposed by 

Burgan and Rothermel (1984) and used in BehavePlus 3.0 (Andrews et al. 2005), and custom 

fuel models describing maquis vegetation were developed. 

As suggested by Burgan and Rothermel (1984), the depth of the fuel layer was set equal to 

70% of the maximum depth. Moisture of extinction values we used derive from 

observations made on Mediterranean maquis by several authors. In addition, the standard 

Figure 1. Study areas and experimental sites in 

Sardinia and Corsica 
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values proposed by Anderson (1982), Pyne et al. (1996) and Scott and Burgan (2005) were 

used for the fuel heat content. Live SAV values were obtained comparing experimental data 

with data from literature. 

BehavePlus 3.0 (Andrews et al. 2005) was run to evaluate the potential fire behaviour using 

as input data the fuel variable values of each custom fuel model. The fire behaviour 

simulations were performed by setting two different fuel moisture content scenarios (dry 

and wet). Wet scenario represents fuel moisture content typical of a medium summer 

season in Sardinia and Corsica, whereas for dry scenario, fuel moisture condition typical of 

extreme weather summer conditions were used (Table 2). The simulations were performed 

assuming burning wind speed at 15 km h
-1

. All fire behaviour simulations were referred to 

horizontal terrain. 

 

Table 1. Dominant species and average vegetation height by site 

Site Code Dominant species 
Average 

height (m) 

La Corte 1 S-LC1 Myrtus communis, Pistacia lentiscus 1.0 

La Corte 2 S-LC2 Pistacia lentiscus, Herbaceous 0.7 

La Corte 3 S-LC3 Myrtus communis, Chamaerops humilis 1.0 

Porto Palmas S-PP Cistus salvifolius, Calicotome spinosa 0.8 

Rumanedda S-RU Myrtus communis, Pistacia lentiscus 1.2 

Monte Doglia 1 S-MD1 Cistus monspeliensis, Chamaerops humilis 0.5 

Monte Doglia 2 S-MD2 Cistus monspeliensis, Chamaerops humilis 1.0 

Monte Forte S-MF Arbutus unedo, Erica arborea 2.4 

Favonia C-FA Cistus monspeliensis 1.0 

Letia C-LE Genista salzmannii >0.5 

Bonifacio C-BO Mediterranean shrubs 1.5 

Vallée du Cavu C-VC Heterogeneous understorey of Pinus pinaster  

(Erica arborea, Arbutus unedo) 
3.0 

 

Table 2. Summer moderate and extreme conditions for fuel moisture used 

for fire behaviour simulations 

Burning  Fuel moisture (%) 

condition 1-hr 10-hr 100-hr Live herbaceous Live shrubs 

wet 12 13 14 60 80 

dry 6 7 8 30 60 

 

3. RESULTS AND CONCLUSIONS 

Cluster analysis allowed to identify four different fuel types. As derived from the ANOVA 

and LSD post-hoc tests, the four fuel types differ mainly in live fine shrub load, litter load, 

cover percentage and height (Figure 2). 

Fuel type I differs significantly from the other fuel types for both the lowest height and 

cover percentage. It shows a fuel load lower than the other fuel types, especially in term of 

live fuel and litter. It is characterized by a high proportion of live fine load (foliage and 

twig smaller than 0.6 cm) over total fuel load (50%); the dead fine fuel component 

contributes for the 14% of the total shrub fuel load. Fuel type II is characterized by a taller 
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and denser structure than type I. In particular, the height of fuel bed and the amount of live 

fine load show to be significantly different from the other fuel types, whereas litter load and 

cover percentage values are intermediate between fuel type I and III. 

 

 

Figure 2. Mean values and significant differences of fuel bed variables among fuel types 

obtained from the hierarchical cluster analysis. *** indicates significant differences level 

(P<0.001) between fuel models according to ANOVA. Different letters indicate significant 

differences (p< 0.05) by LSD post hoc test. 

 

Fuel variable values of fuel type III are significantly different in height, amount of live fine 

load and cover percentage when compared to the other fuel types. In this case, live fine load 

contributes for about the 40% of the total shrub fuel load. Fuel type IV is representative of a 

mature and high maquis. The properties that characterize fuel type IV from the other three 

groups are the closed canopy, the fuel bed depth and the amount of live fuel load. It shows 

the highest amount of middle live fuel load. Live fuel contributes for about the 70% of total 

shrub fuel load. 

Four custom fuel models (CFM) of Mediterranean shrubs were then developed (Table 3). 

CFM I describes a low and sparse shrubland fuel complex, CMF II is representative of a 

low and dense shrubland fuel complex, CFM III represents a shrubland fuel complex of 

medium height and dense cover and, finally, CFM IV illustrates a high and closed 

shrubland fuel complex. 

The outputs from fire behaviour simulation (Surface rate of spread, Fireline intensity, 

Flame length, and Heat per unit area) indicate that all CFMs had a more severe fire 

behaviour in dry conditions. In particular, CFM IV had the most severe fire potential in 

both extreme and moderate weather condition (Figure 3). This behaviour is mainly due to 

the higher amount of fine fuel loading than the others CFMs. The CFM I, which describes a 

low and sparse shrubland fuel complex, presents the lowest fire danger in both weather 

conditions due to the very low fuel load. This pattern is especially evident for CFM IV. In 

this fuel model, live fuel contributes for about the 45% of total load and can be considered 
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the primary contributor to that high value of fire rate of spread. Extreme weather conditions 

strongly affect moisture content of live fine fuel in most Mediterranean shrubs. In these 

situations live fuel component becomes really dry and, therefore, more favorable for 

ignition and propagation. 

 

Table 3. Custom fuel model parameters. LH: live herbaceous; LS: live shrub; SAV: surface 

area to volume ratio; ME: moisture of extinction. 

 Fuel loading (Mg ha
-1
)      

Fuel model 1 hr 10 hr 100 hr LH LS 
1hr 

SAV 

Live 

SAV 

Fuel bed 

depth (m) 
ME  

(%) 

Heat 

content 

(kJ kg
-1
) 

CFM I 3.29 3.27 0.16 0.33 2.65 

2460 

4418 0.70 

25 18622 

CFM II  6.39 2.48 0.00 0.07 6.72 3573 0.91 

CFM III  8.65 5.40 0.64 0.41 9.76 4464 1.02 

CFM IV 11.50 4.42 0.06 0.06 13.04 5539 1.75 

 

 

 

Figure 3. Fire behaviour simulation output (Rate of spread, Fireline intensity, Flame 

length, and Heat per unit area) for the four custom fuel models 
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Abstract 

Many authors demonstrated the role of remote sensing in the assessment of vegetation 

equivalent water thickness (EWT), which is defined as the weight of leaf liquid water per 

unit of leaf surface. However, fire models rely on the fuel moisture content (FMC) as a 

measure of vegetation water. FMC is defined as the ratio of the weight of the liquid water 

in a leaf over the weight of dry matter, and its retrieval from remote sensing measurements 

might be problematic, since it does not provide specific spectral features. The aim of this 

research was to explore the potential of the Moderate Resolution Imaging Spectrometer 

(MODIS) in retrieving FMC from top of the canopy reflectance. To this purpose, a dataset 

of synthetic canopy spectra was constructed coupling PROSPECT and SAIL radiative 

transfer models. Reflectance spectra were then convolved to MODIS channels 2 (0.86 ɛm) 

and 5 (1.24 ɛm) spectral response functions. Results show that isolines of FMC can be 

identified in the plane representing MODIS measurements in channels 2 and 5. These 

observations allowed for the construction of a novel spectral index that is directly related to 

FMC. It appears that the proposed indicator is robust to all variable factors affecting canopy 

reflectance except leaf area index (LAI). The index explains most of the variability in FMC 

when LAI is large enough (R
2
=0.68 when LAI>2; R

2
=0.89 when LAI>4), while decreasing 

values of LAI enhance the effect of soil background on the observed relationship between 

the index and FMC, degrading it. 

Keywords: Fire risk, equivalent water thickness, fuel moisture content, PROSPECT, SAIL, 

MODIS. 

 

1. INTRODUCTION  

Considerable economic resources are spent every year in fire detection and suppression 

(FAO 2007), whereas the development of advanced tools for fire prevention might have a 

beneficial effect on the final socio-economic and environmental costs related to the 

phenomenon (Riera and Mogas 2004). This outlines a clear need for a fast and reliable 

method to forecast fire hazard and support fire managers in the allocation of resources. 

Several factors contribute to fire hazard, including the relative amount of fuels available for 

burning, their type and their condition, specifically moisture content (FAO 1986). Among 

these, fuel moisture is the most dynamic; it is also the most relevant, since it determines the 

forests susceptibility to fire ignition and propagation (Rothermel 1972). 

A common measure of water content in leaf tissues adopted by the remote sensing 

community is the equivalent water thickness (EWT), which is defined as the weight of 

water per unit area of leaf: 
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EWT=
W fīWd

A           (1)
 

where Wf is the weight of the fresh leaf as measured in the field, Wd is the corresponding 

weight of the same leaf that has been oven dried, and A is leaf area. 

Various spectral indexes were proposed for the quantification of EWT from broad-band 

optical remote sensing reflectance measurements in the near infrared (NIR) and short-wave 

infrared (SWIR), such as the Moisture Stress Index (Hunt and Rock 1989), the Normalised 

Difference Water Index (Gao 1996), and the Global Vegetation Moisture Index (Ceccato et 

al. 2002), However, fire hazard and fire propagation models rely on a different measure of 

vegetation water (Finney 2004), the fuel moisture content (FMC), which expresses the 

percentage weight of water in leaf tissues over the dry leaf weight: 

FMC =
Wf - Wd( )

Wd

×100
         (2)

 

Spectral indexes for the estimation of EWT exhibit poor performance in estimating FMC 

(Danson and Bowyer 2004). This is due to the fact that, as opposed to EWT, FMC does not 

provide specific spectral features in vegetation reflectance (Gao and Goetz 1990). To 

overcome this limitation, methods based on the inversion of a radiative transfer model 

(RTM) were proposed, but they need extensive ground measurements for the 

parameterisation of the retrieval strategy in order to provide accurate results (Yebra and 

Chuvieco 2009). 

Despite the outlined limitations, a spectral index sensitive to FMC is highly desirable, in 

order to provide for a simple and fast measure of a biophysical property specifically used to 

model fire hazard. Spectral indexes have a clear advantage over radiative transfer model 

inversion methods (Dasgupta et al. 2007), since their simplicity allows for the near-real 

time processing of remote sensing data at ground reception facilities, such as those 

permitted by MODIS, and the fast delivery of vegetation moisture maps to local authorities. 

The objectives of the research described in this article were the development of a MODIS 

based spectral index that would not track the outlined limitations of traditional vegetation 

moisture indexes, and the understanding of its potential and limitations. 

 

2. MATERIALS AND METHODS  

The Moderate Resolution Imaging Spectroradiometer (MODIS) is an Earth observation 

instrument on board Terra (EOS AM-1) and Aqua (EOS PM-1) NASA satellites. Each 

MODIS system views the entire Earth's surface on almost a daily basis, acquiring data in 36 

spectral channels ranging from the optical to the thermal domains. 

Simulated top of the canopy (TOC) reflectance data were produced coupling PROSPECT 

and SAIL models. PROSPECT (Jacquemoud and Baret 1990) is an RTM that simulates 

spectral reflectance and transmittance of plant leaves. Four parameters are required: 

chlorophyll a+b concentration Cab (in ɛg/cm
2
), EWT (in g/cm

2
), dry matter content (DMC, 

in g/cm
2
), and a leaf structural parameter N. With this model a wide range of leaf spectra 

can be simulated, corresponding to a variety of physiological conditions. Leaf reflectance 

and transmittance were scaled to TOC reflectance by using SAIL model (Verhoef 1984), 
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which requires information on leaf area index (LAI), average leaf angle (ALA), hot-spot 

size, background spectrum, and on view and illumination geometry. 

To simulate TOC reflectance, input parameters to PROSPECT and SAIL models were 

chosen from random uniform distributions, as specified in Table 1; the only exception was 

the hot-spot size, which was kept constant. A total of 1000 spectra were produced, 100 for 

each of the FMC values between 50 and 500% in steps of 50%. In order to simulate the 

values of FMC in the specified steps, for each value of FMC, EWT was first randomly 

chosen according to ranges in Table 1; the corresponding DMC value was then computed 

accordingly. The couple of values EWT + DMC was actually retained only if the calculated 

DMC was within the ranges in Table 1, otherwise a new couple of values was iteratively 

generated until the given constraints were met. 

 

Table 1. Values of the parameters adopted to run PROSPECT and SAIL; observation 

geometry is set accordingly to MODIS specifications with random view angle along the 

scan line. 

PROSPECT parameters SAIL parameters 

N 1 - 3 LAI  0.5 - 7 

Cab (ɛg/cm
2
) 20 - 60 ALA  45 - 75 

EWT (g/cm
2
) 0.01 - 0.07 Hot-spot size 0.001 

DMC (g/cm
2
) 0.004 - 0.04 Soil spectrum Dark to medium 

  Sun zenith angle 

(deg) 

40 - 60 

 

All produced TOC reflectance spectra were converted to MODIS reflectance basing on 

channels' spectral response functions (Xiong et al. 2006). Vegetation moisture is the main 

source of variability in the SWIR (Ceccato et al. 2001; Danson and Bowyer 2004). Three 

MODIS channels are in this spectral range, centred at 1.24 ɛm (channel 5), 1.64 ɛm 

(channel 6) and 2.13 ɛm (channel 7). Spectral indexes of vegetation moisture usually rely 

on NIR reflectance as well (e.g. MODIS channel 2, centred at 0.86 ɛm), using it as a 

normalising factor (Gao 1996; Ceccato et al. 2002). In this research only channels 2 and 5 

were taken into consideration for the development of the spectral index. 

The construction of the spectral index followed the theory and methodologies introduced by 

Verstraete and Pinty (1996). Basically, the simulated dataset was first analysed in the 

Cartesian plane whose axes are MODIS reflectance channels 2 and 5. Isolines of FMC were 

then identified and characterised along with disturbing factors. This finally led to the 

definition of a new spectral index whose variation corresponds to a displacement in the 

spectral plane that is perpendicular to isolines of FMC, in order to maximise its sensitivity. 
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3. RESULTS 

A preliminary analysis was performed on the graph representing simulated data points on a 

Cartesian plane whose axes are MODIS reflectance in channels 2 and 5 (Figure 1). The 

adopted ranges of PROSPECT and SAIL parameters imply considerable variability in 

simulated reflectance values. In order to facilitate visual inspection, only a subset of 

simulated data were plotted, specifically points with FMC values of 50, 200 and 500%. 

Points with different values of FMC clearly overlap; nevertheless, there is evidence of 

separability. For each group of points with the same value of FMC, the observed dispersion 

appears to depart from a dense alignment of points towards lower values of reflectance in 

channel 2 and higher in channel 5. 

Figure 2 shows a subset of the points in Figure 1, characterised by a simulated value of LAI 

greater than 4. It appears that when vegetation cover is dense, points with the same value of 

FMC align on a straight line with little variability. This clearly hints at the existence of 

isolines of FMC, at least in conditions of dense vegetation cover. 

 

  

Figure 1. Distribution of simulated data 

points in the channel 5 vs channel 2 plane. 

Figure 2. Distribution of simulated data 

points the channel 5 vs channel 2 plane. 

Only points corresponding to LAI>4 were 

plotted. 

 

All linear regressions of the points with the same value of FMC and LAI>4 are strong and 

significant (R
2
>0.96, p<0.0001), and were thus identified as FMC isolines. The slopes of all 

isolines overlap within their 95% confidence interval, and can be considered parallel. The 

lines shift towards higher NIR and lower SWIR reflectance values with increasing FMC. 

Basing on these findings, a new spectral index was developed, defined as the distance of 

the measured reflectance in MODIS channels 2 and 5 from a reference line. Such line was 

assumed to be that of completely dry vegetation, i.e. FMC=0%, EWT=0, and the distance 

was calculated perpendicularly to it. We call this the perpendicular moisture index (PMI), 

and we calculate it as: 

PMI = - 0.73× R5- 0.94×R2- 0.028( )       (3) 
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where R2 and R5 are reflectance values measured in channel 2 and channel 5 respectively. 

The PMI is larger for larger values of FMC. However, its predictive power is dependent on 

the density of vegetation cover. The observed regression equations and coefficients of 

determination of the PMI vs FMC relationship are reported in Table 2 for all simulates data 

and for the subsets with LAI>2 and LAI>4. When all data points are taken into account, a 

poor predictive performance is observed. The relationship becomes stronger as LAI 

increases. 

 

Table 2. Regression laws of the PMI vs FMC relationship. 

 Regression law R
2 

All data PMI= -0.12+0.034*log(FMC) 0.32 

LAI > 2 PMI= -0.14+0.040*log(FMC) 0.68 

LAI > 4 PMI= -0.17+0.047*log(FMC) 0.89 

 

4. DISCUSSION AND CONCLUSIONS 

Vegetation moisture is the main source of variability in the SWIR (Danson and Bowyer 

2004). In its contribution to vegetation reflectance, the EWT plays the role of state variable 

of the radiative problem. This justifies the success of some spectral indexes in retrieving 

this measure of vegetation moisture. However, the wildland fires research community is 

interested in estimates of FMC, which actually is the ratio of EWT and DMC, two 

independent state variables of the same radiative problem. While this has been seen as a 

complication in the retrieval of FMC from broad-band remote sensing measurements in the 

optical domain, from the theory (Verstraete and Pinty 1996) the value of an environmental 

variable can indeed be estimated if it results in an observable variation in vegetation 

reflectance. 

In this article, it is shown evidence that in the plane spanned by MODIS channels 2 and 5 

vegetation reflectance lies on lines of constant FMC, at least for dense covers. Lines of 

decreasing values of FMC shift towards lower reflectance values in channel 2 and higher in 

channel 5. This means that in the spectral space a point representative of the observed 

vegetated area is displaced when FMC changes. 

This observation was used for the construction of a novel spectral index, the PMI, sensitive 

to FMC. The effect of extraneous factors on this relationship was investigated as well. This 

was needed to understand how to eventually remove the effect of the factor, or to take it 

into account when dealing with the specific application (Seelig et al. 2008). 

The retrieved relationship between FMC and PMI is essentially affected by LAI. Good 

results are achievable when LAI>2, which is a typical condition in a large variety of 

vegetation associations in the countries facing the Mediterranean basin. With decreasing 

values of LAI, the accuracy in the PMI vs FMC relationship decreases. Dispersion of points 

away from the observed isolines is towards lower reflectance values in channel 2 and 

higher in channel 5. This is due to the fact that when LAI diminishes, more soil is exposed 

and contributes to TOC reflectance. 
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From a practical point of view, with decreasing values of LAI, the dispersion of points is 

towards isolines of lower FMC. This means that in these circumstances the PMI 

underestimates vegetation moisture, which is safe from the point of view of fire prevention. 
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Abstract  

At present, IR-cameras are commonly used to measure temperatures in laboratory and full-

scale experiments. They allow obtaining a good time and space discretization, which 

provides an opportunity to eliminate the use of thermocouple arrays, not damaging the 

structure of flame during combustion of different fuels. In this contest, there are a number 

of specific questions related to the determination of spectral range, emissivity coefficient, 

and multiple changes of temperature at a point over a short period of time in the case of 

research in flame temperatures during combustion of vegetable fuels. In this paper, we 

present the results of experimental studies using thermal combustion of vegetable fuels and 

frequency analysis of changes in temperature in the flame. The results are obtained using a 

thermal imager of vegetable fuel combustion and a frequency analysis of changes in the 

flame temperature. 

Keywords: flame temperature, IR methods, Steppe plants 

 

1. MATERIAL AND METHODS  

Experiments were conducted in laboratory and full-scale conditions. The fuels were a 

mixture of steppe plant materials [Elytrigia repens (Couch grass), Artemisia austriaca 

(Austrian wormwood), Festuca ovina (Fescue or Sheep's fescue grass)] typical for the 

Karasuk area in the Novosibirsk Area, as well as pine needle litter. For measurements, an 

IR JADE J530SB Camera was used, equipped with a narrow-band optical filter in the range 

of 2.5-2.7 mm with image recording in real time up to 170 frames per second. The high 

speed of the thermal imager allowed performing good time and space data discretization at 

the location of thermocouples. The mass of fuels was measured with an AandD EK-1200G 

electronic balance with an accuracy of 10
ï2

 kg. The moisture content of fuels was measured 

with an AandD MX-50 moisture analyzer with an accuracy of 0.01%. The air temperature, 

relative humidity, and atmospheric pressure were controlled by a Meteoscan RST01923 

weather station. 

The total relative errors of parameters did not exceed dw/wÖ100 % Ò 3.3 % for moisture 

content, dm/mÖ100% Ò 1,2 % for mass, dPe/PeÖ100 % Ò 6,0 % for atmospheric pressure, 

dT/TÖ100 % Ò 5,3 % for air temperature, dj/jÖ100 % Ò 2,5 % for relative air humidity, and 

dt/tÖ100 % Ò 4,3 % for the time. 

Temperature measurements were performed by using the arrays of chromel-alumel 

thermocouples located longitudinally and vertically relative to the surface of a fuel sample. 
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When measuring the flame temperature of spreading flame fronts (Grishin et al. 2011) it 

was observed the change in temperature for sufficiently short time intervals (Figure 1). 

   

 

Figure 1. Flame front temperatures in the front of a steppe fire versus time at a height of 30 

cm above the ground surface (curve 1), 60 cm (curve 2), 90 cm (curve 3). 

 

Using the discrete Fourier transform, the frequency spectra of temperature changes were 

determined in the flame front. The input data were taken from the thermograms obtained 

during full-scale experiments (Grishin et al. 2011) conducted in the Karasuk area of the 

Novosibirsk Region. The vertical and horizontal lines located in the fire front were selected 

in the thermogram to choose 20 sequentially arranged points. Next, the spectra obtained for 

every point were averaged according to all the points on the line. 

 

2. RESULTS 

Figures 1 to 3 show the results of the Fourier transform for full-scale experiments. 

In Figure 1 the wind speed was varied during the experiment in the range of 0.2-1 m s, in 

Figure 2, 3-5 m/s, and in Figure 3, 5-8 m/s. 

After analysing Figure 1 to 3, the characteristic frequency peaks were found to be in the 

range from 2 to 7 Hz. They become practically inexistent with increases in wind speed 

more than 5 m/s. For this reason, additional experiments were conducted in laboratory 

conditions. 

Due to the fact that the JADE J530SB IR-cameras allow the temperature to be measured 

with frequency up to 170 Hz, it was possible to observe that the spatial structure of 

temperature changes very quickly in flame. The measurement scheme was used together 

with a channel of high-speed temperature recording; the discretization frequency was 500 

Hz (16 bit). The measurement sensor was a tungsten-rhenium thermocouple (type TR) with 

a junction diameter of 50 mm. Next, a comparative analysis of the temperature variation 

versus time was carried out. The recorded data from thermal imagers according to 

characteristic frequencies were compared with the results of the high-speed thermocouples. 

A mixture of steppe fuels (SF), which are typical of the Karasuk area, was used as a 

sample. The mass of the samples was varied from 50 to 200 g. The moisture content of the 

SF samples varied from 3.6 to 21.6%. The sequence of thermograms (one 42,500 frames 

implementation) and the temperature profiles were processed by discrete Fourier 

transforms. The input data were selected in the flame similarly (Figure 4). 
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Figure 1. Frequency spectra of the flame temperature according to the JADE-J530SB IR-

camera for the experiment with a wind speed of 0.2-1 m/s. Horizontal (left) and vertical 

(right) arrangements of measurement points are showed. 

  

Figure 2. Frequency spectra of the flame temperature according to the JADE-J530SB 

thermal imager for the experiment with a wind speed of 3-5 m/s. Horizontal (left) and 

vertical (right) arrangements of measurement points are showed. 
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Figure 3. The frequency spectrum of the flame temperature according to the JADE-J530SB 

IR-camera for the experiment with a wind speed of 5-8 m/s. Horizontal (left) and vertical 

(right) arrangements of measurement points are showed. 

 

 

Figure 4. Thermogram of the flame during SF combustion, the emissivity coefficient is e = 

0.77, moisture content is w = 5.9%; and the spectral range is 2.5-2.7 mm. 

 

Using discrete Fourier transforms, the frequency spectra of temperature were obtained at 

every point on a vertical line, and then they were averaged. Figure 5 (left) shows the 

averaged frequency spectrum of the temperature change for the points in Figure 3. 
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From Figure 5 (left) it can be seen that temperature fluctuations take place with a 

significant amplitude in a range of about 0.01 Hz. These values are not given in the graphs 

by reason of complexity to compare temperature fluctuations with other frequencies. In the 

range of 2.7 Hz there are characteristic frequency peaks of temperature fluctuations with an 

amplitude of up to 8 K. 

Similar results were obtained for the points located on a horizontal line. These results allow 

us to conclude that these frequencies are characteristic for the physical process of 

combustion. To eliminate the influence of scale, the size of a combustion source, the mass 

and the moisture content of the samples were varied. These changes of parameters did not 

influence the frequency spectrum of the temperature. 

 

Figure 5. On the left, the frequency spectrum of the flame temperature according to the 

data of the JADE-J530SB IR-camera is showed. On the right, the frequency spectrum of the 

thermocouple temperatures in flames according to the tungsten-rhenium thermocouple 

(type TR) with a junction diameter of 50 mm is presented. 

 

Figure 5 (right) shows the frequency spectrum of the thermocouple temperature for a data 

implementation 250 seconds. From Figures 4 (right) and 5 (left) it is seen that there are 

characteristic frequency peaks of temperature fluctuations with an amplitude of several 

degrees in the range of 2-6 Hz. Probably, the lower amplitude of the thermocouple 

temperature compared to the IR-camera readings is connected with the fact that the 

thermocouple changes the structure of flame and has some thermal inertia. In addition, if 

the combustible flow gas is low, then it is necessarily to take into account the loss of heat at 

the junction due to radiation and the heat conduction along the wires of the thermocouple 

(Lewis et al. 1957) 

It should be noted that the coincidence of the frequency characteristics when measuring the 

temperature by both the IR-camera and the thermocouple illustrates the dependence of 

fluctuations on the physical processes of combustion. The work presented in Golovanov 

(1999) provides a frequency analysis for the temperatures measured by thermocouples 

during combustion of forest fuels, where the author points out the frequencies 7-6 Hz 

which, in the authorôs opinion, are connected with the natural oscillations of PF elements.  

This work was supported by the Grant of the President of the Russian Federation for State 

Support of Young Russian Scientists (project no. MK-4331.2011.1) and the Federal 

Science and Innovation Agency (project no. 02.740.11.0674). 
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Abstract 

Studies on combustion of the evolved gases in wildland fires are mainly focused on fire 

behaviour modelling. In these studies it is often assumed that the mixture of gases released 

from the thermal degradation of vegetation is composed only by CO2 and CO. This 

assumption reduces the CPU time requirements, but it also removes important chemistry 

processes that can be important in determining fire behaviour and fire emissions. In this 

work it has been studied the role of the H2O released during the thermal degradation of 

vegetation, on the combustion and on the emission of pollutants. For this purpose several 

simulations have been run using the CHEMKIN II package (PSR code) with two different 

detailed kinetic mechanisms (GRI-Mech 3.0 and GDF-kin
®
 3.0) and for different gaseous 

mixtures. The results obtained varied depending on the mechanism, but as a general 

tendency the presence of H2O showed implications on the efficiency of the combustion and 

on the formation of certain pollutants.  

Keywords: Global mechanism, gas oxidation, wildland fires combustion, pollutants 

emissions 

 

1. INTRODUCTION  

Combustion processes in wildland fires primarily involve the oxidation of the thermal 

decomposition products of vegetation (degradation or evolved gases and char). Although 

both gas-phase combustion and char oxidation lead to the release of heat, as well as the 

production of soot particles and other pollutants, fire spread is mainly sustained by the 

energy released from the gas-phase combustion reactions (Sullivan 2009). Consequently, 

the analysis of gas-phase combustion kinetics is decisive for wildland fire spread 

modelling. 

Many current fully physical models of fire spread use simplified mixtures which consider 

only CO and CO2 as the products released from the thermal degradation of vegetation. 

While considering a simplified composition of the degradation gases of vegetation can be a 

solution computationally economical, it can also remove important chemistry processes for 

determining fire behaviour and also fire emissions (Sullivan and Ball 2012). Thus, the 

number of chemical species to consider must be a balance of the competing needs of 

accuracy and simplicity to attain the computation time requirements.  

The gases released from the thermal degradation of vegetation form a complex mixture 

containing a great variety of chemical species, mainly CO, CO2, CH4 and other light 

hydrocarbons, and H2 (Grishin 1997). However, recent studies have revealed that H2O is a 

main product on the pyrolysis gases from vegetation. Worasuwannarak et al. (2007) 

analyzed the pyrolysis behaviour of different vegetal species ïrice straw, rice husk and 

corncobï and model compounds ïlignin, cellulose and hemicelluloses (xylan)ï, paying 

close attention to H2O and tar formation. The authors found that H2O was the main product 

mailto:perez-ramirez@univ-corse.fr
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on the pyrolysis gases from all the studied samples. Moreover, their results clearly indicate 

that a higher content of hemicellulose in the biomass results in a larger amount of water 

production during the pyrolysis.  

In addition, Worasuwannarak et al. (2007) found significant interactions between cellulose 

and lignin during pyrolysis, resulting on a decrease in tar formation but an increase in the 

char. They concluded that the suppression of tar formation during the pyrolysis of biomass 

was brought about by the cross-linking reactions between lignin and cellulose to form H2O 

and ester groups during pyrolysis. 

Tihay and Gillard (2010) quantified the gases released during the pyrolysis of different 

Mediterranean vegetation species usually involved in wildland fires ïCistus creticus, 

Myrtus communis and Genista corsica. The authors found that CO2 was the main product 

found on the pyrolysis gases followed by H2O. According to them, the emission of water 

follows two steps. A first step consisting on the evaporation of the moisture content of the 

plant, and a second step, from 100°C upward, in which water is generated by the cleavage 

of aliphatic hydroxyl groups in the lateral chains.  

The presence of H2O in the evolved gases of vegetation can has significant implications 

when studying the combustion processes. For instance the oxidation mechanism for CO 

depends on the presence of hydrogen-containing compounds, and small quantities of H2 or 

H2O may tremendously increase the oxidation rate of CO. In the presence of these 

components, OH radicals are formed. Under these conditions CO is largely consumed by 

the reaction with OH, which is quite fast (Kee et al. 2003).  

Thus, the aim of this study is to analyze how the fact of considering the H2O on simplified 

mixtures of gases representatives of the degradation gases of vegetation affects on their 

combustion and on the emission of the pollutants often released during wildfires. For this 

purpose, several simulations have been run using the PSR code from the CHEMKIN II 

package with a two full mechanisms (GRI-Mech 3.0 and GDF-Kin
®
 3.0) and different 

simplified gaseous mixtures. 

 

2. MATERIALS AND METHODS  

2.1. Composition of the degradation gases mixtures 

Two studies were found on the literature that quantified the H2O released during the 

pyrolysis of several vegetation samples (Worasuwannarak et al. 2007; Tihay and Gillard 

2010). From the results of both studies it can be derived that the amount of H2O released 

differs depending on the vegetation species and on the conditions of the thermal 

degradation, mainly in terms of temperature. The mass fractions of H2O (g-H2O/g-sample) 

measured by Worasuwannarak et al. (2007) ranged between 18 % and 25%, whereas the 

values obtained by Tihay and Gillard (2010) ranged between 17% and 31%. According to 

these results we decided to test the effect of different amounts of H2O on the degradation 

gases of vegetation. 

Thus, three different gaseous mixtures were studied (Table 1). A first mixture M0 

composed by CH4, CO and CO2, and representative for the thermal degradation of Pinus 

pinaster needles (Leroy et al. 2008), and two other mixtures, M10 and M50, that were 

formulated by adding different quantities of H2O (10% and 50% mole fraction) to the 

mixture M0, and keeping the same proportion between CH4, CO and CO2 than in M0.  
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Table 1. Composition of the three gaseous mixtures studied M0, M10 and M50. 

 

 

2.2. Numerical method 

The PSR code (Glarborg et al. 1986) from the CHEMKIN II package (Kee et al. 1989) 

allows predicting steady-state temperature and species composition in a perfectly stirred 

reactor by solving the equation of mass conservation for each species at each temperature 

and fuel/air equivalence ratio. This package was used to simulate the combustion (gas 

phase reactions) of different gaseous mixtures. In order to obtain the same inlet 

concentrations of CO, CO2 and CH4 for all the cases, the proposed gaseous mixtures were 

diluted with argon by different dilution factors (M0: 9.1, M10: 8.3 and M50: 4.6). 

Simulations were run at atmospheric pressure, for fuel equivalence ratios of 1.0 and 1.4; 

and temperatures ranging from 773 K to 1273 K. Two detailed mechanism were used to run 

the simulations, GRI-Mech 3.0 (Smith et al. 2000) and GDF-kin
®
 3.0 (El Bakali et al. 

2006). Both mechanisms were designed to model natural gas combustion, including NO 

formation and the C2 chemistry. However, even though any of these mechanisms has been 

developed for the combustion processes in wildland fires, they have been validated for 

several devices (shock tube and jet-stirred reactors, premixed flame), and in various 

different conditions.  

 

3. RESULTS AND DISCUSSION 

Concerning the results, the mole fractions as a function of temperature were evaluated on 

the one hand for the major species involved on the oxidation of the gaseous mixtures ïCH4, 

CO, CO2, O2ï, and on the other hand for some minor species corresponding to pollutants 

usually released during wildfires ïNO, HCN, CH2Oï. 

3.1. Major species: CH4, CO, CO2, O2 

Figure 1 shows the CH4 mole fraction profiles as a function of the temperature, at 

stoichiometric (Figure 1a) and fuel-rich (Figure 1b) conditions. According to the numerical 

values obtained by using the GDF-kin
®
 3.0 mechanism, H2O has practically no effect on 

the oxidation of CH4, whereas according to the GRI-Mech 3.0 mechanism values, the 

greater the amount of H2O, the smaller the temperature at which oxidation of CH4 is 

efficient, especially at stoichiometric conditions. The same behaviour was observed for O2.  

Regarding CO, Figure 2a displays the mole fractions obtained by the simulations run at 

stoichiometric conditions. In these conditions, there are also differences depending on the 

mechanism used to run the simulations. Results obtained with the GDF-kin
®
 3.0 

mechanism indicate a slight effect of H2O in the consumption of CO only for the mixture 

M50. When using GRI-Mech 3.0 mechanism, results denote a change in the temperature at 

 % Mole fraction  

  M0                       M10                     M50 

H2O 0.00 10.00 50.00 

CO 30.50 27.45 15.25 

CO2 51.10 45.99 25.55 

CH4 18.40 16.56 9.20 
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which CO is started being consumed. Moreover, the shape of the curve molar fraction vs. 

Temperature is also different, indicating a slower consumption. 

a)        b) 

 
Figure 1. Consumption of CH4. a) Equivalence ratio 1. b) Equivalence ratio 1.4. 

 

a)        b) 

 
Figure 2. Consumption of CO. a) Equivalence ratio 1.0. b) Equivalence ratio 1.4. 

 

In fuel-rich conditions (equivalence ratio 1.4) the consumption of CO depends strongly on 

the amount of H2O present on the mixture. In these conditions, the concentration of CO 

decreases substantially with the increasing amount of H2O in the inlet mixture (Figure 2b). 

For both mechanisms, the values obtained are in agreement, but when using the GRI-Mech 

3.0 mechanism for the gaseous mixture M50 containing a 50% of H2O the consumption of 

CO starts at a lower temperature. 

The consumption of CO is linked to the production of CO2. So, similar behaviour was 

observed for both chemical species. At stoichiometric conditions the production of CO2 

obtained when using the GDF-kin
®
 3.0 mechanism is not greatly affected by the presence 

of H2O on the gaseous mixture, while when using the GRI-Mech 3.0 mechanism the 

presence of H2O and its amount causes a decrease on the temperature at which the 

production of CO2 is efficient. Nevertheless, the amount of CO2 produced at the higher 

temperatures is the same for both mechanisms in the different studied conditions. At fuel-

rich conditions an increase on the CO2 formation of approximately 8% can be observed for 

the mixture M50 in comparison with the mixture M0. This is because the CO is largely 

consumed in the presence of H2O by the reaction CO + OH ᵶ CO2 + H, which is quite fast, 

forming CO2 and H.  
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3.2. Emissions of NO, HCN, CH2O 

Concerning the NO production, results obtained with both mechanisms present the same 

tendencies, so that the presence of H2O produces a reduction on the NO concentrations, in 

all the studied conditions. Figure 3a displays the results at fuel rich conditions. It is worth 

noting, that when comparing the results of both mechanism for the mixture without H2O 

(M0), there is a great difference on the values obtained depending on the mechanism used, 

while for the mixture with an H2O fraction of 50% (M50) the values are very similar. As for 

the NO, the presence of H2O on the gaseous mixture reduces the formation of HCN at fuel 

rich conditions (Figure 3b). However, at stoichiometric conditions, the results from the 

simulations using the GDF-kin
®
 3.0 mechanism show only a slight difference due to the 

presence of H2O, whereas the results from the GRI-Mech 3.0 mechanism have the same 

trend that those at stoichiometric conditions. 

a)        b) 

 
Figure 3. Consumption of CO. a) Equivalence ratio 1.0. b) Equivalence ratio 1.4. 

 

a)        b) 

 
Figure 4. Production of CH2O. a) Equivalence ratio 1.0. b) Equivalence ratio 1.4. 

 

Unlike NO and HCN, the CH2O production is favoured by the presence of H2O on the 

gaseous mixtures (Figure 4). Predictions of both mechanisms at stoichiometric conditions 

reveal a rise in the formation of CH2O as the amount of H2O present in the mixture 

increases (Figure 4a). At fuel-rich conditions (Figure 4b) the same conclusions can be 

drawn from the simulation results obtained by the GDF-kin
®
 3.0 mechanism. However, 

when using the GRI-Mech 3.0 mechanism in these conditions, the formation of CH2O 

increase for the mixture M10 (10% of H2O) while for the mixture M50 (50% of H2O) the 

production of CH2O decrease below the values obtained for the mixture without H2O, M0. 
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4. CONCLUSIONS 

Studies on combustion of evolved gases in wildland fires are mainly focused on fire 

behaviour modelling. In these studies is often considered that the mixture of gases released 

from the thermal degradation of vegetation is composed only by CO2 and CO. In this work 

it has been studied the role of H2O released during the thermal degradation of vegetation, 

on the combustion and on the emission of pollutants. The simulation results have shown 

that the presence of H2O enhances the consumption of CO and therefore the formation of 

CO2. This can have important implications in wildfire modelling since the emissions of 

CO/CO2 reflect the burning efficiency and are strongly coupled to the heat released by the 

fire. Moreover, neglecting H2O can affect the accuracy of the predictions of pollutants 

emissions since the presence of H2O enhance the formation of CH2O, and decrease the 

formation of NO and HCN. Some discrepancies have been observed depending on the 

kinetic mechanism used. Experimental datasets are therefore important to validate the 

numerical results. 
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Abstract  

This paper investigates the volatile organic compound (VOCs) and semi-volatile organic 

compounds (SVOCs) from three representative Mediterranean plant species (Pinus pinaster 

Ait., Pistacia lentiscus L. and Rosmarinus officinalis L.). The plant samples were burned 

using a cone calorimeter. The volatiles compounds were analyzed by Automated Thermal 

Desorption-Gas Chromatography/Mass Spectrometry (ATD-GC/MS) and 62 compounds 

were identified. These volatile emissions represented 6551.6 ± 563.4 to 12765.7 ± 1327.3 

ɛg.g
-1

dw of combustible fuel. Some compounds identified are toxic and can affect human 

health and environment.  

Keywords: VOCs and SVOCs smoke; Cone calorimeter; GC/MS  

 

1. INTRODUCTION  

Every year, wildland fires burn a considerable area of the southern European region. The 

Mediterranean region is the most affected by these fires. Vegetation fire smoke consists of 

water vapor, permanent gases, volatile organic compounds (VOCs), semi-volatile organic 

compounds (SVOCs) and others particles matter. Permanent gases include carbon dioxide 

(CO2), carbon monoxide (CO), nitrogen oxides (NOx, NO and NO2) and methane (CH4)). 

Hydrocarbons identified are aliphatic compounds such as alkanes, alkenes and alkynes 

(Miranda et al. 2004; Greenberg et al. 2005; Statheropoulos et al. 2007; Barboni et al. 

2010a,b). Many aromatic hydrocarbon are identified, especially benzene, toluene, 

ethylbenzene, and xylenes (Barboni et al. 2010c). Among VOCs emitted by vegetation fire 

smoke, there are oxygenate compounds such as: alcohols (phenol), aldehydes (furfural, 

benzaldehyde), ketones (acetone, 2-butanone), furans (furfural, benzofuran), carboxylic 

acids (acetic acid) and esters (Blake et al. 2009; Estrellan et al. 2010). The semi-volatile 

compounds (SVOC) identified in vegetation fire smoke are polycyclic aromatic 

hydrocarbons (PAHs) such as naphthalene (Oros et al. 2001). Particulates matters are also 

emitted during wildfires as fine (PM2.5) and coarse (PM2.5-10) and released into the 

atmosphere, where physical or chemical transformations may occur (Alves et al. 2011). 

Smoke can have impacts on the environment (air quality, water and soil) and human health 

(Reisein et al. 2009; Margossain 2002).  

The aim of this work is the characterization of volatile organic compounds emitted during 

the combustion of three representative species of Mediterranean vegetation. The 

combustion of vegetal made from the cone calorimeter is an innovative approach to the 

analysis of volatile organic compounds contained in smokes. 
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2. MATERIALS AND METHODS  

2.1. Experimental part 

The combustion was performed on three representative species of the Mediterranean scrub. 

This is Pinus pinaster Ait. , Rosmarinus officinalis L., and Pistacia lentiscus L.. Species 

were collected during the spring season from March to June in Corsica. Samples were 

previously dried in an oven at 60 °C for 24 hours before experimental burning. 20 grams of 

plants (leaves and needles) are placed in a basket (e.g.: Figure 1) and subjected to an 

external radiative heat flux (20 kW m
-2
 (570 °C)), and a pilot ignition source. Smoke was 

sampled from the exhaust pipe of the cone calorimeter on an active sorbent tube, through a 

transfer line (Teflon tube, Supelco) connected to a pump (AirbusTox, Noselab). The 

sorbent tubes used were Multibed glass tubes (11.5cm×6mm o.d; 4mm i.d.; Supelco, Tenax 

TA) in order to capture organic compounds of low or medium volatility. After combustion, 

the sorbent tubes were immediately transferred to the laboratory and analyzed by ATDï

GC-FID and ATDïGC/MS. The repeatability of the method is verified by performing the 

same pattern three times for each sample plant. 

          

 

 

 

 

 

 

 

Figure 1. Picture of the cone calorimeter and the heating resistance and basket 

 

2.2. Analysis of volatile compounds  

The analyses were carried out immediately after sample collection using an Automatic 

Thermal Desorber Perkin Elmer ATD turbomatrix. The chromatograph (GC-FID) and the 

(GC/MS) mass spectrometer were Perkin Elmer Clarus 500 apparatus. The chromatograph 

was equipped with a non-polar column (Rtx-1, dimethylsiloxane; length: 60 mm, internal 

diameter: 0.25 µm). This column was coupled with the mass detector and the FID detector. 
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The oven temperature of the chromatograph was programmed from 50° to 260°C at 

2°C min
-1

 and then held isothermally at 260°C for 10 min. The method followed is the 

same as the report by Barboni et al. 2010b. 

2.3. Identification and quantifi cation 

The methodology used to identify individual components was based on the comparison of 

their GC retention indices (RI) on non-polar columns (Rtx-1), with those of authentic 

compounds. The results spectra were compared with those in our laboratory-made library. 

The method of calibration was used with a commercial standard of benzene in methanol.  

 

3. RESULTS AND DISCUSSION 

The analyses of smoke with ATD-GC-FID and ATD-GC/MS permitted the identification of 

62 compounds representing 6551.6 ± 563.4 to 12765.7 Ñ 1327.3 ɛg g
-1

dw for three species 

studied (P. pinaster, P. lentiscus, R. officinalis). The compounds identified were classified 

according to their chemical family. Among them, there are 27 terpenic compounds, 16 

benzene derivatives, 18 linear compounds, 4 other cycles such as pyrrole and 1 volatile 

Polycyclic Aromatic Hydrocarbon (PAH). The list of identified compounds in smoke is 

presented in Table 1. 

Terpenes were emitted during the preheating phase of combustion. Ferlay-Ferrand et al. 

(2000) reported that aromatic compounds identified in smoke of aromatic species such as 

rosemary or thyme are characterized by high frequencies in terpenes. Terpenes are found in 

high proportions ranging from 2296.5 ± 293.7 (P. pinaster) to 3314.8 Ñ 647.8 ɛg g
-1

dw (P. 

lentiscus). In the smoke from P. pinaster, (E)-ɓ-caryophyllene (548.8 ɛg g
-1

dw), myrcene 

(316.4 ɛg g
-1

dw) were the major terpenic compounds. Myrcene is also the major terpenic 

compound in smoke of P. lentiscus (2095.2 ɛg g
-1

dw). The study of the essential oil of P. 

lentiscus realized by Castola et al. (2000) also shows that the major compound is myrcene. 

In the smoke of R. officinalis, Ŭ-pinene (719.6 ɛg g
-1

dw), bornyl acetate (600.8 ɛg g
-1

dw) 

were the major terpenes compounds. The same results from R. officinalis essential oil were 

reported by Pintore et al. (2002).  

Benzene and benzene derivatives concentrations vary from 934.7 ± 54.0 to 2076.2 ± 145.3 

ɛg g
-1

dw. Benzene, toluene, ethylbenzene and xylenes (BTEX) represent significant values 

of this chemical family. Benzene varies between 110.0 ± 5.0, 165.6 ± 10.1 to 168.2 ± 3.8 

ɛg g
-1

dw. The largest proportion of toluene is found for Rosmarinus (260.0 Ñ 31.6 ɛg g
-1

dw), 

whereas it is equivalent for Pinus and Pistacia. The ethylbenzene concentration was low for 

P. pinaster (68.9 Ñ 9 ɛg g
-1

dw) comparatively of the P. lentiscus and R. officinalis which 

were respectively 214.3 ± 21.2 and 175.6 ± 24.0. Xylenes concentrations were equivalent 

for Pinus and Pistacia and higher for the rosemary (Table 1).  

The inhalation of benzene causes headaches, dizziness, nausea, confusion and respiratory 

tract irritation. In long term, it is carcinogenic to humans. Exposure to toluene can cause 

psycho-organic syndromes and cardiac problems. Xylenes have an effect on metabolism, 

they can cause vomiting and risk of pulmonary edema in the short term (Barboni et al. 

2011). This is why many authors measured BTEX during prescribed burning. Reisen and 

Brown (2009) showed that benzene and toluene exposures ranged from 0.002ï0.26 mg m
-3
 

and 0.002ï0.95 mg m
-3

.  
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Other cycles family represents concentrations ranging from 925.8 Ñ 38.5 ɛg g
-1

dw for P. 

pinaster burning to 5825.3 Ñ 354.2 ɛg g
-1

dw from the combustion of P. lentiscus. There are 

other compounds presenting important risk for human health. Furfural compounds 

identified in the smoke from the plants are important because they are serious irritants and 

are produced in large quantities.  

Linear compounds were found in higher proportion in the smoke of Rosmarinus (3074.5 ± 

450 ɛg g
-1

dw) compared to the value in Pistacia fire smoke (1549.4 Ñ 180.1 ɛg g
-1

dw). 

Although acetic acid were detected in smoke from Pistacia and Pinus burning at 1050.5 ± 

107.8 and 565.8 Ñ 35.7 ɛg g
-1

dw, it was not identified in the smoke of Rosmarinus.  

Regarding the family of PAH, one compound was identified, the naphthalene, whose values 

were 67.3 Ñ 4.8 to 92.0 Ñ 15.1 ɛg g
-1

dw. Naphthalene is carcinogen. Barboni et al. (2010b) 

identified the same compounds as those found in this study and they demonstrated that 

differences in smoke compositions observed for different plants can be explained by 

structural differences of plants. 

 

Table 1. Mean concentrations and standard deviations of VOCs and SCOVs emissions from 

needles of Pinus pinaster (Ait.), leaves of Pistacia lentiscus (L.) and leaves of Rosmarinus 

officinalis (L.). 

 

 

 

 

 

 

 

No. Compounds RIl P. pinaster L P. lentiscus L R. officinalis L

1 Isoprene 504 662.1 ± 74.2 386.8 ± 31.9 496.7 ± 84.5
2 2-methylfuran 604 - 759.5 ± 59.2 -
3 Benzene 654 110 ± 5 165.6 ± 10.1 168.2 ± 3.8
4 Acetic acid 660 565.8 ± 35.7 1050.5 ± 107.8 -
5 Heptene 685 240 ± 35.2 - -
6 2,5-dimethylfuran 695 282.2 ± 9.7 1045.3 ± 63.4 1174 ± 136.8
7 Methylpyrrol - 3145.4 ± 155.6 -
8 Toluene 750 155.6 ± 4.6 177.7 ± 12 260 ± 31.6
9 Octene 764 229.9 ± 29.4 - 863.9 ± 168.5
10 Octane 800 224 ± 27.7 - 241.3 ± 55.3
11 Furfural 836 643.6 ± 28.8 875.1 ± 76.1 662.11 ± 43.32
12 Benzene,ethyl- 844 68.9 ± 2.1 214.3 ± 21.2 175.6 ± 24
13 (m+p+o)-xylene 853 231.1 ± 23.0 236.7 ± 26.3 314.7 ± 24.0
14 Phenylethyne 870 - - 87.9 ± 5.4
15 Styrene 873 158 ± 8.5 874.9 ± 34.2 567 ± 130
16 Nonene 883 239 ± 24.6 243.7 ± 35.2 185.2 ± 17.6
17 Nonane 900 47.8 ± 7.8 203 ± 34.7 100.3 ± 13.7
18 Cumene 916 - 107.3 ± 16.6 -
19 Benzaldehyde 929 - 100.5 ± 12.4 -
20 Ŭ-pinene 931 127.6 ± 13.8 182.7 ± 20.2 719.6 ± 63.3
21 Benzene,propyl- 938 - 72.7 ± 15.5 -
22 Toluene,ethyl-(m) 945 - 233.7 ± 13.6 171.6 ± 11.5
23 Toluene,ethyl-(p) 947 53.5 ± 5.6 - 41.8 ± 7.8
24 Camphene 950 - - 91.5 ± 13.5
25 Benzene,trimethyl- 953 12.7 ± 0.6 - -
26 Toluene,ethyl-(o) 961 46.2 ± 0.3 - 68.7 ± 15.1
27 Styrene,methyl- 984 34.3 ± 2.5 - 116.6 ± 24.4
28 Allocimene - - 19.8 ± 2.2
29 Decene 987 41.4 ± 7.1 - 104.5 ± 15.4
30 Myrcene 990 316.4 ± 33.1 2095.2 ± 514.6 268.3 ± 13.7
31 Decane 1000 13 ± 0.6 - 32.7 ± 5.4
32 p-cymene 1010 - 190.9 ± 18.1 -
33 Ŭ-terpinene1013 - - 64.4 ± 12.5
34 o-cymene 1017 77.8 ± 2.5 - -
35 Limonene 1020 164.9 ± 16 145.6 ± 6.9 -
36 (ŭ)-3-carene1024 - 31.5 ± 10.9 -
37 ɓ-phellandrene1026 - 50.5 ± 13.4 -
38 Ŭ-phellandrene1027 22.3 ± 2.1 124.3 ± 15.5 20.5 ± 2.8
39 Butenylbenzene 1032 - - -
40 Indene 1036  64.4 ± 1.9 -  48.5 ± 2.7 
41 Eucalyptol 1055 - - 400 ± 69.2
42 Linalol 1089 22.6 ± 4.9 - -
43 Undecane 1100 3.8 ± 0.3 - -
44 Camphre 1125 45.8 ± 4.5 - -
45 Undecene 1135 46.3 ± 2.4 52.1 ± 2.5 49.9 ± 6.1
46 Naphtalene 1141 67.3 ± 4.8 - 92 ± 15.1
47 Borneol 1148 - - 174.7 ± 41.9
48 Verbenone 1184 69.4 ± 3.7 - 123.6 ± 7.33
49 Dodecene 1193 6.9 ± 1.8 - 63.6 ± 6.7
50 Bornyl acetate 1269 59.1 ± 1.2 - 600.8 ± 78.8
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Table 1. Continued 

 

 
 

Compounds are listed in order of elution from the apolar (Rtx-1) column. The results 

reported in this table are the average of three results for each plant in ɛg g
-1

dw. ± 

represents the standard deviation. RIl, retention indices obtained in the literature (Jennings 

and Shibamoto 1980; WebBook NIST)  
 

 

No. Compounds RIl P. pinaster L P. lentiscus L R. officinalis L

1 Isoprene 504 662.1 ± 74.2 386.8 ± 31.9 496.7 ± 84.5
2 2-methylfuran 604 - 759.5 ± 59.2 -
3 Benzene 654 110 ± 5 165.6 ± 10.1 168.2 ± 3.8
4 Acetic acid 660 565.8 ± 35.7 1050.5 ± 107.8 -
5 Heptene 685 240 ± 35.2 - -
6 2,5-dimethylfuran 695 282.2 ± 9.7 1045.3 ± 63.4 1174 ± 136.8
7 Methylpyrrol - 3145.4 ± 155.6 -
8 Toluene 750 155.6 ± 4.6 177.7 ± 12 260 ± 31.6
9 Octene 764 229.9 ± 29.4 - 863.9 ± 168.5
10 Octane 800 224 ± 27.7 - 241.3 ± 55.3
11 Furfural 836 643.6 ± 28.8 875.1 ± 76.1 662.11 ± 43.32
12 Benzene,ethyl- 844 68.9 ± 2.1 214.3 ± 21.2 175.6 ± 24
13 (m+p+o)-xylene 853 231.1 ± 23.0 236.7 ± 26.3 314.7 ± 24.0
14 Phenylethyne 870 - - 87.9 ± 5.4
15 Styrene 873 158 ± 8.5 874.9 ± 34.2 567 ± 130
16 Nonene 883 239 ± 24.6 243.7 ± 35.2 185.2 ± 17.6
17 Nonane 900 47.8 ± 7.8 203 ± 34.7 100.3 ± 13.7
18 Cumene 916 - 107.3 ± 16.6 -
19 Benzaldehyde 929 - 100.5 ± 12.4 -
20 Ŭ-pinene 931 127.6 ± 13.8 182.7 ± 20.2 719.6 ± 63.3
21 Benzene,propyl- 938 - 72.7 ± 15.5 -
22 Toluene,ethyl-(m) 945 - 233.7 ± 13.6 171.6 ± 11.5
23 Toluene,ethyl-(p) 947 53.5 ± 5.6 - 41.8 ± 7.8
24 Camphene 950 - - 91.5 ± 13.5
25 Benzene,trimethyl- 953 12.7 ± 0.6 - -
26 Toluene,ethyl-(o) 961 46.2 ± 0.3 - 68.7 ± 15.1
27 Styrene,methyl- 984 34.3 ± 2.5 - 116.6 ± 24.4
28 Allocimene - - 19.8 ± 2.2
29 Decene 987 41.4 ± 7.1 - 104.5 ± 15.4
30 Myrcene 990 316.4 ± 33.1 2095.2 ± 514.6 268.3 ± 13.7
31 Decane 1000 13 ± 0.6 - 32.7 ± 5.4
32 p-cymene 1010 - 190.9 ± 18.1 -
33 Ŭ-terpinene1013 - - 64.4 ± 12.5
34 o-cymene 1017 77.8 ± 2.5 - -
35 Limonene 1020 164.9 ± 16 145.6 ± 6.9 -
36 (ŭ)-3-carene1024 - 31.5 ± 10.9 -
37 ɓ-phellandrene1026 - 50.5 ± 13.4 -
38 Ŭ-phellandrene1027 22.3 ± 2.1 124.3 ± 15.5 20.5 ± 2.8
39 Butenylbenzene 1032 - - -
40 Indene 1036  64.4 ± 1.9 -  48.5 ± 2.7 
41 Eucalyptol 1055 - - 400 ± 69.2
42 Linalol 1089 22.6 ± 4.9 - -
43 Undecane 1100 3.8 ± 0.3 - -
44 Camphre 1125 45.8 ± 4.5 - -
45 Undecene 1135 46.3 ± 2.4 52.1 ± 2.5 49.9 ± 6.1
46 Naphtalene 1141 67.3 ± 4.8 - 92 ± 15.1
47 Borneol 1148 - - 174.7 ± 41.9
48 Verbenone 1184 69.4 ± 3.7 - 123.6 ± 7.33
49 Dodecene 1193 6.9 ± 1.8 - 63.6 ± 6.7
50 Bornyl acetate 1269 59.1 ± 1.2 - 600.8 ± 78.8
51 Tridecene 1289 - - 126.2 ± 7.6
52 Tridecane 1300 - - 26.6 ± 1.8
53 Ŭ-copaene1374 19.4 ± 16.8 - -
54 Teradecene 1395 - - 191.1 ± 46.3
55 Tetradecane 1400 - - 50.9 ± 4
56 E-ɓ-caryophyllene1424 548.8 ± 72 - -
57 Ŭ-Humulene1456 267.7 ± 12.8 - 60.5 ± 11.1
58 D-germacrene 1480 130 ± 3.6 - -
59 E-Ŭ-bisabolene1494 51.1 ± 5.3 - -
60 Pentadecane 1500 - - 146.2 ± 13.6
61 Cadinene 1507 350.6 ± 0.9 - -
62 Ŭ-amorphene1536 23 ± 0.5 - -

P. pinaster L P. lentiscus L R. officinalis L

2296.5 ± 293.7 3314.8 ± 647.8 2483.2 ± 389.7
934.7 ± 54.0 2076.2 ± 145.3 2020.5 ± 280.2
925.8 ± 38.5 5825.3 ± 354.2 1896.6 ± 194.2

2327.3 ± 172.5 1549.4 ± 180.1 3074.5 ± 450.5
67.3 ± 4.8 0 ± 0.0 92 ± 15.1

6551.6 ± 563.4 12765.7 ± 1327.3 9566.9 ± 1329.8

PAH

Total concentration

Terpenes

Family compounds

Benzene and derivatives 
Other cycles

Linears
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4. CONCLUSION 

This study analyzed the VOCs and SVOCs emitted by the combustion of three plant 

species. The combustion was carried out using a cone calorimeter. Chemical analysis of 

C5ïC30 volatiles enabled the identification of 62 compounds, including hydrocarbons and 

oxygenated compounds, resulting from the thermal degradation of plants. Many compounds 

identified are toxics such as BTEX and represent a threat for the health of firefighters. The 

biomass burning using the cone calorimeter coupled with analysis by ATD-GC/MS is a 

new approach in the analysis of smoke.  
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Abstract 

Vegetation fire emissions (VFE) are recognized to be an important public health and 

environment issue. The estimates of VFE are affected by several errors and uncertainties, 

principally related to fuel status and characteristics, but also to fire behaviour. In addition, 

improvements of emission estimates are possible knowing the amount of fuel consumption 

both in the flaming and smoldering combustion period. In this context, the aim of this work 

is to develop a methodology for fire emission estimation in a Mediterranean area, with a 

focus on the evaluation of VFE in relation to different type of vegetation burned. The First 

Order Fire Effects Model (FOFEM) (Reinhardt et al. 1997) was selected for estimating 

combustion and emission processes due to the input needed and its physical model of heat 

transfer and burning rate. Particular attention was paid to develop and survey 

comprehensive and accurate data inputs. FOFEM input fuel load data, for several fuel 

types, were surveyed to represent those combusted. The data on area burned, fuel loadings, 

and emissions were assembled into a Geographical Information System (GIS) to improve 

manipulation and visualization of data. Results showed the crucial role of appropriate fuel 

and fire data and maps to attain reasonable simulations of fuel consumption and smoke 

emissions. FOFEM outputs and the derived smoke emission maps are useful for several 

applications including emissions inventories, air quality management plans, and emission 

source models coupled with dispersion models and decision support systems. 

Keywords: FOFEM, Vegetation fire emissions, smoke emission maps  

 

1. INTRODUCTION  

Fires have always been an integral part of ecosystems, affecting negatively and positively 

biosphere from local to global scale. One of the main primary effects of wildland fires is the 

production of remarkable amount of greenhouse gases and solid particulate matter that 

interfere in local, regional and global biosphere phenomena (Forster et al. 2001; Spichtinger 

et al. 2001). Due to the large amount of pollutants emitted into the atmosphere in short time 

periods and in limited areas, forest fire emissions impact on air pollution levels, air quality, 

and human health (Sandberg et al. 1978; Bowman and Johnston 2005).  

Emissions from forest fires are commonly estimated using the mathematical expression 

proposed by Seiler and Crutzen (1980), based on the amount of burned biomass and 

emission factors associated with each specific chemical species. This approach, with minor 

modifications and improvements, has been widely used in a variety of ecosystems and 

emission inventory purposes (e.g. French et al. 2000; EMEP/CORINAIR 2006; Tan et al. 

mailto:vbacciu@uniss.it
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2007; Wiedinmyer and Neff 2007; Miranda et al. 2008). However, the estimate of 

emissions is affected by several errors and uncertainties. As indicated by Battye and Battye 

(2002), burned surface area is one of the more difficult parameters to obtain. Also, the 

largest errors are related to fuel characterization and fuel consumption evaluation (Peterson 

1987; Peterson and Sandberg 1988; Hardy et al. 2001). Several authors (e.g. Ottmar et al. 

2008) pointed out that separate calculations of flaming and smoldering consumption are 

required to improve assessment of total emissions. In this context, modelling approaches 

are useful to appraise fuel consumption and the resultant emissions, but models need 

comprehensive and accurate vegetation data inputs for accurate prediction of source and 

composition of fire emissions. 

The general aim of this work was to develop a methodology for fire emission estimation in 

a Mediterranean area. Specific objectives were: (1) to estimate the type and quantity of 

Mediterranean vegetation fire emission (VFE) from fires observed in Sardinia (Italy) during 

the period 2005-2009, and (2) to evaluate the VFE in relation to different type of vegetation 

burned. In addition, for the purpose of assessing the importance of VFE emissions 

compared to anthropogenic emissions, fire emission estimates were compared with data 

from the Italian National Emission Inventory (NEI-IT) report.  

 

2. MATERIAL AND METHODS  

The integrated approach used for estimating 

fuel consumption and emissions during fire 

seasons from 2005 to 2009 is showed in 

Figure 1. Fire data (number of fires and 

burned surface areas) were obtained from the 

Sardinian Forestry Corp global positioning 

system (GPS) survey. Daily values of the 

Canadian Fine Fuels Moisture Code (FFMC) 

were calculated for the whole 2005-2009 

period, obtaining relative indications of the 

moisture content of fine and dead forest fuel. 

The daily FFMC values were then associated 

to maps of fire perimeters with the aim to 

group fires based on fine fuel moisture 

status, and moderate or elevated burning conditions. To obtain the fuel type map, the 

original 70 classes of the 2003 land use map of Sardinia (1:25,000) were aggregated into 13 

main land cover types. For each cover type, fuel loading was assigned by a combination of 

experimental observations (Bacciu et al. 2009; Delogu et al. 2010; DLV 3.2.3 Proterina-C 

Project 2011) and literature data (Marchetti 1994; Dimitrakopoulos 2002; Caritat et al. 

2006; Fernandes et al. 2006). Finally, a fuel model map was obtained.  

The fuel load map was overlaid with the FFMC-fire perimeter map to quantify the surface 

area burnt annually by fuel type, and the pre-burn available fuel load. 10-hour dead fuel 

moisture content (FMC) values were also assigned to fuel based on FFMC values 

associated to each fire. Analysing the relationship between observed FMC and FFMC data 

(Pellizzaro et al. 2009a, 2009b) allows to find correspondence between FFMC and FMC 

values. Five burning conditions classes were identified: extreme (FFMC >90, FMC from 8 

to 13%), medium-high (FFMC 87.5, FMC from 11 to 14.5%), medium (FFMC 87, FMC 

Figure 1. Diagram of the integrated 

approach used in the present work 
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from 13 to 16%), medium-low (FFMC 85, FMC from 15 to 18%), and low (FFMC <82.5, 

FMC from 18 to 20%). All layer themes were acquired and managed using Geographic 

Information System (GIS) technology (ArcGIS 9, ESRI Inc., Redlands, CA, USA). The 

pre-burn available fuel load layer was then processed to determine fuel consumption and 

emission amount using the FOFEM model. The fuel consumption and smoke emission 

estimates were summarized by fuel categories, types and year. To facilitate data 

management and improve data visualization, fuel models were grouped according to the 

four principal fuel categories/classes: ñShrubò, ñUnderstoreyò, ñCropsò, and ñHerbaceousò. 

To examine the role of wildfire in the context of industrial emissions, data from NEI-IT 

report on 2005 emissions from fossil fuel combustion (De Lauretis et al. 2009) were used to 

compare VFE with anthropogenic emission. Then, emission data obtained previously were 

linked to the pre-burn available fuel load layer for spatial allocation of the emission 

estimates.  

 

3. RESULTS 

From 2005 to 2009, the Sardinian Forestry Corps recorded more than 100,000 burned 

hectares, with an average of 1,582 fires per year. The 2009 and 2007 appeared to be the 

most critical years during the five-year study period. In 2009 the total burned area 

accounted for 44,500 hectares, with permanent crops and croplands representing 51% of the 

total. Also in 2007, the ñcropò category, with 16,400 burned hectares, accounted for a large 

proportion (48%) of the total burned area (data not shown). Figure 2 (A) shows the 

estimated pre-burn fuel load in absolute terms (Gg). Both in 2009 and 2007, the main 

amount of fuel available to burn was due to the ñshrubò categories. This class consisted of 

128 Gg in 2009 (44% of the total), and 96 Gg in 2007 (42% of the total). Finally, Figure 2 

(B) illustrates the percent contribution of the five burning condition groups to total fire 

number. In 2009, 59% of fires fell in the extreme FFMC class, and 44% in 2007. On the 

other hand, 2008 was the less severe year in terms of burning condition occurrence, where 

the class from low to medium FFMC accounted for 76%.  

 

Figure 2. (A) Fuel load available to burn partitioned in the four main vegetation type 

classes; (B) Percent contribution of the five burning condition groups to total fire number 
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In general, fires generated a considerable amount of emissions (Table 2). In 2007, emission 

amount was more than 345 Gg, about 78% of the emissions estimated in 2009 (443 Gg). 

About 1.34 and 1.61 Gg of particulates were released into the atmosphere in 2007 and 

2009, respectively. Table 2 shows also that our emission estimations for 2005 are in good 

agreement with the NEI-IT report. Without considering CO2 (data not present for fire 

emission activity in NEI-IT report), our total, was equal to 4.14 Gg against 4.74 Gg 

reported by NEI-IT. It is also interesting to notice that particulate emission from fires in 

2005 corresponds to the equivalent of 9% of the annual particulate emissions from 2005 

anthropogenic activity. 

 

Table 2. Pollutant and greenhouse gas mass (Gg) by category and fire season compared 

with anthropogenic emissions of 2005. * indicates the sum of pollutants and greenhouse 

gases without CO2. F.E. and A.E. indicate the 2005 Fire Emission and Anthropogenic 

Emission estimations from De Lauretis et al. (2009). % indicates the ratio between our 

estimation and A.E. 

YEAR  PM10 PM2.5 CH4 CO CO2 NOX SO2 TOTAL  

2005 0.41 0.34 0.16 2.98 110.78 0.18 0.07 114.92 *4.14 

2006 0.32 0.27 0.14 2.59 75.05 0.12 0.05 78.52 

2007 1.34 1.13 0.55 10.39 331.21 0.52 0.20 345.35 

2008 0.24 0.20 0.10 1.84 61.07 0.10 0.04 63.58 

2009 1.61 1.36 0.65 12.07 426.74 0.68 0.25 443.37 

Mean 0.78 0.66 0.32 5.97 200.97 0.32 0.12 209.15 

F. E. 0.62 0.62 0.34 3 - 0.09 0.03 4.74 

A. E. 4.18 3.22 88.93 105.55 21,640.80 38.47 37.98 21,919.13 

% 9.8 10.6 0.2 2.82 0.5 0.5 0.2 0.5 

 

Figure 3 illustrates the contributions of each fuel type to total burned area, and to totals of 

CH4, CO2, and CO emissions. This analysis shows that the majority of the greenhouse gas 

emissions comes from ñshrubò and ñcropò categories. In 2009, for example, ñcropò 

category accounted for 51% of the total burned surface area, greatly contributing to CH4 

and CO emissions (42 and 48%, respectively). On the other hand, ñshrubò class contributed 

significantly to the total amount of CO2 emissions in both 2009 and 2007 (43% and 42%, 

respectively).  

Finally, the tabular emission data were linked to the original fuel model burned areas layer 

for spatial allocation of the emission estimates. Figure 4 represents an example showing 

spatially explicit CO2 emissions (Mg ha
-1

) for large fires occurred during 2009. 

 

4. CONCLUSION 

In this study, the survey and the development of comprehensive and accurate input data, 

such as fuel models, fuel moisture and fuel map, was emphasized in order to reduce bias in 

predicting and quantifying the source and the composition of fire emissions and achieve 

realistic vegetation fire emission estimates. The comparison with NEI-IT report on 2005 

emissions from fossil fuel combustion (De Lauretis et al. 2009) showed a good agreement 

taking also into account the different methodology used to estimate the emission. In 
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addition, our data showed that also a short fire season can release a relevant amount of 

pollutants if compared with the annual emissions from the entire transportation and energy 

sectors. Moreover, our data showed the primary contribution of shrub layers to the total 

greenhouse gas emissions. It implies the importance of fuel management both for wildfires 

controlling and for mitigation of greenhouse gases and C emissions. Finally, FOFEM 

outputs and derived smoke emission maps can be useful for developing emission source 

models coupled with dispersion models and decision support systems. These tools are 

crucial for air quality managements, mitigation of wildland fire environmental effects, and 

to assist decision makers in prescribed fire activities. 

 

  

Figure 3. Contributions of each fuel category to total burned area, and to total emissions of 

CH4, CO2, and CO (C=crop, H=herbaceous, S=shrub, U=understorey,) 

 

 

Figure 4. (a) estimated CO2 emission (Mg ha
-1

) from large fires occurred in western 

Sardinia during 2009; (b) and (c) show fire perimeters with their corresponding FFMC 

classes (b) and the fuel type covered by fires (c) 
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_________________________________________________________________________ 

Abstract 

There is a huge interest in ignition and burn studies of surface fuels, since they represent a 

critical fuel type. A large amount of studies has already been done, however, a wide range 

of different experimental devices and setups have been used. We present a novel 

experimental device using an infrared heating panel and test three different setups with the 

same basic equipment: individual fuel elements suspended above the heating panel, bulk 

samples suspended above the panel and bulk samples placed directly on the radiative panel 

surface. The properties of these setups are discussed with a special regard to comparability 

of test conditions and recommendations are given for procedures to be used in the future. 

Keywords: dead fine fuels, moisture content, ignition time, combustion, heating panel 

 

1. INTRODUCTION  

The start of almost every wildland fire takes place within the surface fuel layer; therefore 

surface fuels (especially forest litter) have been in the focus of many fire studies (Pyne et al. 

1996). Most of these covered the fuel moisture-ignitability relationship, e.g. Blackmarr 

(1972), Dimitrakopoulos and Papaioannou (2001), de Groot et al. (2005), Petriccione and 

Moro (2006), Plucinski and Anderson (2008). The common rationale is that the presence of 

moisture in and on fuels can reduce or even inhibit both their ignitability and fire 

behaviour. This is because any present moisture has to be driven off before a fuel can reach 

pyrolysis and be ignited (Pyne et al. 1996), and evaporated water leads to a dilution of 

combustible gases (Chandler et al. 1983) as well as to a cooling effect (Britton et al. 1971). 

Although a wide range of experimental approaches to ignition testing is reported, most 

studies were carried out with the use of radiative heat sources, e.g. using cone calorimeters 

(Madrigal et al. 2009), the ISO 5657 device (Dimitrakopoulos and Papaioannou 2001) and 

the epiradiateur heater. Especially for the latter device, a large amount of studies with 

varied experimental setups (heating the samples from above or below, placing them on a 

grid or on the radiative surface directly, different temperatures etc.) is reported (Valette 

1992; Grossiord et al. 1998; Petriccione and Moro 2006; Alessio et al. 2008). Our aims are 

to present an improved experimental device based on the epiradiateur and to investigate the 

influence of three different experimental setups on the test results. Recommendations are 

given for experimental procedures to be used in future studies. 
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2. MATERIALS AND METHODS  

2.1. Litter sampling and preparation 

Litter samples were obtained from four major tree species in southern Germany (Norway 

spruce (Picea abies (L.) Karst.), Scots pine (Pinus sylvestris L.), European beech (Fagus 

sylvatica L.) and Pedunculate oak (Quercus robur L.)). Sampling of the litter was done 

directly after leaf fall in autumn 2010 in order to obtain fresh and unweathered material of 

all species and to ensure comparability. Deciduous leaf litter was flattened by pressing to 

minimize the complex three-dimensional structure of the crumpled leaves. Leaves 

randomly selected for individual ignition test were weighed and measured for surface area 

and thickness under laboratory conditions. For tests of several needles and bulk fuel beds, 

the needles equivalent to the weight of one average leaf were counted and 2g (wet mass at a 

constant climate of 23°C and 20% relative humidity) of the fuels were weighed in, 

respectively. Conditioning to pre-defined fuel moisture levels was achieved by the use of a 

climate chamber, drying oven, storage over distilled water in desiccators as well as artificial 

wetting of the fuels in damp fabric. 

2.2. General experimental setup 

The new test device is shown schematically in Figure 1. Following most of the epiradiateur 

arrangements, the sample is heated from a quartz-faced electrical heater (20x20cm², 

6000W, Omega QH-101060-T) underneath and a pilot flame is present for a more 

consistent ignition. The heat plate can either be run at any given percentage of its maximum 

power or the surface temperature of the heat plate can be set and maintained with a 

thermocouple and PID controller.  

 

 

Figure 1. General setup used in the ignition experiments; a: side view; b: top view. I: pilot 

flame; II sample holder/grid; III: radiative heating panel. Drawings not to scale. 

 

An arm for swivelling in of the samples (single leaves or bulk samples placed on a grid) 

could be positioned at an adjustable height above the heating panel surface; the same was 

true for the pilot flame. The whole setup was installed in a suction funnel constructed from 

sheet metal and driven by a welding fume filter for extraction of the smoke after each 

experiment. All experiments were filmed by a webcam (30 frames per second) and the 

ignition time, duration of burning and maximum flame height was determined from the 

videos. Additionally, surface temperature of the heat plate, temperature directly beneath the 

sample (measured at the grid of the sample holder described below and called grid 

temperature) and other process parameters were recorded by a data logger. 
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2.3. Experimental procedures tested 

In a first series of tests, single leaves and few needles with the approximate weight of an 

average leaf (single needles did not ignite) were placed on a grid suspended 20mm above 

the heating panel with a surface temperature of 530°C. A pilot flame of 25mm length was 

placed 10mm above the sample. Thus, >1000 experiments were performed with litter of the 

four different species and at up to 6 different fuel moisture contents (cf. Figure 2). As a 

variation, bulk samples (2g of the respective fuel weighed after equilibration at a climate of 

23°C and 20% relative humidity, later conditioned to the desired fuel moisture content and 

placed in a 12x12x1cm³ mesh wire basket) were used, which were also suspended above 

the heating panel with a distance of 50mm and the pilot flame located 30mm above the 

sample. In this case, the heating panel was run at 47.5% of its maximum power and only 

few experiments (<50) were performed. Finally, the bulk samples (as described above) 

were placed on the heating panel directly, with the panel run at 40.0% of its maximum 

power and the pilot flame 30mm above the samples. An intermediate number of 

experiments (>500) was performed with this setup. 

 

3. RESULTS AND DISCUSSION 

3.1. Single litter elements suspended above the heat plate 

Results of the single litter elements experiments for two species are presented in Figure 2. 

There is a slight increase in ignition time with rising fuel moisture content, however the 

differentiation is not adequate e.g. for modelling purposes. It can be assumed that the few 

water contained within the small samples evaporates and disperses too quickly to have 

much influence on the ignition time, which may also be linked to the very high (530°C) 

heating panel temperature. Results for European beech (not shown) are very similar to 

Pedunculate oak, whereas the results for coniferous needles (Scots pine and Norway 

spruce) are distinctly different and not comparable as they had to be measured from small 

bulk samples. 

3.2. Bulk fuel beds suspended above the heat plate 

When bulk fuel beds were placed in roughly the same position, not all samples ignited. The 

grid temperatures underneath the samples are shown in Figure 3a. Grid temperatures rise 

much faster and higher underneath the deciduous leaf samples (European beech and 

Pedunculate oak) than under coniferous needle samples. A temperature threshold for 

ignition seems to be present at 250-275°C, which is barely reached by the Norway spruce 

samples, but not by Scots pine samples.  

Accordingly, Norway spruce samples ignited later than the deciduous samples and Scots 

pine samples did not ignite at all. When the sample mass of Scots pine is tripled (data not 

shown), they also produce a high enough grid temperature and ignite as well. Obviously, 

the much greater porosity of the needle samples and their consequently lower thermal 

thickness and higher thermal conductivity leads to this effect. Accordingly, even though 

there is a much better differentiation of ignition times (Figure 3b) for Pedunculate oak, this 

setup cannot be used as there are no uniform test conditions for all litter types. 
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Figure 2. Ignition time for a) Pedunculate oak and b) Scots pine samples at several climate 

steps when single leaves/few needles as described above are suspended above the heat 

plate. FMC: fuel moisture content; rH: relative humidity. * Oven-drying for 24h at 105°C; 

** wetting in damp fabric; all others: conditioning at the given rH and 23°C in a climate 

chamber. 

 

 

Figure 3. a) Grid temperature of bulk fuel beds suspended above the heat panel during 

sample preheating and burning and b) ignition time for Pedunculate oak samples with this 

test method (right). * Samples conditioned over distilled water in desiccators at 23°C. 

 

3.3. Bulk fuel beds placed on the heat plate surface 

When identical bulk samples of all fuel types are placed on the quartz surface of the heater 

directly, a much more uniform grid temperature can be observed (cf. Figure 4a), since the 

heater surface temperature influences the sample directly and effects of radiant heating and 

heat accumulation on the underside of the samples are much less pronounced. 

Consequently, ignition occurs for all fuel types across a wide range of fuel moisture. There 

is a relatively pronounced influence of fuel moisture on ignition time, as can be seen in 

Figure 4b, and good comparability across the different fuel types (data not shown). 
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4. CONCLUSIONS 

Uniform experimental conditions (i.e. heating curves in this context) for different materials 

are an essential factor when the results are meant to be comparable. In our experiments, 

both suspending individual fuel particles and bulk samples above an infrared heating panel 

did not produce sufficient comparability of ignition times for different fuel types since 

individual needles did not burn and small bulk samples had to be used instead in the first 

method. Furthermore, the grid temperatures invoking the ignition of the bulk samples 

varied depending on the fuel porosity in the second setup. Much more uniform conditions, 

however, could be achieved when the samples were placed directly on top of the radiant 

surface, leading to useable results. Alternatively, using a radiative ignition source from 

above (e.g. the cone-shaped heaters in the ISO 5657 device (Dimitrakopoulos and 

Papaioannou 2001) or the cone calorimeter (Madrigal et al. 2009)) may also produce 

suitably uniform conditions.  

 

 

Figure 4. a) Grid temperature means (lines) and 5
th
-95

th
 percentile values (shaded areas) 

during sample preheating and burning for bulk fuel beds placed directly on the heat plate 

and b) ignition times for Pedunculate oak samples determined with this method. *Oven-

drying for 24h at 105°C; ** samples conditioned over distilled water in desiccators at 

23°C; all other fuel moistures obtained by conditioning at the given rH and 23°C in a 

climate chamber. 
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Abstract 

A one-temperature mathematical model for drying of a peat layer is proposed in the work. 

Peat is considered to be a multiphase media consisting of a dry organic substance, free and 

bound water, and gas phase. The iterated-interpolation method is used to solve numerically 

the mathematical model. The volume fraction of water, gas phase, and temperature of a peat 

layer versus time were obtained. The influence of initial volume fractions content on the 

drying rate of a peat layer was investigated for different time intervals. 

Keywords: multiphase medium, mathematical model, drying, peat layer 

 

1. INTRODUCTION  

Peat fires occur regularly. It is very difficult to extinguish such fires even despite extensive 

rains or attempts of firefighters. These fires may last for a long period of time (from a week 

to several years (Page et al. 2002; Svensen et al. 2003)) and propagate through a very large 

area. For example, only in Russia, large-scale peat fires were registered during 50 years in 

1972, 1992, 2002, and 2010. 

Despite the negative consequences of peat fires, a scientifically based system for fire 

prediction has not been yet developed, which would allow us to estimate the probable 

initiation of a peat fire taking into account natural and anthropogenic loads, characteristics 

of terrain and ground cover, and meteorological conditions as well. 

According to (Grishin 2003), among the fundamental factors influencing on initiation of 

ground forest and peat fires, it is necessary to note the following: 

1. The ability of fuels to ignition, i.e. a condition when fuels can ignite from an 

external source of fire. 

2. The ability of fuels to fire propagation, i.e. a condition when fire can propagate 

spontaneously along a layer of fuels. 

3. The presence of natural and anthropogenic sources of fire. 

The investigation in the influence of the first two factors is of greater interest. It is obvious, 

that they are directly connected with the moisture content and drying of fuels. It should be 

noted that the moisture content of fuels at which fuels can ignite differs from the moisture 

content at which a fire may propagate along the layer of PF without additional energy 

sources; in addition, these values are different for different types of fuels. Therefore, the 

problem solution of fuels drying is of great importance for fire hazard prediction. 

With knowledge of the peat layer characteristics for a specific area, it is possible to estimate 

the probability of fire hazard, which allows us to effectively use the resources directed to 

prevent and extinguish a fire. 

mailto:Filkov@mail.tsu.ru
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2. FORMULATION OF THE PROBLEM  

It is assumed that the peat layer is dried under the influence of the environment. A one-

dimensional problem is considered in Cartesian coordinates. The Z-axis is directed 

vertically downward, the origin of coordinates for the Z-axis is chosen at the boundary 

between a peat layer and atmosphere. The mathematical model for drying of a peat layer is 

a single-temperature one, i.e. the gas and condensed phase (carcass) have the same 

temperature. 

Since the drying of a peat layer takes place in nature at low temperatures, we assume that 

only free water evaporates in the peat layer. Peat during drying is considered to be a 

multiphase medium consisting of a dry organic substance with a volume fraction 
1j, free 

and bound water with a volume fraction 
2j , and gas phase 3j . The peat layer under 

consideration has a small initial volume fraction of the gas phase in3j  (0.1 < in3j  < 0.2) 

compared to the volume fractions of the condensed phase. This mathematical model 

represents a special case of the model proposed in (Grishin 2005). 

The above mathematical problem taking into account the assumptions is reduced to solving 

the following system of equations: 
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To solve the system of equations (1)-(6), the following initial and boundary conditions are 

used: 
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where t is the time; z is the spatial coordinate; ij, i=1,2,3 is the volume fraction; i=1,2,3 is 

peat, free and bound water, gas phase, ri, i=1,2,3 is the density; v is the rate of gaseous 

products during the reaction of evaporation; Q is the mass rate of the gas phase formation; 

P is the gas pressure in pores; 5,0)/( inin TTmm=  is the dynamic viscosity coefficient of a gas 

mixture; 2

3

3

3 )1/( jjxx -= *
 is the function describing the influence of a volume fraction on 

resistance; 120/2

pd=*x  is the characteristic permeability; dp is the pore diameter; ʄ3 is the 
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molecular weight of gas; R is the universal gas constant; ʊ is the peat temperature; pic , 

i=1,2,3 is the heat capacity coefficient; 
sk2  

is the pre-exponential factor of an evaporation 

reaction; ɽ2s is the energy of activation characterizing evaporation of water; sR2  is the mass 

rate of water evaporation in peat;  is the thermal effect of a reaction sR2 ; l is the heat 

conductivity coefficient; Te is the environment temperature; ( )2/2.77 uua +=e  is the 

heat exchange coefficient between peat and environment; u is the wind speed; 
rwq  is the 

flux density of resulting radiation on the boundary line; ɸ is the albedo of a peat layer; 

)(hqR
 is the total radiation flux at the upper boundary of a peat layer; Ŭ is the angle between 

a horizontal plane and peat layer; seis the emissivity coefficient of a layer; ů is the Stefan-

Boltzmann constant; wJ  is the flux density of longwave radiation at the upper boundary of 

a peat layer; RH is the relative air humidity. Indexes: s is the condensed phase; e is the 

environment; in is the initial value; w is the state parameter at z = 0. 

 

3. METHOD OF CALCULATION AND DATABASE  

The system of equations was numerically solved by the iterated-interpolation method with a 

constant time-step in compliance with the technique described in (Grishin  et al. 2004). The 

changes of the initial volume fractions, pressure, and temperature were analyzed according 

to the results of simulation for various time intervals. 

The following parameters were used in the calculations: L=1 m, Tin=278 K, 

ɚ1=0,041 W/(m·K), Cp1=951 J/(kgĿʂ), Cp2=4183 J/(kgĿʂ), Cp3=1020 J/(kgĿʂ), 

ʄ3=0,029 kg/mole; ɟ2=1000 kg/m
3
, ɟ3=1,18 kg/m

3
, dp=5·10

-4
 m, R=8,314 J/(moleĿʂ); 

Ŭ=0Á; q2s=2250 J/kg; se=0.7; A=0.6; =s 5.67Ā10
-8 

W/m
2
ʂ

4
; in1j =0,243; in2j =0,598; 

in3j =0,159; inm=1,81Ā10
-5

 PaĀs; E2s=36762 J/mole; k2s=0,482Ā10
4
 K

0.5
·s

-1
; ɟ1=815 kg/m

3
; 

W=312 %. The formulas proposed in (Grishin, 1994) were used to change from a moisture 

content to the volume fractions. As meteorological information we used the data on the 

temperature of air and soil, relative air humidity, wind speed, total radiation flux from 18 to 

24 May 2000 at an interval of 3 hours provided by the Goverment Institution CHME-

RSMC (Novosibirsk) and V.E. Zuev Institute of Atmospheric Optics of SB RAS. 

For a quantitative check, the results of numerical modelling were compared with the 

experimental data on drying under isothermal conditions at the temperature of 50 ºC, and 

dynamic conditions at heating rates of 20 and 30 K/min (Cancellieri et al. 2012, Kuzin et al. 

2012) obtained for the three types of peat. 

 

4. RESULTS OF NUMERICAL SOLUTIONS AND ANALYSIS  

The numerical solution of a mathematical model (1)-(5) based on real weather conditions 

over a time interval of one week allowed us to carry out test calculations and obtain the peat 

layer temperature (Figure 1), pressure and parameters of the environment state at the upper 

boundary of peat (Figure 2), and moisture content (Figure 3) versus time. 

2sq
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a      b 

Figure 1. Temperature distribution of the peat layer at different moments of time: a - 

according to the depth of the layer, b - for different values of z 

 

 

The analysis of the numerical solution (Figure 1a) demonstrates that the increase in time 

leads to the increase in temperature at the upper boundary, and the layer is uniformly 

warmed from a surface into the depth of a layer. The temperature inflection of the peat 

layer at the upper boundary is connected with the selected air temperature. The curves in 

Figure 1a correspond to midnight. At this time, the air temperature is low, and the 

temperature of the upper peat layer is higher due to heating over the previous day and peat 

does not cool down by 00.00 hours. From Figure 1b it is seen that the temperature of the 

peat layer at z = 0 depends on the parameters of the environment, increases and decreases 

depending on the time of day. With the increase in depth of the layer the dependence 

decreases and daily fluctuations of meteorological parameters do not influence on the layer 

temperature at z = 0.5, which corresponds to (Kovrigo et al. 2000). At the same time, a heat 

wave comes to a depth of 0.5 m only after 4 days. 
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Figure 2. a - pressure of the gas phase versus the depth of the peat layer for different 

moments of time, b - temperature profiles for the parameters of the environment at the 

upper boundary of the peat layer for different moments of time 
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The Figure 2a shows that the pressure of the gas phase in a layer of peat increases in depth, 

which corresponds to the physics of the process. However, during drying the pressure is 

counterbalanced and tends to atmospheric pressure due to gas filtration. It is also seen that 

the temperature curve of the peat layer in Figure 2b is in qualitative agreement with the 

data. The increase in air temperature leads to the increase in peat temperature 

correspondingly. At the same time, the temperature of the peat layer and soil is much higher 

than the air temperature at the hottest hours. It can be explained by heating due to radiation 

from the Sun. In addition, since the emissivity coefficient of peat is higher than the 

emissivity coefficient of soil, the maximum temperature of peat exceeds the maximum 

temperature of soil by several degrees. The maximum difference in temperature between 

the air and peat is about 15 degrees. According to (Mironov et al. 2004), the temperature of 

the upper peat layer can be 15-17 °C higher than the temperature of environment under the 

influence of solar intensity, which corresponds to our results. It is also known (Solov'ev, 

2006) that daily evaporation is almost in direct proportion to the number of sunshine hours 

during the day. In addition, the drying of peat requires about 60% of the total solar radiation 

falling on the surface of peat. At the same time, the peat surface temperature greatly exceeds 

the environment temperature. 
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Figure 3. Change in moisture content of the peat layer during a week for the different depth 

of z. Time 0 h corresponds to midnight. 

 

The analysis of the curves in Figure 3 shows that the upper layer of peat is dried quite fast 

with the increase in time. However, the drying depends on the parameters of the 

environment. It is seen that the absence of precipitations and the positive air temperatures 

result in the fact that after 4 days the upper layer 0.1 m in thickness dries out to the 

moisture content that is less than critical one. And, accordingly, it can be ignited by any 

source of ignition. For a quantitative comparison of the received results, the numerical 

experiments were conducted for isothermal conditions at a drying temperature of 50 ºC for 

three types of peat. It was modeled drying with a halogen lamp in the AND MX-50 

moisture analyzer (Kuzin et al. 2012). The analysis of the experimental curves showed that 

starting from a certain moment of time, the rate of peat drying decelerated in contrast to the 

calculated data. This moment of time was determined by the final stage of drying, when the 

experimental curve was stationary. This difference of the numerical data is connected with 

a peculiarity of the mathematical model that takes into account only evaporation of free 

water in the layer of peat. It means that in the model (1) - (5) the free and bound water are 



Vegetation and Fires 

 52 

combined and described by the parameter
2j . Thus, this model will give lower values of 

moisture content and, correspondingly, increased fire hazard for the long-term prognosis 

(more than a week). For dynamic drying, the conditions of evaporation were modeled in the 

thermogravimetric analyzer (Cancellieri et al. 2012) for the three types of peat. The 

comparison results were in good agreement with the data for the 1 and 2 peat samples. The 

difference in the data for the sample 3 it can be explained by a low degree of decomposition 

(10.5% against 20% and 40% for the samples 1 and 2) and, accordingly, strong 

heterogeneity. It also follows that the increase in temperature results in the difference 

between experimental and numerical data. However, this process starts at 350 K for the 

samples 1 and 2, and at 330 K for the sample 3. 

 

5. CONCLUSION 

The conducted mathematical investigation shows that the obtained numerical results are in 

qualitative and quantitative agreement with the experimental data. However, this model, 

like any other, has some restrictions. In particular, for optimum accuracy, the maximum 

drying temperature should not exceed 330 K and the time of prediction is no more than one 

week. For the reason that the air temperature in the boreal zone is rarely higher than 320 K, 

we can draw a conclusion that the proposed model (1)-(5) can be used to predict the 

behavior of moisture content and temperature in the layer of peat for the subsequent 

prediction of peat bog fires. 

This work was supported by the Russian Foundation for Basic Research (projects no. 1-01-

00673-ʘ, 11-01-00228-ʘ and 10-01-91054 SCSR-ʘ). 
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Abstract 

Climate and weather are two of the main key factors influencing fire regime and they have 

a number of different effects on fire. The objective of this work is to improve our 

knowledge of the relationship between meteorological variables and forest fire across 

Italian peninsula. In the first part of this work, we collected meteorological and fire events 

data. The second part of the work involved the assemblage of fire and weather data into a 

GIS to facilitate manipulation and display of the data and the classification of Italian 

peninsula in homogeneous climatic areas, through hierarchical cluster analysis of 

meteorological data. A set of parametric and not parametric statistical tests were used to 

analyse the fire-weather relathionships. The results showed that both fire number and 

burned area are highly related with rainfall in summer and winter, considering both 

peninsular Italy and each cluster. The results confirmed the crucial role of high resolution 

datasets in analyzing fire and weather trends and relationships, and could be promisingly 

applied as input to develop and calibrate models for studying the impacts of climate change 

on fires. 

Keywords: fire regime, MARS, piro-climatic areas 

 

1. INTRODUCTION  

Fire is one of the most frequent and widespread ecosystem disturbing phenomena (Bowman 

et al. 2009; Krawchuk et al. 2009), in particular in areas with a Mediterranean climate 

(Keeley et al. 1999; San Miguel and Camia 2009; van Wilgen et al. 2010). According to 

several studies, the Mediterranean Basin wooded areas affected by fires cover annually an 

area of 1000 x 10
3
 ha, causing significant economic and ecological damage (Velez 1997). 

On average, from 2000 to 2005, about 95,000 fires occurred annually in 23 European 

countries, burning almost 600,000 ha of forest land every year. Within these, about two-

thirds (65,000 fires) occurred in 5 Euro-Mediterranean countries (France, Greece, Italy, 

Portugal, and Spain) where, on average, half a million hectares of forest land were burned 

every year (Barbosa et al. 2008). 

Climate and weather are two of the main key factors influencing fire regime and they have 

a number of different effects on fire. Weather determines fuel moisture, influences 

lightning ignitions, and contributes to fire growth through wind action (Carvalho et al. 

2008). Worldwide, a number of studies have analyzed the relationship between weather and 

forest fires but only few analyzed this relationship in Mediterranean ecosystems and at 

broader scale.  

In Spain, Vázquez and Moreno (1993) showed strong relationships between temperature 

and precipitation variables, particularly of extreme values of these variables and burned 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DBarbosa,%2520Paulo%26authorID%3D7101797573%26md5%3D0d0d7c07907bb3ed595798ba684ff4ae&_acct=C000044642&_version=1&_userid=824921&md5=9f5de75ad588869d9bda107a13ada751
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area. These relationships, however, varied among areas with different climate. In Portugal, 

Viegas and Viegas (1994) indicated a non-linear relationship between burned area and 

rainfall so that, depending on the time of rainfall, this could promote or deter the burned 

surfaces. Pausas (2004) showed how summer rainfall was significantly related to the inter-

annual variability in the burned area, showing also a significant cross-correlation for a time 

lag of two years in Valencia district (Spain). In Canada, weatherïclimate has been 

established as the most important natural factor influencing forest fires (Stocks and Street 

1983; Flannigan and Wotton 2001; Hely et al. 2001).  

Despite all these efforts, region specific analysis of the driving forces of fire regime are still 

needed to better understand this issue. In this context, this paper aims to contribute and 

improve our knowledge about the relationships between meteorological variables and 

wildfires at National level in Mediterranean ecosystems. 

 

2. MATERIALS AND METHOD S 

In the first part of this work we collected meteorological and fire data to analyze the 

relationships between fire and weather in the Italian peninsula. The meteorological 

variables (maximum and minimum temperature, relative humidity, precipitation and wind 

speed) were obtained at daily scale through the MARS (Monitoring Agricultural 

Resources) database interpolated at 25x25 km scale. The fire database available for Italy 

was provided by JRC (Join Research Center) and contains the monthly number of fires and 

total area burned at provincial level from 1985 to 2008.  

To analyze the effects of weather variables on fire, it was decided to homogenize the time 

scale of MARS database to the JRC, therefore monthly mean were calculated from MARS 

daily data for each year. 

The second part of the work involved the assemblage of fire and weather data into a GIS to 

facilitate manipulation and display of the data, and the classification of Italian peninsula in 

homogeneous piro-climatic areas, through a non-hierarchical cluster analysis of 

meteorological and fire data. In each identified area, descriptive statistics were initially 

calculated to determine the differences on fire regime and weather conditions. Then, we 

proceeded with the seasonal and annual trend analysis through parametric and non-

parametric tests to assess whether the inter-annual variability in weather patterns and in fire 

events had a significant trend. Finally, Pearson correlation and linear regressions were 

carried out to characterize the relationship between meteorological variables and forest 

fires.  

 

3. RESULTS 

The results obtained from cluster analysis showed, for peninsular Italy, five different 

piroclimatic areas with different fire regime (Figure 1). Cluster 1 represents the Alpine zone 

with severe winter and high amount of cumulative rainfall, where the fire regime is 

typically concentrated in winter and fire occurrence is very low compared with the other 

areas. Cluster 2 and 3 are very different from fire statistic and termo-pluviometric points of 

view. Cluster 3, mainly constituted by Liguria region, has a typically Mediterranean climate 

(T max 17.26 °C, T min 9.87 °C, rainfall 780 mm), but fire regime is not exclusively on 

summer and occurrence is higher than Cluster 2 and 1 (Table 1). Cluster 4 represents 
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mainly the center of the peninsula, and although fire regime is framed mainly during 

summer, it has some fire occurrence during spring. Finally, Cluster 5 is represented by 

Southern Italy. In this zone, fire occurrence is concentrated during summer. This Cluster 

represents the area were the fire occurrence is the highest among all clusters: the recorded 

number of fire is more than 89,000 and the burned area is more than 1,086,000 ha. This is 

probably due to the type of climate, represented by mild winters, T min 11.47 °C, and dry 

summers, with T max of 19.97 °C and rainfall of 626 mm (Table 2). 

 

 

 

 

Table1. Fire statistics and fire seasonal occurrence for the 5 different clusters recognized 

by the cluster analysis 

 

Table 2. Termo-pluviometric characteristics for the 5 clusters recognized by the cluster 

analysis 

 

The trends of the fire data were analyzed both for all peninsula and for each cluster to have 

some inferences on the evolution of fires through the investigated period, and in the 

different piro-climatic areas. Trend analysis was done using parametric and non-parametric 

Region Burned area (ha) Number of Fires Fire season 

CL 1 96,794 9,981 Jan-Apr 

CL 2 178,867 20,892 Jan-Apr, Jul-Sept 

CL 3 179,576 19,989 Jan-Apr, Jul-Sept 

CL 4 407,519 43,167 Mar, Jul-Sept 

CL 5 1,086,523 89,092 Jun-Sept 

Region T max (°C) T min (°C) Rainfall (mm) 

CL 1 14.12 5.26 1,123 

CL 2 16.31 7.00 734 

CL 3 17.26 9.87 780 

CL 4 19.80 10.48 666 

CL 5 19.97 11.47 626 

Figure 1. Categorization of Italy in 

the five cluster recognized by the 

cluster analysis. 
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tests. Table 3 and 4 show the slope of the regression line, the standard error, and the Mann-

Kendall test for fire and weather data. In general, our study showed that fire activity is 

decreasing, despite the overall trend of increasing temperatures in most of Italy (Table 3, 4). 

Considering the entire peninsula, the annual trend of burned area is decreasing (F= 0.75, 

p<0.05), even if the result is not confirmed by the Mann-Kendall test. On the other hand, 

the Mann-Kendall test confirmed the decreasing trend of fire number (p<0.01). Different 

clusters have been undergoing different trends. For example, in Northern Italy the Cluster 1 

showed a significant decreasing trend for fire number, and for burned area, while Cluster 2 

had a significant trend only for fire number. Cluster 3 showed a very significant decreasing 

trend for both fire number and burned area, while Cluster 4 trend was not confirmed by 

Mann-Kendall test (Table 3). Finally, Cluster 5, that represents the Southern part of the 

Peninsula, showed not significant trends. 

 

Table 3. Anova and Mann-Kendall results for burned area (BN) and fire number (FN) 

trend for peninsular Italy and for each cluster 

n.s.= not significative; + p= 0.10; * p= 0.05; ** p= 0.01; ***p= 0.001 

 

Table 4. Anova and Mann-Kendall results and for maximum temperature (Tmax), minimum 

temperature (Tmin) and Rainfall for peninsular Italy 

n.s.= not significative; + p= 0.10; * p= 0.05; ** p= 0.01; ***p= 0.001 

 

In order to analyze the relationships between fire and weather, Pearsonôs correlation 

coefficients were calculated at national and cluster scale, both annually and seasonally. The 

variable that seems to be mostly correlated with the fire occurrence is the precipitation 

(Table 5, Figure 2). Considering the whole Italy, summer and winter rainfall are highly 

correlated with summer and winter fire number (r=0.68, p<0.01). This pattern is also 

present at cluster scale: for example, in the Southern Clusters (4 and 5) summer rainfall is 

strongly correlated with fire number (respectively, r= -0.72 and -0.70, for p<0.01) and 

burned area (r=-0.66 and -0.65, with p<0.01). On the other hand, Northern Clusters 1 and 2 

are highly correlated with summer T max (respectively, r= 0.75 and 0.71 with p<0.01 for 

fire number, and r=0.73 and 0.62 with p<0.001 considering burned area). Finally, linear 

 
Variable Slope 

Standard 

error  
F p Test Z Sig. Q 

Italy 
BA -1176.88 1354.96 0.75 *  -1.46 n.s. -1693.696 

FN -195.76 70.13 7.79 n.s. -2.60 **  -181.654 

CL 1 
BA -244.92 113.24 4.68 *  -2.80 **  -153.30 

FN -15.93 4.54 12.33 **  -2.95 **  -13.88 

CL 2 
BA -440.41 244.18 3.25 + -2.21 + -224.22 

FN -28.80 11.06 6.78 *  -2.51 *  -25.57 

CL 3 
BA -480.98 187.54 12.23 **  -3.55 ***  -412.30 

FN -49.42 8.44 34.29 ***  -4.29 ***  45.51 

CL 4 FN -48.51 20.39 5.66 *  -1.86 + -41.37 

 
Variable Slope 

Standard 

error  
F p Test Z Sig. Q 

Italy 

T max (°C) 0.04 0.01 12.58 **  2.95 **   0.045 

T min (°C) 0.06 0.010 35.29 ***  4.14 ***   0.062 

Rainfall (mm) 3.19 2.63 1.47 n.s. 0.97 n.s.  3.098 
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regressions were calculated for all Italy and for all significant Pearsonôs correlation (Table 

6). In particular, the best results were obtained analysing the relationship between winter 

and summer rainfall and fire number (R
2=0.46, p<0.001; R2=0.47, p<0.001).  

 

Table 5. Statistically significant Pearsonôs correlation between number of fires, burned 

area and selected meteorological variables. 
Italy  Pearson's correlation 

Annual Rainfall (mm) 
Fire Number -0.51 * 

Area burned (ha) -0.56** 

Winter Rainfall (mm) 
Fire Number -0.68** 

Area burned (ha) -0.58** 

Spring 
Rainfall (mm) 

T min (°C) 

Fire Number -0.43* 

Fire Number -0.50* 

Summer Rainfall (mm) 
Fire Number -0.68** 

Area burned (ha) -0.52** 

 

 

Figure 2. Pearsonôs correlation between the number of fires and burned area with 

meteorological variables (Tmax, Tmin and Rainfall) for each season and for each cluster 

 

Table 6. Relation between yearly fire number and burned area and rainfall in Italy 

* p= 0.05; ** p= 0.01; *** p= 0.001 

4. CONCLUSION 

Season Fire variable (y) Weather 

variable (x) 

Slope R2 R2adj F p 

Annual 
Fire number 

Rainfall 
- 15.34 0.26 0.23 7.7 *  

Burned area - 285.67 0.32 0.29 10.2 **  

Winter 
Fire number 

Rainfall 
-11.86 0.46 0.43 18.64 ***  

Burned area -133.04 0.33 0.30 10.89 **  

Summer 
Fire number 

Rainfall 
- 35.25 0.47 0.44 19.35 ***  

Burned area - 583.28 0.30 0.24 8.12 **  
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The present work investigated the relationship between the weather and fire occurrence. 

The use of cluster analysis showed this tool as useful method to characterize fire-weather 

relationships at national level, allowing to clusterize the different piro-climatic situations.  

In general, both the fire number and burned area are highly significantly related with 

rainfall in summer and winter in Southern Italy, while in the Northern areas, especially in 

the plains, both fire number and burned area are significantly related to summer Tmax. This 

could be due to the different factors that interfered with climatic variables. In Southern 

areas, for example, where the main economy is agriculture and the land use is highly 

exploited by anthropogenic activities, the fire causes are strongly related with socio-

economic factors. Going Northern, as highlighted by Zumbrunnen et al. (2009), the 

abandonment of traditional land use, due to the transformation of the economy, could have 

incremented the debris in the forest, and then the influence of climatic factors in the indirect 

way could explain the fire activity.  

The results of this work provide a valuable contribution in understanding the effect of 

weather conditions on fire number and burned area, and can be used as input for the 

development and calibration of models for the assessment of future impacts of climate 

change on fire. 
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Abstract 

Climate variability influences the occurrence of large wildfires on multiple time scales 

through its effects on the availability and flammability of fuels. In a recent study conducted 

in Sardinia and Liguria (Italy), fire perimeters have been used to inquire spatialized climate 

indexes and the vegetation cover (Bodini et al. 2011). Based on the statistical analysis, a 

certain number of Type of Homogeneous Areas (THA) has been defined by introducing 

information on vegetation cover. The comparison of THA and climatic indexes allowed the 

definition of a risk index. In this paper, more details about the climatic conditions affecting 

wildfire static risk are presented.  

Keywords: climate change, linear regression test, Mann-Kendall test, wildfire risk 

 

1. INTRODUCTI ON 

Fire is the most important natural threat to forests and wooded areas of the Mediterranean 

basin, where a large percentage of fires are human-induced (Alexandrian et al. 1999). 

Despite the fact that in the Mediterranean basin fires have occurred for millennia and plants 

have the capacity to cope with them, current fire regimes may causes disasters, i.e. 

ecosystem degradation like irreversible soil losses or strong vegetation changes. Moreover, 

wildfires introduce a high risk of direct damage to humans and structures in most of the 

highly populated Mediterranean countries and especially in coastal regions (Pausas et al. 

2008). Extreme weather events, such as extended drought, accumulation of fuels (often due 

to years of suppression activity), increasing human occupation of fire-dependent 

ecosystems, unchecked biomass burning and escaped fires in tropical regions and climate 

change are some of the main factors determining an increased frequency of catastrophic 

wildfires (Liu et al. 2009). Climate variability influences the occurrence of large wildfires 

on multiple time scales through its effects on the availability and flammability of fuels. 

Climate controls the spatial distribution of vegetation, and the interaction of that vegetation 

and climate variability largely determines the availability and flammability of the live and 

dead vegetation that fuels wildfires (Westerlin 2010).  

In Bodini et al. (2011; hereafter referred to as B2011) fire perimeters have been used to 

inquire spatialized climate indexes and the vegetation cover in Sardinia and Liguria (Italy). 

Liguria is a region of 5400 km
2
 lying on the northwest coast of the Tyrrhenian Sea. In this 

Mediterranean region, wildfires are recurrent phenomena both in summer and winter: an 

average of 365 wildfires of size greater than 0.01 km
2
 burns an area of 55 km

2
 per year. 

Sardinia is the second-largest island in the Mediterranean Sea. Wildfires represent a severe 

threaten to life and goods during summer. On average, between May and October more 

mailto:antonella.bodini@mi.imati.cnr.it
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than 2500 fires burn more than 310 km
2
 of shrubland, grassland and forests per year. Based 

on a statistical analysis, in B2011 a certain number of Type of Homogeneous Areas (THA) 

has been defined by introducing information on vegetation cover. The comparison of THA 

and climatic indexes allowed the definition of an index of static risk. In this work, more 

details about the climate analysis yielding the risk maps proposed in B2011 are presented.  

 

2. MATERIAL AND METHODS  

In Italy, meteorological data have been collected by the Governmental Hydrographic 

Service since 2002. After that, competences have been transferred to Regional Institutions. 

In Sardinia, historical data are managed by ADIS (Agenzia del Distretto Idrografico della 

Sardegna). In Liguria, the current meteorological network OMIRL (Osservatorio Meteo 

Idrologico della Regione Liguria) is managed by the Civil Protection Hydrometeorological 

Centro Funzionale with the technical support of the Regional Environmental Protection 

Agency of Liguria. 

 

 
 

 

 

 

             

Figure 1. Spatial distribution of the meteorological stations on a Digital Elevation Model 

of Liguria (left) and Sardinia (top right). On the left, thermometric (top) and pluviometric 

(bottom) stations in Liguria. On the top right: pluviometric (black) and thermometric (red) 

stations in Sardinia. 
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Daily rainfall and temperature data referring to the period 1951ï2008 have been analyzed 

using time series a) with more than 30 years of complete records for trend analysis, and b) 

with more than 20 years of complete records in the standard period 1971-2000, for climate 

analysis. Data quality has been originally checked by the data provider and further by the 

authors, through the analysis of the temporal and spatial coherence of several summaries of 

the data. Data inhomogeneity has been dealt with a careful examination of graphs: stations 

showing step changes have been discarded (Alexander et al. 2006). This procedure allowed 

to select 144 stations for rainfall analysis and 47 stations for temperature analysis in 

Sardinia, and 57 and 24 stations respectively in Liguria (see Figure 1). To increase the 

spatial coverage in Eastern Liguria, data from about 10 stations in Tuscany (Italy) have 

been analysed as well. Trend analysis is generally based on a subset of these time series: in 

Liguria, only 2 meteorological stations can be considered for the analysis of temperature 

trend, which has been therefore omitted.  

Several climate indexes recommended by the ETCCDMI (see, e.g., Alexander et al. 2006) 

have been analyzed: frequency of rainy days (² 1 mm), F; total precipitation, TP; minimum 

(Tmin), maximum (Tmax) and mean (Tday) daily temperature; maximum number of 

consecutive dry days, CDD; heat wave duration index, HWDI: maximum period > 5 

consecutive days with Tmax > 5 °C the 1971-2000 Tmax normal; maximum 5 days total 

precipitation, R5D.  

Trends have been checked by both the linear regression test and the non parametric Mann- 

Kendall test (statistical significance equal to 0.05; Sneyers 1990), to take into account 

missing data. As estimates of the linear trend are sensitive to points at the start or end of the 

data set (Wigley 2006), a sensitivity analysis has been carried out, and trends have been 

considered as significant when significance has been obtained after removing eventually 

influencing points as well. 

Interpolated maps of both long-term (over the entire period) and normal values (over the 

standard period 1971-2000) have been obtained by either kriging or multiple regression 

with geomorphological variables (elevation, sea distance, latitude and longitude). 

 

3. RESULTS 

As Sardinia is affected by the fire phenomenon only in summer whilst Liguria is affected 

by fires also in winter, the analysis has been carried out at two different scales: annual in 

Sardinia and seasonal in Liguria. Two seasons have been considered: winter (November-

April) and summer (May-October).  

3.1. Trend analysis 

In the following, only significant trends will be discussed. In almost all the cases, the linear 

regression test and the Mann-Kendall test have provided the same results: discordant results 

have been considered here as an indication of a doubtful result, and in turn, the trend has 

been considered as not significant. 

In Sardinia, only the 8% of the considered stations shows both annual total precipitation 

(TP) and number of rainy days (F) to be decreasing. More in general, TP decreases in the 

40% of the cases, while F only in the 15%. In the 37% of the cases with decreasing TP, 

R5D decreases as well and this trend is shown by a further 8% of cases. This is particularly 

relevant from the point of view of hydro-geological risk. Indeed, Figure 2 highlights that 
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R5D decreases in areas with high values. In the 22% of cases, the maximum number of dry 

days (CDD) decreases and this mainly occurs in the area with the longest dry spell.  

 

   

Figure 2. Spatial distribution of the long-term values of TP (left), CDD (centre) and R5D 

(right) in Sardinia, based on kriging for the safe of a clear representation. Red dots: 

significant decreasing trend.  

 

Regarding the temperatures, the trend is less clear also due to the lower number of available 

time series (40) and to contrasting results. The mean temperature (Tday) increases in about 

15 stations (37%): only in 5 cases both Tmin and Tmax increase. However, five stations 

show decreasing Tday, corresponding to decreasing Tmax. Sparsely distributed increasing 

trends are obtained for the extreme indices HWDI and Tn90 as well, in 15 and 17 cases 

respectively.  

In Liguria, the 13.5% of the considered stations shows both TP and F to be decreasing at 

the annual time-scale, and a further 21% shows either TP or F to be decreasing. The 

seasonal analysis indicates that decreasing TP is obtained in winter (42%, see Figure 4) but 

not in summer, and the trend concerns the area with lower TP. Unlike Sardinia, a complete 

lack of trend is obtained for CDD in both seasons. As in Sardinia, decreasing R5D is often 

(46%) obtained in time series showing decreasing TP, however in Liguria the area showing 

the highest R5D values is not interested by trend.  

3.2. Long-term and normal values 

In B2011, for each climate index a finite number of classes has been defined on the basis of 

a preliminary analysis of the fire perimeters. These classes have been compared to land 

cover classes to derive the THAs. Figure 3 shows the obtained risk maps. The highest risk 

areas are characterized by high air temperature and long dry periods in summer, and winter 

rainfall amounts from moderate to high, but not extreme. In Sardinia, the relevance of high 

temperatures to wildfire risk is stressed by high HWDI values as well, as can be seen by 

comparison of Figure 3 (right) and Figure 4 (centre). The spatial distribution of all but 

HWDI indices strongly varies with altitude. In Sardinia, long-term rather than normal 
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values have been considered for rainfall data to include heavy and extreme rainfall occurred 

during the period from 1951-1965. 

 
 

LIGURIA, summer                               SARDINIA 

 

 

 

LIGURIA, winter 

 

 

Figure 3. Risk maps in Liguria and Sardinia (from Bodini et al. 2011). 

 

 

 

 

  

 

Figure 4. Spatial distribution of the normal values of Tmax (left) and HWDI (right) in 

Sardinia, based on multiple regression. Spatial distribution of the normal values of TP-

winter (left) in Liguria based on kriging, for the safe of a clear representation. Red dots: 

significant decreasing trend. 
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4. CONCLUSIONS  

The main signal of climate change in the study area refers to decreasing precipitations, 

reflecting what is currently well assessed by the International Panel on Climate Change. On 

the contrary, decreasing CDD and R5D in Sardinia seem to be in contrast with recent 

literature, reflecting the lower spatial coherence between regions shown by extreme indices 

(Alexander et al. 2006). As all over the globe (Alexander et al. 2006), in Sardinia a signal 

of increasing Tn90 has been obtained as well. This does not seem to have an influence on 

static wildfire risk, however it is fundamental for the impact on human health. Sustained 

night time high temperatures are characteristic of the most severe heat waves, which 

contribute to increased discomfort and mortality rates (Meehl and Tebaldi 2004). 

The lack of high quality observational data sets of daily temperature with good coverage 

has posed a major hindrance to the climatic analysis in both regions. Contrasting results, 

often occurring at close stations, suggest that part of the significant trends could be due to 

non-climatic causes. A great effort in digitalizing all the available data should be done to 

guarantee an adequate spatio-temporal coverage, improve the analysis and so obtain a 

deeper insight into the significance of the most relevant results.  

 

5. ACKNOWLEDGMENTS  

This work has been carried out within the ARPAS-IMATI agreement n. 1124 (2009), 

project PROTERINA-C: A system for the forecast and the prevention of the impact of the 

variability of the climatic conditions on the risk for the natural and urbanized environment. 

Funded by the EU (2009-2011), ñObiettivo 3 Italia-Francia Marittimoò program.  

 

6. REFERENCES 

Alexander L.V. et al. (23 co-authors), 2006. Global observed changes in daily climate 

extremes of temperature and precipitation. Journal of Geophysical Research, 111, 

doi:10.1029/2005JD006290. 

Alexandrian D., Esnault F., Calabri G., 1999. Forest fires in the Mediterranean area 

Unasylva (FAO), 50, 35-41. 

Bodini A., Entrade E., Cossu Q.A., Canu S., Fiorucci P., Gaetani F., Parodi U., 2011. A 

methodology for assessing the spatial distribution of static wildfire risk over wide 

areas: the case studies of Liguria and Sardinia (Italy). Proceedings of Workshop 

"Spatial Data Methods for Environmental and Ecological Processes". (SPATIAL2), 

Foggia, 1-3 September 2011. Ed. B. Cafarelli. Cdp Service Edizioni, CD ROM 

Liu Y., Stanturf J., Goodrick S., 2010. Trends in global wildfire potential in a changing 

climate. Forest Ecology and Management, 259, 685-697. 

Meehl G.A., Tebaldi C., 2004. More intense, more frequent, and longer lasting heat waves 

in the 21st century, Science, 305, 994 ï 997. 

Pausas J.G., Llovet J., Rodrigo A., Vallejo R., 2008. Are wildfires a disaster in the 

Mediterranean basin? ïA review. International Journal of Wildland Fire, 17, 713-723 

Westerling A.L., 2010. Climate change impacts on wildfire. Chapter 8. In: Climate Change 

Science and Policy (eds Schneider SH, Rosencranz A, Mastrandrea MD and Kunz-

Duriseti K). Island Press. Washington, USA. 

Wigley T.M.L., 2006. Appendix A: statistical issues regarding trends. In Temperature 

Trends in the Lower Atmosphere: Steps for Understanding and Reconciling 



Climate and Fires 

 69 

Differences, Karl T.R., Hassol S.J., Miller C.D., Murray W.L. (eds). A Report by the 

Climate Change Science Program and the Subcommittee on Global Change Research: 

Washington, DC. 

 



Climate and Fires 

 70 

Historical relationship between climate and fire regime in Asagē 

Köprüçay Basin (Antalya, Turkey) 

Kavgaci A.
1
, Salis M.

2,3
, Arca B.

4
, Cosgun U.

1
, Gungoroglu C.

1
, Spano D.

2,3
 

1
Southwest Anatolia Forest Research Institute, Pob 264 07002 Antalya, Turkey; 

2
Department of Science for Nature and Environmental Resources (DipNeT), Sassari, Italy; 

3
Euro-Mediterranean Center for Climate Changes, IAFENT Division, Sassari, Italy; 

4
National Research Council of Italy, Institute of Biometeorology (CNR-IBIMET), Sassari, 

Italy 

alikavgaci1977@yahoo.com 

_________________________________________________________________________ 

Abstract 

In this work, we analyzed fire regime, climatic trend and relationships between fire and 

climate in the Asaĵē Kºpr¿­ay basin (Antalya, Turkey), an area of about 205,000 hectares. 

The study area is intensively affected by forest fires. Since the historical data on fires were 

consistent in detail after 1979, we analyzed the historical period 1979-2009. Regarding the 

climate analysis, data of four meteorological stations representing the different climatic 

conditions of the study area were taken into consideration. Daily records of maximum, 

mean and minimum temperatures, precipitation, wind speed and direction, relative 

humidity were used for the analysis. In the study period, mean and minimum temperatures 

showed a statistically significant increasing trend with time. The trends of fire number, 

burned area and meteorological data were analyzed by using correlation and linear 

regression techniques. Regarding the historical trends in terms of fire number, no 

statistically significant trends were observed, because of the high inter-annual variability of 

the data. The burnt areas showed a general increasing trend that is not statistically 

significant. No statistically significant correlation between fire number and burnt area was 

observed. The relationships between weather parameters and the main indicators of fire 

activity: fire days (FD, at least 1 fire per day), large fire days (LFD, at least 20 hectares per 

day), multiple fire days (MFD, more than 1 fire per day), were investigated by the 

application of the logistic regression. The historical relationship between weather variables 

and the main indicators of the fire activity (FD, LFD, MFD) were analyzed by a set of 

logistic regression models. In particular, 4 models provided the best combined response in 

predicting the different fire activity indices on both annual and seasonal data. The different 

models were characterised by low estimation accuracies for FD, while the best results were 

obtained for LFD. Temperature and relative humidity are the weather variables mostly 

correlated with the fire activity probability as predicted by the logistic models. An increase 

in the accuracy was generally obtained where the 3 and 7 days minimum and maximum 

average values were used instead of the daily mean values of the weather variables. 

Keywords: Antalya, Climate, Fire, Logistic regression, Turkey. 
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1. INTRODUCTION  

Total forested area in Turkey is 21.5 millions of hectares (27.6% of all land) (Anon. 2011). 

The largest amount of forests is represented by Mediterranean type ecosystems such as 

Pinus brutia forests and maquis, mainly dominated by Arbutus andrachne, Arbutus unedo, 

Calicotome villosa, Ceratonia siliqua, Quercus coccifera, Myrtus communis, Phillyrea 

latifolia, Pistacia terebinthus, Pistacia lentiscus, Spartium junceum, Styrax officinalis. 

These fire prone ecosystems especially appear in southern and western parts of Turkey. 

Each year, many forest fires occur in these areas. Thousand hectares of forested areas are 

affected by fires; additionally, they threat the rural and urban life. Forest fires are the most 

important issues of the forestry management activities in south and western Turkey. Big 

amount of the budget dedicated to forestry practices are spent for fire prevention and 

suppression efforts. In this context, investigations on fires and on the related issues are 

crucial in order to improve fire management. Weather conditions are one of the most 

important factors that influence forest fires (Pausas, 2004) and directly affect fire ignition, 

spread and severity. Because of that, the relationships between forest fires and weather 

conditions were analyzed in this work and for this goal the trends of forest fires and 

weather factors were firstly defined and then the relationships between these components 

were analyzed for the study area.    

 

2. MATERIAL AND METHODS  

In Turkey, one of the areas most intensively affected by forest fires is the Antalya province; 

the Aĸaĵē Kopru­ay basin, with 8 forest provinces and 80 forest villages, was defined as the 

study area in the work (Figure 1). The study area is approximately 205,000 hectares of 

which about 120,000 hectares are represented by forests, and about 70,000 hectares by 

agricultural areas. The main vegetation type in the study area is characterized by Pinus 

brutia forests that have been intensively affected by fires.  

The fire data from the period 

1979-2009 were used in this 

work. During this period, 

1,084 forests fires occurred in 

the area and about 30,000 

hectares were burned. The 

years with the highest burned 

areas were 2008, 1994, 1979 

and 2000 respectively. The 

year 2008 was especially 

important since the largest fire 

of the history of Turkey was 

observed in this year, with a 

burned area of more than 

15,000 hectares. Moving to the 

meteorological analysis, we 

used the data of Antalya and Manavgat weather stations, which represent an indicator of the 

typical weather conditions of the lowlands and coasts of the study area, where the fires are 

mostly concentrated. The trends of fire number, burned area and meteorological data were 

analyzed by correlation and linear regression techniques. Regarding the relationship 

Figure 1. Map of the study area. Legend indicates the 

altitudinal variation 
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between historical weather and fires, only the meteorological data showing important 

correlations with fire data were reported in the text. The weather data were analyzed 

considering both the average annual and seasonal (July-October) values, in order to 

investigate the historical trends and the relationship between fires and weather. The 

analyses were carried out with the R software. 

The relationships between the weather parameters and the main indicators of fire activity: 

fire days (FD, at least 1 fire per day), large fire days (LFD, at least 20 hectares per day), 

multiple fire days (MFD, more than 1 fire per day) were detected by the application of the 

logistic regression, which is one of the main methods used in this field (Martel et al. 1987, 

Andrews et al. 2003). Due to the large numbers of weather parameters, the first steps of the 

analysis were conducted by automatic methods, mainly by the stepwise regression, in order 

to find the weather parameters characterized by high values of significance. The analysis 

was conducted (i) on daily basis using the mean values of the weather parameters, and (ii) 

on a moving window of 3 days and 7 days calculating the maximum, the minimum and the 

summation of the values observed during the period. The estimates provided by the logistic 

regressions are characterized by a large number of statistical indicators, and the evaluation 

of the best models can be obtained only by an interactive process considering an integrated 

response between different parameters, mainly the classification accuracy, the Hosmel-

Lemeshow test, and the values of the coefficient of determination (r
2
). Two different groups 

of estimations were realized, considering two different sets of daily data, covering the entire 

years (1
st
 set) and only the period from May to October (2

nd
 set). The two set were 

characterized by large differences in number of records (º 11,300 for annual data and º 

3,800 for seasonal data) and in the variability of the weather parameters; therefore, the 

statistics are affected by these aspects and the accuracy of the models should be analysed 

separately for annual and seasonal data. The use of the interactive methods (mainly 

stepwise regression) produced logistic models characterized by a large number of 

independent variables, and therefore may lead to a limited accuracy in predicting the values 

of the fire danger indices on new data not used in this developing phase. In addition these 

models, and the values of their independent variable coefficients, are characterized by a low 

explanatory content and by a high degree of cross correlation between variables 

characterised by similar physical nature. For this reason, a limited set of models were 

developed by manual selection of the independent variables by using both the results of the 

statistical tests and the evaluation of the accordance with the physical and theoretical 

expectations. 

 

3. RESULTS AND DISCUSSION 

Regarding the historical trends of fire number, it is important to highlight that no 

statistically significant trends were observed, because of the high inter-annual variability of 

the data. Similarly the burnt areas in time showed an increasing trend that is not statistically 

significant. When we look to the correlation between fire number and burnt area, there is an 

increasing correlation, which is not statistically significant. This correlation did not show a 

statistically significant trend even if the big fire of 2008 is excluded. 

Regarding the trend of weather parameters in time, maximum temperature, relative 

humidity and cumulated rain (precipitation) did not show relevant statistical trends. On the 

other hand, the trends of mean and minimum temperatures showed increases in time and 

these changes were also statistically significant (Figure 2, 3). The most frequent wind 
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directions were WNW, S, SSE and SSW and no significant trends for wind directions and 

frequencies were observed for the study area. The correlations between fires and mean and 

minimum temperatures were not statistically significant (Figure 4,5,6,7). 

 

  

Figure 2. Minimum temperature trends: 

linear regression (slope 

significance<0.0001) 

Figure 3. Mean temperature trends: linear 

regression (slope significance <0.0001) 

  

Figure 4. Correlation between Tmax and 

Burnt Area (excluding 2008) 

Figure 5. Correlation between Tmean and 

Burnt area. 

  

Figure 6. Correlation between Tmax and 

Fire Number 

Figure 7. Correlation between Tmean vs 

Fire Number 
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Regarding the relationships between the weather parameters and the main indicators of the 

fire danger season (FD, LFD, MFD) we reported only a set of four logistic models 

(Table 1), developed by manual selection of the variables. These models provided the best 

combined response in predicting the different fire danger indices on both annual and 

seasonal data (Table 2); the statistical parameters provided by the logistic regression 

permitted to find the variables with the lower values of both the significance of the 

coefficients and the prediction accuracy. Table 3 reported the parameter estimates for the 

different models and dependent variables (FD, LFD, MFD). 

 

Table 1. Independent variables included in the models. Tx3, Maximum value of the 

temperature observed on the previous 3 days; Tx7, Maximum value of the temperature 

observed on the previous 7 days; Tn3, Minimum value of the temperature observed on the 

previous 3 days; Tn7, Minimum value of the temperature observed on the previous 7 days; 

RHx3, Maximum value of the relative humidity observed on the previous 3 days; RHx7, 

Maximum value of the relative humidity observed on the previous 7 days; RHn7, Minimum 

value of the relative humidity observed on the previous 7 days. 

Model n° Independent variables 

1 Tx3, Tn7, RHx3, RHn7 

2 Tx3, RHx3 

3 Tx7, RHx7 

4 Tn3, RHn3 

 

On both the seasonal and the annual data the different models (Table 2) are characterised by 

low estimation accuracies for the variable FD (correct classification lower than 33.6%), 

while the best results were provided by the variable LFD (correct classification greater than 

82.5%). In few cases the Hosmer and Lemeshow test provided values lower than the P 

threshold of 0.05, and this is an indicator of lack of fit. This is true in particular for the 

models predicting FD by using annual data. The lack of fit is an indicator on limited 

generalization capacity on new data. The variable MFD is generally characterised by 

intermediate performances, with values of correct classification lower than 79.6% on 

annual data and 28.7% for seasonal data. 

 

Table 2. Statistical parameters used in order to define the accuracy of the models. 

**  Significance of the Hosmer and Lemeshow test (P=0.05) indicating no evidence of a 

lack of fit. 

Model n° 
Dependent 

variable 
Time step Rescaled r

2
 % Concord. 

P-value 

Hosmer 

Lemeshow 

Chi-Square 

% Correct 

classific. 

1 FD Annual 0.18 79.00 0.00 33.60 

2 ñ ñ 0.18 78.50 0.00 29.70 

3 ñ ñ 0.16 77.10 0.00 30.10 

4 ñ ñ 0.18 79.00 0.00 30.50 

1 ñ Seasonal 0.06 63.20 0.02 17.30 

2 ñ ñ 0.05 62.30 0.48** 17.30 

3 ñ ñ 0.03 58.30 0.58** 17.30 

4 ñ ñ 0.07 64.90 0.57** 17.30 
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Table 2. Continued 

Model n° 
Dependent 

variable 
Time step Rescaled r

2
 % Concord. 

P-value 

Hosmer 

Lemeshow 

Chi-Square 

% Correct 

classific. 

1 LFD Annual 0.28 85.60 0.84** 94.80 

2 ñ ñ 0.23 84.40 0.35** 94.70 

3 ñ ñ 0.17 82.20 0.17** 95.00 

4 ñ ñ 0.27 86.30 0.01 94.10 

1 ñ Seasonal 0.23 85.70 0.91** 86.30 

2 ñ ñ 0.16 80.50 0.44** 84.70 

3 ñ ñ 0.09 72.90 0.92** 83.50 

4 ñ ñ 0.21 83.50 0.00 82.50 

1 MFD Annual 0.19 84.30 0.21** 85.10 

2 ñ ñ 0.18 83.30 0.58** 85.20 

3 ñ ñ 0.13 79.10 0.82** 79.60 

4 ñ ñ 0.20 85.50 0.84** 84.50 

1 ñ Seasonal 0.12 74.10 0.50** 54.40 

2 ñ ñ 0.10 72.40 0.17** 51.50 

3 ñ ñ 0.05 63.70 0.15** 28.70 

4 ñ ñ 0.13 76.90 0.63** 55.80 

 

 

 

Table 3. Parameter estimates for the selected models. 

Model n° Time step Dependent variable Parameter estimates for the independent variables 

1 Annual FD -2.41+0.02ÅTx3+0.10ÅTn7-0.03ÅRHx3-0.02ÅRHn7 

2 Annual FD -3.05+0.12ÅTx3-0.03ÅRHx3 

3 Annual FD -2.65+0.12ÅTx7-0.03ÅRHx7 

4 Annual FD -3.22+0.12ÅTn3-0.03ÅRHn3 

1 Seasonal FD -1.14+0.09ÅTx3-0.05ÅTn7-0.02ÅRHx3-0.01ÅRHn7 

2 Seasonal FD -1.37+0.06ÅTx3-0.03ÅRHx3 

3 Seasonal FD -0.91+0.05ÅTx7-0.03ÅRHx7 

4 Seasonal FD -1.00+0.04ÅTn3-0.03ÅRHn3 

1 Annual LFD -4.57+0.28ÅTx3-0.15ÅTn7-0.03ÅRHx3-0.08ÅRHn7 

2 Annual LFD -6.55+0.19ÅTx3-0.06ÅRHx3 

3 Annual LFD -8.13+0.22ÅTx7-0.04ÅRHx7 

4 Annual LFD -4.29+0.15ÅTn3-0.10ÅRHn3 

1 Seasonal LFD -2.77+0.36ÅTx3-0.32ÅTn7-0.02ÅRHx3-0.07ÅRHn7 

2 Seasonal LFD -6.91+0.20ÅTx3-0.05ÅRHx3 

3 Seasonal LFD -7.27+0.20ÅTx7-0.04ÅRHx7 

4 Seasonal LFD -2.97+0.11ÅTn3-0.11ÅRHn3 

1 Annual MFD -3.53+0.14ÅTx3-0.02ÅTn7-0.03ÅRHx3-0.03ÅRHn7 

2 Annual MFD -0.15+0.12ÅTx3-0.05ÅRHx3 

3 Annual MFD -4.87+0.14ÅTx7-0.04ÅRHx7 

4 Annual MFD -3.33+0.11ÅTn3-0.08ÅRHn3 

1 Seasonal MFD -2.26+0.21ÅTx3-0.17ÅTn7-0.03ÅRHx3-0.02ÅRHn7 

2 Seasonal MFD -3.10+0.10ÅTx3-0.05ÅRHx3 

3 Seasonal MFD -3.02+0.09ÅTx7-0.04ÅRHx7 

4 Seasonal MFD -1.60+0.05ÅTn3-0.07ÅRHn3 
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Temperature and relative 

humidity were the weather 

variables mostly correlated 

with the probability estimated 

by the logistic models, and 

therefore with the fire danger 

indices (LFD, MFD, FD). An 

increase on accuracy was 

generally obtained where the 3 

and 7 days minimum and 

maximum values were used 

instead of the daily mean 

values of the weather 

variables; this fact is an 

indicator of a sort of 

summation of the short term 

effects of weather variables on 

fire danger indices; this is true 

in particular for the relative 

humidity; Figure 8 showed the 

pattern of the relative 

humidity, the relationship with the fire danger indices, and the associated pattern of 

probability. Relative humidity and temperatures are the variables that explain most of the 

variability of fire danger indexes, and showed a similar distribution of data and relationship 

with the estimated probability (Figure 9 and Figure 10). The explanatory value of the wind 

speed and precipitation is very low, and the stepwise regression found low values of 

significance for their coefficients. 

 

  

Figure 9. Relationship between the 

estimated probability provided by the 

model 3 and the maximum values of the 

relative humidity observed in the previous 

7 days. 

Figure 10. Relationship between the 

estimated probability provided by the model 3 

and the maximum values of the temperature 

observed in the previous 7 days. 
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climate, social and economic changes in Europe, the Mediterranean and other fire-affected 

areas of the world) 
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_____________________________________________________________________________ 

Abstract 

Wildfire has been linked to forest-steppe transitions in both the geologic past and the 

present. Furthermore, there are indications this relationship will continue in the future. 

Palynology evidence, collected from southern Siberia, suggests fire increased during 

climate warming-induced forest-steppe transitions in the past. Currently, there is also 

evidence that wildfire is driving the transition of forest to steppe in southern Siberia. 

Additionally, under future climate change scenarios, it is predicted fire frequency, severity, 

area burned and fire season length will increase in boreal regions. The goal of this work is 

to estimate high fire danger in the past and presently, as well as to predict high fire danger 

in the future, over the vast Altai-Sayan mountainous region in Central Asia using climate 

data from 10000 before present (BP) through the present to 2080. To estimate potential fire 

danger for past, present and future climates, we developed a linear regression model that 

relates an annual number of days with high fire danger (Nesterov Index) to an annual 

moisture index, which characterizes the relative climatic dryness or wetness of vegetation 

or fuels. Climate change scenarios are derived from: 1) palynological pollen data; 2) current 

weather station data; and 3) A2 and B1 2080 Hadley Centre HadCM3 scenarios. In the past, 

under cooler climatic conditions, 10000 and 3200 BP, wildfire encompassed less than half 

the area in comparison to warmer climatic conditions, 8000 and 5300 BP Under the 

favorable wet and warm conditions, montane forests thrived and covered about three 

quarters of the Altai-Sayan Mts. With the climatic changes that have occurred in the last 

half century, from1960-2010, the number of high fire danger days has increased by 10 days 

over much of the region (mean 30-40). Simulations show that in the warmer and dryer 2080 

climate, the number of high fire danger days will increase by another 10 days (mean 40-50), 

and these conditions would prevail on 60-70% of the remaining forested area. The dryer 

climate would result in increased tree mortality in the transition zone between forest and 

steppe, thus increasing fire fuel accumulation. Fuel load and fire weather create high risk 

for large fire escalation. In the future, fires are predicted to be more severe and extended 

than in the past, because future climates are predicted to be warmer and dryer, in 

comparison to the past warmer and wetter climate. 

Keywords: fire danger, climate change, Holocene, Altai-Sayan mountains, Siberia 
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1. INTRODUCTION  

Wildfires are largely under the control of weather and climate. If precedent weather has not 

been hot and dry enough to provide fuel that would be dry enough to be available to burn, 

then a large wildfire cannot be sustained. Wildfire maintains the current stability and 

diversity in boreal forests in synchronization with the climate. If one had a birdôs eye view 

of the boreal forest, a patchwork mosaic of even-aged stands would appear, the beginning 

and end of which successionary processes are typically resolved by fire. Wildfire is also a 

catalyst for change, a mechanism by which forests can move more rapidly towards a new 

equilibrium with a new climate. 

Palynology data derived from gyttja (mud) lake deposits, taken from southern Siberia, show 

large amounts of charcoal, and these data are associated with large fires that burned during 

forest-steppe transitions induced by climate warming. Satellite and ground data show an 

increase in extreme fire seasons in Siberia, which coincides with the warmer and longer fire 

seasons of the contemporary climate. Nine of the eleven years, from 1997-2007, resulted in 

extreme fire seasons, which could change the definition of what is considered a normal fire 

season (Soja et al. 2007). In the future, fire regimes (area, frequency, severity, and length of 

season) are predicted to increase in boreal regions (Overpeck 1990; Stocks et al. 1998).  

For these reasons, we endeavour to predict high fire danger periods from weather and 

climate in the past, present and future over the vast mountainous southern Siberian Altai-

Sayan Mts, using different climate change scenarios from 10000 before present (BP) 

through nowadays to the year 2080 AD.  

 

2. METHODS 

2.1. The study area 

The Altai-Sayan mountains located in ʩentral Asia mainly in Russia (the northern half) and 

Mongolia (the southern part), with a small area in Kazakhstan (in the west) and China (in 

the southwest) within the window 82-106°E and 42-56°N. In interior central Asia with a 

continental climate, ecosystems vary from steppes in lowlands with warm and dry climates 

to forests at middle elevations to tundra and nival communities in cold/wet highlands. 

Current vegetation in the Altai-Sayan mountains varies on leeward and windward 

macroslopes. In the south, in the dry climate of Mongolia and Tyva (Russia), dry vegetation 

types dominate (deserts, semideserts and dry steppes) replaced by light-needled 

(predominantly Siberian larch) taiga upslope and then to tundra in the highlands. Over the 

major range, in moist habitats tundra occurs and is then succeeded by dark-needled 

(Siberian cedar and fir with some spruce) taiga down slope; and lush dark-needled ñchernò 

(which means ñblackò in Russian) forests (Siberian cedar and fir with aspen), productive 

and rich in flora and ferns with some nemoral (temperate) tall herbs are found in lowlands; 

followed by light-needled (pine) and birch subtaiga; and again steppe in the northern 

foothills (Smagin et al. 1980). The current climate is of a continental type with cold winters 

and warm summers. Westerlies are the dominant factor of the atmosphere circulation 

resulting in high annual precipitation: up to 1500-2000 mm on northwestern windward 

slopes and as little as 200-300 mm of precipitation on foothills of leeward slopes and the 

inner intermountain depressions of Tuva and Mongolia. Most of the precipitation (up to 

90% in Mongolia) falls in the summer. 
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2.2. Potential fire danger  

Potential fire danger for past, present and future climates was estimated using a developed 

linear regression model (R
2
 = 0.52) that related an annual number of days with high fire 

danger (Nesterov Index is greater than 4000, NI) to annual moisture index, a ratio between 

growing degree-days above 5°C, to annual precipitation, characterising dryness/wetness of 

the climate (Tchebakova et al. 2009a). We calculated an annual number of days with 

NI>4000 from climate data of 35 Siberian weather stations located in different vegetation 

zones for different periods from 1950 to 2000 using the model of Malevsky-Malevich et al. 

(2005). Our fire weather model was coupled with climate change scenarios for the past, 

present and future to predict fire potential (a number of days with high fire danger) 

distribution during the Holocene (Figure 1).  

2.3. Past Climate Change Scenarios 

Past climate change scenarios were derived from pollen-based reconstructions of paleo 

vegetation and climates for 10000 BP, 8000 BP, 5300 BP, 3200 BP (Tchebakova et al. 

2009). We firstly simulated paleovegetation from pollen data at the biome level, using the 

ñbiomizationò method of Prentice et al. (1996). Then, the montane bioclimatic vegetation 

model (MontBioCliM) was inversely used to predict average climatic indices (growing 

degree-days, base 5°C, GDD, and an annual moisture index, AMI, the ratio between GDD 

and annual precipitation) for each simulated paleo biome in each time slice of the Holocene 

(Tchebakova et al. 2009b). We converted these climatic indices correspondingly to average 

July temperatures and precipitation. The July temperature was derived from GDD, base 

5°C, which are strongly correlated (R
2
 = 0.9). Annual precipitation was derived from AMI 

and GDD. Climate change (departures) in the July temperature and annual precipitation in 

each Holocene time slice was evaluated as the differences between contemporary and paleo 

climates (3200, 5300, 8000, and 10000 BP).  

2.4. Paleo Fires Events  

Real paleo fires events were reconstructed from charcoal micro-particles of smoke. The size 

of small pieces of charcoal is some microns in diameter and weight is comparable with a 

pollen grain so that charcoal micro-particles are transferred, dispersed and buried with 

pollen and spores in bog and lake deposits by the same regularities. In paleo-ecological 

studies, to characterise fire history across landscapes, charcoal micro-particles are counted 

under spore-pollen analyses and shown in percentage with regards to total pollen and spore 

amounts in pollen diagrams (Bennett et al. 1990). For contemporary research we used the 

most detailed, full-scale microcharcoal data from lake Usunkol, which characterizes degree 

of fire spreading evenly through Late Glacial time and Holocene till present time in the 

Altai region. Numerous radiocarbon dates for Usunkol pollen diagram (Blyakharchuk et al. 

2004) allowed to date the revealed maxima in the resulting microcharcoal curve (Figure 2) 

and to correlate them with environmental and archeological events in Altai-Sayan region 

for the 13,000 years since the last glaciation.  

2.5. Observed present fire 

From satellite data of 2000-2009, 17,928 fires were registered across the Altai-Sayan Mts. 

with 8.3 mln ha of area burned (Shishikin et al. 2012). So that, about 1,700 fires occur with 

50-70 thousands ha of area burned at the annual basis. About 1,100 fires occur in non-

arboreal areas and 600 fires occur in arboreal areas. The recent trend of fire numbers shows 

the growth of the fire activity: 2-3 years is the fire return interval for the last decade. High 
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fire activity years were 2002, 2007, and 2008 with area burned 1.5 mln ha in each of those 

years. Most fires occur under NI class IV (40%) and NI class V (30%). Major wildfires are 

human-caused (60-90%) and lightning-caused (up to 36%) (Shishikin et al. 2012). 

In the contemporary climate, there is evidence of increased fire and an increasing number 

of extreme fire seasons across Siberia, Russia and the entire boreal region (Soja et al. 

2007). However, these increases are regional. For instance in southern Siberia, in the 

Republic of Tyva, the forest appears to be transitioning to steppe, but according to satellite 

data, area burned and the number fires are not increasing. In those forests, there have been 

two patterns observed: (1) the precedent weather is extremely hot and dry, thus the fires are 

severe, burning the organic layer to mineral soil, which grossly inhibits potential 

regeneration; and (2) the weather following fires is too hot and dry to sustain seedling 

establishment. This supports the supposition of the intimate relationship between climate, 

weather, wildfire and large-scale vegetation transitions. 

2.6. Future projections 

Two International Panel of Climate Change (IPCC, 2007) climate change scenarios of the 

Hadley Centre HadCM3 that reflect largest (A2) and lowest (B1) temperature increases by 

the year 2080 were used. The A2 scenario describes a continuously increasing population 

with regionally-oriented economic development that is slower than other storylines, and the 

B1 scenario emphasis in on global solutions to economic, social and environmental 

sustainability. 

 

3. RESULTS  

3.1. Predictions of paleo fire  

In the past, on average over the mountains, July temperature anomalies with respect to the 

contemporary climate were reconstructed negative -2 to -3°C 3000 BP and especially 

greatly negative -2 to -5°C 10000 BP July anomalies were positive (2-4°C) both 8000 and 

5300 BP. For comparison, in the Minusink depression located in the north of our study 

area, Koshkarova (2004) reconstructed July temperature as being 3°C higher in 7000-5800 

BP than today and 1°C lower in 3000-2400 BP than today based on the macrofossil 

analysis. Zubareva (1987) used palynology to reconstruct July temperature anomalies at 

approximately -2°C about 3000 BP. At 10000 BP and 3200 BP, under cold and dryer 

climates, forests covered only 30% of the area and 30-40 high fire danger days occurred on 

about 55% of the forest area and 40-50 high fire danger days occurred on 35% of the forest 

area. Between 8000-5300 BP, under warm and moist climates, forests covered about three 

quarters of the Altai-Sayan mountains, mainly in the north. About 30-40 high fire danger 

days occurred on 60% of the entire forest area and 40-50 days occurred 30% of the area 

those times. Wild fires were spread across the Altai-Sayan Mts twice larger in the Boreal 

and Late Atlantic than in the PreBoreal and SubBoreal periods of the Holocene (Figure 1, 

left). 

3.2. Charcoal-based reconstructions of paleo fires 

A case study of a charcoal micro-particles concentration in lake deposits of Lake Uzunkol 

in the central Altai Mts. was conducted. A constructed diagram of a charcoal micro-

particles concentration allowed to conclude that an increased charcoal micro-particles 

concentration started 5 thousand years ago is anthropogenic and is related to settlement of 
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the first farming-stock-breeder tribes (Figure 2). Radiocarbon dating showed that the upper 

maximum of the amount of charcoal micro-particles at the depth 10-20 cm corresponds to 

the period of the Turk culture. The lower maximum at the depth of 38-55 cm is associated 

with the development of the Scythian culture. The population density of those tribes 

burning organic fuel seems to be rather high along the shores of Lake Uzunkol. At 10,000 

BP, an elevated concentration of charcoal micro-particles was caused by wild fire in the 

climatically unstable period of the transition between steppe, forest-steppe and forest 

landscapes. These types of landscapes underwent only wild fires in the absence of humans 

around in those times. 

 

Figure 1. High fire danger days predicted by coupling our fire danger model with past 

(left), current and future climates (right). 0 ï no forest, 1- <30 days, 2- 30-40, 3- 40-50, 4ï 

50-60. The study area (black) on the background of the former USSR (low right). 

 

3.3. Predicted future fire 

In the future warmer and dryer climates, the proportion between numbers of high fire 

danger days would be opposite regarding: the number of high danger days 40-50 would 

prevail on 60% (the B1 scenario) and on 70% (the A1 scenario) of the forest area (Figure 1, 

right). The forest area would decrease in the future about twice. A dryer climate would 

result in increased tree mortality in the transition between forest and steppe, thus increasing 

fire fuel accumulation. When superimposed, both factors, fuel load and fire weather create 
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high risks of large fires escalation that would eliminate the forest at lower border and 

promote it to rise upslope. 

 

 

Figure 2. Palynology data taken from southern Siberia. Large amounts of charcoal 

micro-particles are found in gyttja deposits, and these are associated with large fires 

that burned during forest-steppe transitions induced by climate warming and peoplesô 

(Turks, Scythians) migration in the past. 

 

4. DISCUSSION AND CONCLUSION 

Fires are predicted to be more severe and extended. The southern and lower treeline is 

being shaped by forest fire, which rapidly promotes equilibrium between the vegetation and 

the climate. Extreme and severe fire seasons have already occurred in about 80% of the 

years between 1998 and 2006 in Siberia, which is an early indicator of the predicted change 

(Soja et al. 2007). Tree decline in the southern taiga border in a dryer climate would 

facilitate the accumulation of woody debris. This accumulation, paired with increased fire 

weather, would result in a decreased fire return interval (time between fires) and an 

increased potential for severe and large fires. In a warmed climate, once forests are swept 

by fire and climate is not suitable for trees anymore because of high evapotranspiration and 

lack of precipitation, grass replaces trees. A shorter life cycle, a better adjustment to less 

precipitation and droughts, abilities to recover after frequent fire events helping to survive 

in dry climates are characteristic of grasslands. Future climate is predicted warmer and 

dryer compared to the past. Frequent fires would change forest structure, eliminating dark 

conifers (Siberian stone pine and fir). Slow growing dark conifers are not adapted to 

frequent fires and typically die. Dark conifers would be replaced by pine and larch in the 

lowlands and move upslope to the highlands, replacing montane tundra. 
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Abstract 

The Regional Climate Models (RCMs) outputs show significant model errors in the control 

period in areas of complex orography like the Alps, when compared with the observed 

climatology. In this work we show the use of the Multimodel SuperEnsemble techniques, 

including a new probabilistic Multimodel SuperEnsemble Dressing, on a selection of the 

EU ENSEMBLES project RCMs outputs to downscale statistically the temperature and 

precipitation fields both in the whole Alpine Area and on a high-resolution area over 

Piedmont (North-western Italy), in order to reduce these errors. The observations in 

Piedmont are obtained trough a careful assimilation via Optimal Interpolation of the daily 

ground station data on a selected regular grid map. Hence, the outputs of the reanalyses 

(from ERA40) and scenarios (nested in several Global Circulation Model runs on the A1B 

SRES scenario) from the RMCs were interpolated from their original grid to the same grids 

of observed climatology and the Multimodel SuperEnsemble technique was applied. The 

downscaled temperatures and precipitation so-obtained, in combination with other 

meteorological variables, are used to evaluate future scenarios of wildfire potential with the 

Canadian Fire Weather Index. The results were compared with the observed forest fires: the 

agreement with the modeled fields is surprisingly good and differences can be found in the 

Fire Weather Index skill versus the observed fires as a function of the altitude or the 

dominant weather regimes. The sharp evaluation of forest fire danger behaviour in future 

climate scenarios, comparing different downscaling techniques of the fire weather indices 

with fires observed over Piedmont area, can be a key-point for adaptation and mitigation 

strategies especially in a rich biodiversity region such as the Alpine one. 

Keywords: Multimodel SuperEnsemble, Fire Weather Indices, climatic scenarios, Alps 

 

1. INTRODUCTION  

Forest fires are quite common in the southern Alps even if the fire number and the burned 

areas are low compared with the neighbouring Mediterranean area, where the climate is 

more in favour of the development of frequent and large wildfires.  

In the last decades, however, the Southern Alpine regions experienced an increase in the 

number and intensity of forest fire events. Piedmont region, located in the south-west, is a 

ñhot spotò for this phenomenon. This increase is coherent with climate change projections, 

that indicate the Alps as an area particularly sensitive to variations caused by global 

warming. The climatic scenarios show a strong signal of warming in the Alpine area 

already for the mid XXI century (Ruosteenoja et al. 2007). 

mailto:daniele.cane@arpa.piemonte.it
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The observed increase of wildfires and the projected enhancement of fire favouring 

conditions have potential significant impacts on the Alpine ecosystems and on human 

activities and infrastructures, given the quite dense population and the presence of 

important economical manufactures and services with particular emphasis on tourism.  

The impact of climate change on several forest disturbances, including forest fires, has been 

already studied in many regions of the world (Seidl et al. 2010), while in the Alpine area 

most of the papers relate to the fire activity in the past (Tinner et al. 2005; Conedera et al. 

2006), but few of them try to asses the behaviour of the wildfire regimes in the Alps in the 

future scenario (Lindner et al. 2010), relating usually only on a single model simulation.  

This paper aims to evaluate the changes of the wildfire potential in Piedmont based on 

multi-model ensemble of numerical climate projections. 

 

2. MULTIMODEL SUPERENSEMBLE AND FIRE WEATHER INDICES  

Our evaluation is based on Regional Climate Models (RCMs) calculated on the SRES 

scenario A1B. The choice of a single scenario, instead of a range of different scenarios, is 

justified from the temporal target of this work: we are interested in the climate change until 

the mid XXI century, and for that period the larger variations are among the different 

models, while the different scenarios do not diverge so much (Christensen et al. 2007).  

The RCM simulations used in this paper are a selection of 7 RCM runs from the 

ENSEMBLES project (www.ensembles-eu.org) (Table 1), carefully chosen in order to 

maximise the variety of leading Global Climate Models and of RCMs themselves.  

 

Table 1.The models used in the Multimodel SuperEnsemble evaluation 

Regional Climatic Model Global Climatic Model Run by 

HIRHAM5  Arpege DMI  

REGCM3 ECHAM5 ICTP 

HadRM3Q0 HadCM3Q0 Hadley Center 

RM4.5 Arpege CNRM 

CLM  HadCM3Q0 ETH Zurich 

RACMO2  ECHAM5 KNMI  

REMO  ECHAM5 Max Plank Institute 

 

Daily temperature and precipitation observations (1957-present) were gridded on a 14 km 

grid (0.125°) over Piedmont Region with an Optimal Interpolation technique, with careful 

description of the complex orography of the region (Ronchi et al. 2008). 

The RCM fields were interpolated on the same grid (Figure 1) with bilinear interpolation 

from their original grid at a resolution of approximately 25 km.  

A set of multi-model techniques was applied to the model reanalyses and scenarios to 

reduce the strong errors they show in the Alpine region: Multimodel SuperEnsemble 

(Krishnamurti et al. 1999) is a weighted mean with weights calculated in a training period 
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and was applied to temperatures; a new probabilistic Multimodel technique (Cane and 

Milelli 2010) was applied for the first time on climatic data to estimate precipitation fields, 

reducing their strong overestimation in the Alps and well reproducing the monthly 

behaviour of precipitation in the control period; very few observations of relative humidity 

and wind speed are available, hence no correction was possible and a Poor Man Ensemble 

(simple average of the models) was applied. 

The reanalyses and scenarios obtained with Multimodel SuperEnsemble, in particular with 

the use of the high resolution data, allow a better characterization of the temperature 

variations in the alpine area, with differences between mountains and plains. The scenario 

projection changes for precipitation are less significant (Cane et al. in preparation, 2012) 

We applied the Canadian Fire Weather Index FWI (Van Wagner 1987) on OI gridded 

observations with certain limitations due to data availability: temperature is not the local 

noon temperature but maximum temperature; precipitation is accumulated from 0 to 24 

UTC and not from 12 to 12; relative humidity and wind speed are not taken at noon but are 

daily average values and are obtained as Poor Man Ensemble of the RCM analyses. The 

FWI and sub-indices were also calculated from the Multimodel scenario temperature and 

precipitation fields, while scenario humidity and wind speed are again obtained with a Poor 

Man Ensemble technique. 

Observed wildfires are available in Piedmont since 1957: the older records only report fire 

locations, while additional information like burned area or fire contours are available only 

since the 1990s. We assigned the forest fires to the OI gridpoints with a nearest point 

criterion, and we got a daily record of number of wildfires per each gridpoint in the period 

1957-2009. 

 

Figure 1. The study area with the average elevation of the gridpoints (left) and the five 

macro-areas of aggregation of the gridpoints. 

 

3. RESULTS 

3.1. Comparison of Fire Weather Indices and observed fires in the past 

Due to the limitations in wildfire observation availability, the indices we obtain are only a 

proxy of the original FWI. First of all, we checked if they have some skill in identifying the 

correct wildfire climatology. We decomposed the FWI and sub-indices and wildfire 
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timeseries with the Seasonal Decomposition of Time Series by LOESS (Cleveland et al. 

1990) and compared the trend components (Figure 2).  

In the period 1961-2000 the fire number correlates with temperature, and among the indices 

it agrees better with Fine Fuel Moisture Code (FFMC), as expected. This result is 

surprisingly good, because in Piedmont 95% of wildfires have an anthropogenic cause, and 

the fire statistics is also affected by the changes in land use in the considered period. We 

checked also the agreement of high values of FFMC and fire occurrences at the gridpoint 

scale (not shown). 

 

 

 

Figure 2. Comparison of trends of observed total fire number with temperature (top) and 

FFMC (bottom) over Piedmont gridpoints 

 

3.2. Future scenario 

Even if a correlation among physical parameters and fires was found, the projection of this 

to the future would lead to an error, because in this case we would project linearly the 

present climate features to the future, without taking into account the possible changes in 
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the parameter distributions. To take into account these factors, we applied the technique 

described in Figure 3: in the control period (1981-2000) we extracted from the FFMC 

distribution of all the events only the days with fires and from this distribution we 

calculated two threshold, one for a ñmedian fire conditionò (50
th
 percentile) and one for a 

ñsevere fire conditionò (90
th
 percentile). We calculated the number of days exceeding these 

thresholds in the scenario data in the control period and in the future interval (2031-2050) 

and we evaluated the increase of occurrence of values above the thresholds. 

The procedure was repeated on the whole Piedmont and on climatic homogeneous macro-

regions (Figure 1), on annual data and seasonal data (DJF: winter; MAM: spring; JJA: 

summer; SON: autumn). The results are listed in Table 2. 

 

 

Figure 3. Boxplots of FFMC distribution on observed data, on observed data in cases of 

fires, for the scenario in the control period and for the scenario in the future interval 

 

Table 2. Variation of the frequency of the 50
th
 and 90

th
 percentile threshold on 1981-2000 

observed fires FWI distribution in the scenario, period 2031-2050. 

 Annual DJF MAM  JJA SON 

Area 50
th
 90

th
 50

th
 90

th
 50

th
 90

th
 50

th
 90

th
 50

th
 90

th
 

Piedmont +31% +107% +17% +67% +47% +89% +41% +114% +30% +91% 

North +26% +103% +17% +67% +31% +77% +36% +102% +24% +93% 

NorthWest +28% +101% +17% +67% +31% +69% +37% +83% +23% +91% 

SouthWest +31% +105% +17% +67% +31% +64% +37% +117% +37% +94% 

South +29% +69% +17% +73% +45% +91% +41% +70% +24% +48% 

Plain +30% +87% +17% +66% +45% +83% +21% +27% +18% +20% 

 

All the variations are positive, indicating an increasing fire potential in the future scenario. 

The non-parametric statistics applied permit to see big differences among the behaviour of 

the median of distribution and its extremes: the ñmedian fire potential conditionò is 

50th percentile
90th percentile

50th percentile
90th percentile
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projected to increase by 20-40% everywhere, but the ñsevereò conditions is almost doubling 

in the scenario everywhere but in the South and on the plains.  

Looking at seasonal differences, the larger increase is expected during summer, indicating 

an extension of the fire season, which is presently mainly limited to the non-growing 

season (December - April). 

 

4. CONCLUSION  

The Fire Weather Index and sub-indices are able to capture part of the climatic variability 

of the fire potential in the past at the scale of the Multimodel fields. 

The fire weather indices projection in Piedmont to the mid XXI century shows a significant 

increase in median fire potential conditions, and a dramatic increase in extreme conditions, 

with an extension of the fire season from winter/early spring towards the warmer months. 

The extension of this study to the whole Alpine Area is under evaluation and a paper on 

this topic is in an advanced state of preparation. 

 

5. ACKNOWLEDGEMENTS  

This work was conducted under the European Project ALP FFIRS, funded by the European 

Regional Development fund of the Alpine Space Program, reference number 15-2-3-IT. 

The ENSEMBLES data used in this work was funded by the EU FP6 Integrated Project 

ENSEMBLES (Contract number 505539) whose support is gratefully acknowledged. 

 

6. REFERENCES 

Cane D., Barbarino S., Renier L., Ronchi C., 2012. Regional Climate Models Downscaling 

in the Alpine Area with Multimodel SuperEnsemble, in preparation 

Cane D., Milelli M., 2010. Can a Multimodel SuperEnsemble technique be used for 

precipitation forecasts? Advances in Geoscience, 25, 17-22. 

Christensen J.H., et al., 2007. Regional Climate Projections. In: Climate Change 2007: The 

Physical Science Basis. Contribution of Working Group I to the Fourth Assessment 

Report of the Intergovernmental Panel on Climate Change, Cambridge University 

Press. 

Cleveland et al., 1990. STL: A seasonal-trend decomposition procedure based on LOESS. 

Journal of official statistics, Vol. 6, No. 1, 3-73. 

Conedera M., Cesti G., Pezzatti G.B., Zumbrunnen T., Spinedi F., 2006. Lightning-induced 

fires in the Alpine region: An increasing problem. V International Conference on Forest 

Fire Research, D. X. Viegas (Ed.)  

Krishnamurti T.N. et al. 1999. Improved weather and seasonal climate forecasts from 

Multimodel SuperEnsemble. Science 285, 1548-1550. 

Lindner M., Maroschek M., Netherer S., Kremer A., Barbati A., Garcia-Gonzalo J., Seidl 

R., Delzon S., Corona P., Kolström M., Lexer M.J., Marchetti M., 2010. Climate 

change impacts, adaptive capacity, and vulnerability of European forest ecosystems. 

Forest Ecology and Management, Volume 259, Issue 4, Pages 698-709 

Ronchi C., De Luigi C., Ciccarelli N., Loglisci N., 2008. Development of a daily gridded 

climatological air temperature dataset based on a optimal interpolation of ERA-40 



Climate and Fires 

 91 

reanalysis downscaling and a local high resolution thermometers network. Poster 

presentation at 8
th
 EMS Annual Meeting and 7

th
 European Conference on Applied 

Climatology, Amsterdam, The Netherlands. 

Ruosteenoja K., Tuomenvirta H., Jylha K., 2007. GCM-based regional temperature and 

precipitation change estimates for Europe under four SRES scenarios applying a super-

ensemble pattern-scaling method. Climatic Change 81, 193-208. 

Seidl R., Rammer W., Lexer M.J., 2010 Climate Change and Forest Disturbances. 

BioScience Volume 106, Number 2, 225-254. 

Tinner W., Conedera M., Ammann B., Lotter A.F., 2005 Fire ecology north and south of 

the Alps since the last ice age. The Holocene, 15: 1214-1226. 

Van Wagner C.E., 1987. Development and structure of the Canadian forest fire weather 

index. Can. For. Serv., Ottawa, Onto For. Tech. Rep. 35. 

 



Climate and Fires 

 92 

Potential changes in fire probability and severity under climate 

change scenarios in Mediterranean areas 

Arca B.
1
, Pellizzaro G.

1
, Duce P.

1
, Salis M.

2,3
, Bacciu V.

2,3
, Spano D.

2,3
, Ager A.

4
, 

Scoccimarro E.
3
 

1
Institute of Biometeorology (IBIMET), National Research Council, Sassari, Italy; 

2
Department of Science for Nature and Environmental Resources (DIPNET), University of 

Sassari, Italy;
3
Euro Mediterranean Center for Climate Change; 

4
WWETAC, USDA Forest 

Service, Pacific Northwest Research Station, Prineville 

B.Arca@ibimet.cnr.it 
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Abstract 

Complex and non-linear relationships among vegetation, weather patterns, and topography 

are responsible for wildfire probability and severity at landscape scales. Consequently, the 

study of potential climate change impacts on wildfire probability can be expected to have 

additional sources of error and uncertainty respect to the uncertainties in the future climate 

projections. The aim of this work is to estimate burn probability and fire severity under 

different weather scenarios, and to assess the future changes in burn probability and 

severity at Mediterranean area. The climatic data used in this study were generated by the 

Regional Climate Model (RCM) EBU-POM developed by the Belgrade University in 

cooperation with the Euro-Mediterranean Center for Climate Change (CMCC). The study 

was realized considering a baseline climate scenario in order to simulate the current 

Mediterranean climate (1961-1990), and a future climate scenario generated in order to 

produce a simulated climate for the period 2071-2100. The experimental results showed 

significant variations on the main variables affecting the fire weather and a significant 

increase in the burn probability in a fire-prone area of the Mediterranean basin. 
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1. INTRODUCTION  

The fourth Assessment Report of the Intergovernmental Panel on Climate Change, and a 

large number of recent works (Alcamo et al. 2007), showed the expected future variations 

in climate and the large range of effects in terms of impacts and vulnerability, including the 

effects on wildland fires. A large spatial variability of the potential effects can be observed 

inside the Europe, moving from Northern Countries to the Mediterranean basin. In 

particular, the generalised increase in the annual mean temperature is expected to be more 

affected by the increase in winter temperatures in northern Europe, and in summer 

temperatures in the Mediterranean area. A similar pattern can be observed considering the 

range of variation in temperatures, where the minimum temperatures are expected to 

increase mainly in northern Europe, and the maximum temperatures are expected to 

increase in particular in southern areas. The precipitations, in terms of annual sum and 

number of days with rain, are expected to decrease in the Mediterranean area, and this fact 

could increase the risk of summer drought. The association of the above described 

conditions could increase the fire danger in areas characterised by differences in fire regime 

and vegetation types. 
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Considering the heterogeneity of geographic and climatic conditions, the use of regional 

climate models may improve the accuracy of the simulations at the different spatial 

domains, and the availability of increasing resolutions could improve the accuracy of the 

studies. Another way to account for the spatial heterogeneity of both climatic conditions 

and vegetation characteristics can be the use of a modelistic approach based on fire 

behaviour simulators, that are able to provide the integrated effect of topography, weather 

and fuel conditions on fire probability and severity (Farris et. al 2000; Ager et al. 2007; 

Finney et al. 2007; Ager and Finney 2009). 

In this work we described the results of a study carried out at national (Italy) and local scale 

(Sardinia island), which estimated the changes in fire weather conditions under different 

climate scenarios, and assessed the future changes in burn probability and severity under 

several climate change scenarios using a fire simulator and a probabilistic approach. 

 

2. MATERIALS AND  METHODS 

The Regional Climate Model (RCM) EBU-POM developed by the Belgrade University in 

cooperation with the Euro-Mediterranean Center for Climate Change (CMCC) was used in 

this study. The RCM furnished two climate projections: the baseline climate scenario 

forced by the 20C3M greenhouse gas scenario in order to simulate the current 

Mediterranean climate for the reference period 1961-1990, and a future climate scenario, 

generated using the forcing agents defined by the A1B SRES greenhouse gas emission 

scenario, in order to produce a simulated climate for the period 2071-2100. The RCM data 

used in this study were characterized by a 6 hours time step, a spatial resolution of 25 km, 

and a simulation domain covering the Mediterranean region. The accuracy of the baseline 

reference data was evaluated comparing such data with a set of weather data summarized at 

different temporal scales: daily, monthly, and yearly. A bias correction factor was used in 

order to modify the amount of precipitations provided by the RCM that was characterized 

by a systematic underestimation of the actual data. The spatial and temporal variations of 

the weather parameters affecting the propagation danger were evaluated in order to 

calculate the main descriptive statistics and the anomaly between A1B and baseline data on 

three different geographic areas (north, centre and south Italy), and on seasonal basis, 

partitioning the data in autumn (October-December, OND), winter (January-March, JFM), 

spring (April-June, AMJ) and summer (July-September, JAS). The Fire Weather Index 

(FWI) was used as an integrated indicator of the weather conditions associated with the fire 

danger, and was calculated for the different locations and for both baseline and future 

climate scenario. The percentile analysis was applied on the FWI values in order to select a 

set of weather streams data for extreme conditions that was used for the modelling 

applications. The Sardinia Island was the test site for the modelling applications, due to 

both the representativeness of the Mediterranean conditions, and the availability of accurate 

data on fuel models. The integrated effect of topography, weather and fuel conditions on 

fire probability and severity for both the baseline and the A1B scenario was assessed by a 

command line version of the FlamMap simulator (Finney et al. 2003; Finney 2006). The 

model allowed the simulation of 100,000 fires from a set of ignition points obtained by a 

Monte Carlo approach from the historical ignition points. All the themes used to feed the 

simulator were developed using a grid resolution of 250 m. Fuel and canopy cover maps 

were produced using the 1:25,000 land cover map of Sardinia from the CORINE project 

(EEA ETC/TE 2002), and combining the fuel information to obtain a broad classification of 
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the main vegetation types and land uses for the study areas. A set of custom fuel models 

were used for shrubland and pasture vegetation types, whereas the standard fuel models 

were used for the other vegetation types. Regarding the wind conditions, we used a set of 

data representing the prevailing wind conditions obtained from a frequency analysis 

performed on the baseline and scenario data. The following output themes were obtained 

from each simulation and summarized in order to describe the fire behaviour on the study 

area: rate of spread (ROS), fireline intensity (FLI), and flame length (FL). 

 

3. RESULTS 

The comparison between baseline and the A1B scenario showed an increase of the mean 

annual temperature of 2.8 °C at national level (Table 1). Similar results were provided by 

the analysis performed on the three different geographic areas (north, centre, south), with a 

slightly greater increase in the central area (3 °C). The analysis performed at seasonal scale 

(Table 2) showed that the highest increase in mean temperature (3.6 °C) is concentrated in 

summer (JAS) and therefore could affect the characteristics of the fire season, mainly 

concentrated in this period in the Mediterranean basin. A significant increase (3.3 °C) in the 

mean temperature was observed even in the northern spring (AMJ), and this fact could 

anticipate the beginning and the extension of the fire season. The analysis conducted on the 

relative humidity showed a similar geographic and seasonal pattern, with a decrease of the 

mean annual value ranging from 2.4-3.7%, and the highest decrease concentrated 

respectively in northern and centre (Table 1). On seasonal basis the analysis (Table 2) 

showed a decrease mainly concentrated in autumn (OND), and northern spring (AMJ). The 

analysis of the anomalies in the annual mean of wind speed showed a lower increase 

(0.3-0.4 ms
-1

) equally distributed in the different geographic areas and, on seasonal basis, 

mainly concentrated in the northern autumn. Since the above mentioned weather factors are 

the main responsible for the progress of the fire season in the Mediterranean basis, an 

integrated effect was estimated by calculating the FWI on seasonal basis by using the 

regional climate model data (T, RH, WS) delivered at 12:00 AM and the rainfall cumulated 

over the previously 24 hours. The analysis of the seasonal variations of the FWI (Table 2) 

showed the higher increases respectively concentrated in the spring (5.4, 39%) and summer 

season (5.2, 20%), with mean values of FWI for the A1B scenario ranging from 13 to 31%. 

The analysis of the extreme conditions was realised by calculating the 99° percentile on 

annual basis for the three different geographic areas, and selecting a subset of data in order 

to calculate the variation in the number of extreme days. The analysis showed an increase 

of 174 days with extreme conditions mainly concentrated in the summer season (135 days). 

The above data on weather conditions, together with the data on fuel models and 

topography were used to prepare the input data to feed the fire behaviour simulator. 

Regarding the burn probability, the analysis of the simulation results (Figure 2) showed an 

increasing burn probability with increasing frequencies of fire per day and duration of the 

simulated fires (from 2 to 8 hours); a clear difference between baseline and a1b scenario 

was also observed. In Figure 2a we can observe the spatial distribution of the differences in 

burn probability, with the higher values concentrated in the western agricultural areas 

characterised by the higher values of historical ignition frequencies. The greatest 

differences between baseline and A1B scenario (26%) (Figure 2b) were observed in these 

areas. 
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Table 1. Annual average of temperature (T), relative humidity (RH), and wind speed (WS) 

calculated for baseline and A1B scenario on different geographic areas. 

Area Variable Baseline A1B scenario Difference 

Centre T (°C) 17.4 20.4 3.0 

 
RH (%) 50.0 46.3 -3.7 

 
WS (m s

-1
) 6.3 6.0 -0.3 

North T (°C) 13.1 16.0 2.9 

 
RH (%) 54.3 50.5 -3.8 

 
WS (m s

-1
) 6.0 5.7 -0.3 

South T (°C) 19.1 21.9 2.8 

 
RH (%) 46.8 44.4 -2.4 

 
WS (m s

-1
) 7.8 7.4 -0.4 

All  T (°C) 16.4 19.2 2.8 

 
RH (%) 50.4 47.3 -3.1 

 
WS (m s

-1
) 6.8 6.4 -0.4 

 

 

Table 2. Annual average of temperature (T), relative humidity (RH), wind speed (WS), fire 

weather index (FWI), and number of Extreme fire days calculated for baseline and A1B 

scenario at seasonal basis. 
Season Variable Baseline A1B scenario Difference 

OND T (°C) 13.1 10.8 2.3 

 

RH (%) 59.1 62.7 -3.6 

 

WS (m s
-1
) 6.9 7.7 -0.8 

 

FWI 7.0 4.4 2.6 

 Extreme (days) 0 1.0 1 

JFM T (°C) 10.2 8.0 2.2 

 

RH (%) 58.8 61.5 -2.7 

 

WS (m s
-1
) 8.1 8.3 -0.2 

 

FWI 3.3 1.9 1.4 

 Extreme (days) 0 0 0 

AMJ T (°C) 23.4 20.1 3.3 

 

RH (%) 39.0 42.3 -3.3 

 

WS (m s
-1
) 6.0 6.3 -0.3 

 

FWI 19.3 13.9 5.4 

 Extreme (days) 10 48 38 

JAS T (°C) 30.2 26.6 3.6 

 

RH (%) 32.1 35.1 -3 

 

WS (m s
-1
) 4.6 4.9 -0.3 

 

FWI 31.2 26.0 5.2 

 Extreme (days) 61 196 135 
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Figure 1. Mean value of burn probability provided by the simulator for baseline and A1B 

scenario at different levels of ignitions per day. 

 

 

 
Figure 2. (A) Map of the burn probability for the A1B future climate scenario, and (B) 

anomaly respect to the baseline data. 
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