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Abstract 
According to projections on future climate, an increase in risk of summer droughts is likely to take place in 

Southern Europe. More prolonged drought seasons induced by climatic changes are likely to influence general 

flammability characteristics of fuel, affecting species composition and live and dead fuel ratio. Moreover, 

variations in precipitation and mean temperature could directly affect live fuel water content, and length of 

critical periods of high ignition danger for Mediterranean ecosystems. The flammability of vegetation is 

influenced by several factors that include structural properties, chemical properties and moisture content. 

Several studies have also highlighted the importance of vegetation moisture content in relation to ignition and 

rate of spread in Mediterranean shrubs. 

The main aim of this work was to propose a method for evaluating possible impacts of future climate change 

on live moisture dynamic and length of fire danger period at local scale by using weather generator techniques. 

In particular, in this work i) threshold values for drought indices that indicate the end of fire season due to live 

fuel status in Mediterranean shrubland were identified, and ii) potential impacts at local scale of future climate 

changes on the duration of fire danger period were simulated. The study was carried out in Sardinia (Italy). 

Moisture content of live fuel (LFMC) was determined periodically for 8 years on three shrub species. Seasonal 

patterns of LFMC were compared with the Drought Code (DC) of the Canadian Forest Fire Weather Index and 

the Keetch–Byram Drought Index. A threshold value of DC useful to determine the end of the potential fire 

season due to fuel status was identified. A weather generator linked to climate change scenarios derived from 

17 available General Circulation Models (GCMs) was used to produce synthetic weather series, representing 

future climates, and then the expected changes of the fire season length was determined. Results confirmed that 

the projected climate scenarios over the Mediterranean area will determine an overall increase of the fire season 

length.  
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 Introduction  

 

Shrubs are an important component of Mediterranean vegetation: live shrubs are often the main 

component of the available fuel which catches fire and constitute the surface fuels primarily 

responsible for the ignition and the spread of wildland fires.  

Vegetation flammability is influenced by several factors including structural properties, chemical 

properties and moisture content. However, it is well known that moisture content of plants is an 

essential factor influencing the fire ignition and spread. Several authors have found relationships 

between vegetation water content and ignitability in several Mediterranean species (Hernando et 

al.1994; Dimitrakopoulos and Papaioannou 2001; Pellizzaro et al. 2007). Some authors highlighted 

the importance of vegetation moisture content in relation to crown fire potential, ignition and rate of 

spread in shrubs (Van Wagner 1977; Chandler et al. 1983; Agee et al. 2002; Davis et al. 2009). Studies 

carried out in Mediterranean areas have shown that burned areas tend to increase as live fuel moisture 

decreases (Davis et al. 1995; Schoenberg et al. 2003; Chuvieco et al. 2004; Dennison et al. 2008).  

The relationship between fire occurrence and drought is well known; forest fires mainly occur during 

dry summer periods when air temperature is high, air humidity is low and fuel moisture reduced (Piñol  
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et al. 1998). According to projections on future climate, an increase in risk of summer droughts is 

likely to take place in Southern Europe (Giorgi et al. 2004; Giannakopoulos et al. 2009). More 

prolonged drought seasons induced by climatic changes are likely to influence general flammability 

characteristics of fuel, affecting species composition and live and dead fuel ratio. Moreover, variations 

in precipitation and mean temperature could directly affect live fuel water content, and length of 

critical periods of high ignition danger for Mediterranean ecosystems (Westerling et al. 2006; 

Flannigan et al. 2009; Flannigan et al. 2013; Liu et al. 2013).  

Therefore, considering the observed climatic variations and foreseen future scenarios, an evaluation 

of the impact of these variations on fire danger seems essential. 

The climate data provided by the general circulation models (GCMs) are characterized by low 

resolution and are often not recommended for application at local scale. This constraint could be 

overcame by using the weather generator approach. Weather generators linked to climate model can 

transform the raw outputs from the climate models into data with more realistic structure and create 

synthetic weather series representing present and future climates at local scale. 

The main aim of this work was to propose a novel methodology for evaluating the possible impacts of 

future climate changes on moisture dynamic and length of fire danger period at local scale in the 

Mediterranean area. Specific objectives were: i) identify threshold values for drought indices that 

indicate the length of fire season due to fuel status in Mediterranean shrubland, and ii) simulate the 

potential impacts of future climate changes on the duration of fire danger period. 

 

 Methods  

 

The study was carried out in a nature reserve located in North Western Sardinia, Italy (40° 36’ N; 8° 

09’ E, 30 m a.s.l.). The climate is Mediterranean with water deficit conditions occurring from May 

through September and precipitation mainly concentrated in autumn and winter. The mean annual 

rainfall is 640 mm and the mean annual air temperature is 16.8 °C. The vegetation cover of the study 

area consists mainly of Mediterranean maquis and garigue, grown after a fire event occurred in mid 

‘70s.  

Moisture content of live fuel (LFMC) was determined periodically for 8 years on three shrub species: 

Cistus monspeliensis L., Juniperus phoenicaea L., and Rosmarinus officinalis L., which are very 

common species in the Western Mediterranean Basin. Samples of live fine fuel, consisting of terminal 

twigs with diameter not greater than 6 mm, were collected from each species.  

To determine the live fuel moisture, three samples of each species were weighed, dried and reweighed. 

Live fine moisture content was expressed as a percentage of dry weight. Meteorological data were also 

collected from an automated weather station located in the study site. 

Drought conditions that occurred during the LFMC sampling period were assessed by calculating the 

Drought Code (DC) of the Canadian Forest Fire Weather Index System (Van Wagner 1987). DC is 

widely used worldwide in wildfire danger assessment as an indicator of the moisture content of very 

slow drying fuels and its values have been shown to be associated with occurrence of drought (Girardin 

et al. 2004; Wotton 2009). DC is similar to other drought models such as the Keetch–Byram Drought 

Index (Keetch and Byram 1968; Burgan 1988) and the Palmer Drought Index (Palmer 1965) and is 

calculated from daily rainfall and air temperature. Previous studies showed that DC is well related to 

LFMC of shrub species (Pyne et al. 1996; Viegas et al. 2001). In the current FWI System, DC values 

equal to 0 correspond to saturation moisture content, with increasing values indicating drier conditions 

without a specific maximum value (Van Wagner 1987). In this work, the DC code was calculated 

using the equations given by Van Wagner and Pickett (Van Wagner and Pickett 1985) 

Analysis of cumulative distribution curves of DC values for only those days characterized by 

LFMC values over the critical threshold for fire ignition and spread was performed in order to identify 

the DC values that indicate the end of the fire danger season. Based on available literature, LFMC 
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values below 95% were used as threshold values for indicating ignition and fire spread danger over 

Mediterranean shrubs. 

The M&Rfi weather generator (Dubrovsky et al 2004) linked to climate change scenarios derived from 

17 available General Circulation Models (GCMs) (see Table 1 for details) was used to produce 

synthetic weather series, representing present and future climates, for four selected sites located in 

North Sardinia, Italy. The projected future climates were then used to determine the expected changes 

of the fire season length. 

 

Table 1. General Circulation Models (GCMs) used in conjunction with the M&Rfi weather generator to produce 

synthetic weather series representing present and future climates at four location in North Sardinia, Italy. 

BCM2 Bjerknes Centre for Climate Research, Norway 

CGMR Canadian Center for Climate Modelling and Analysis, Canada 

CNCM3 Centre National de Recherches Meteorologiques, France 

CSMK3 Commonwealth Scientific and Industrial Res. Organisation, Australia 

ECHOG 
Met. Inst. Univ. Bonn + Met. Res. Inst., Korea + Model and Data Groupe at MPI-M, 

Germany 

GFCM20 Geophysical Fluid Dynamics Laboratory, USA 

HADCM3 UK Met. Office, UK 

HADGEM UK Met. Office, UK 

INCM3 Institute for Numerical Mathematics, Russia 

MIMR National Institute for Environmental Studies, Japan 

MPEH5 Max Planck Institute for Meteorology, Germany 

MRCGCM Meteorological Research institute, Japan 

NCCCSM National Centre for Atmospheric Research, USA 

NCPCM National Centre for Atmospheric Research, USA 

GFCM21 Geophysical Fluid Dynamics Laboratory, USA 

GIER Geophysical Fluid Dynamics Laboratory, USA. Model E20/Russel 

IPCM4 Institute Pierre Simon Laplace, France 

 

 Results  
 

In general, LFMC values of all species were correlated with the Drought Code values. The analysis 

showed significant and negative correlation between LFMC and DC for all species (P≤0.05). High 

correlation coefficients were obtained for Cistus and Rosmarinus throughout the entire study period 

(P≤0.01). Similar results were also observed for the KBDI (P≤0.05). 

LFMC and DC patterns were also compared with the purpose of evaluating whether or not DC values 

could be useful to describe the seasonal changes of LFMC.  

DC and KBDI patterns were very close to LFMC during the rising phase of moisture content (from 

mid-summer to autumn). During the moisture falling phase (from mid-spring to the beginning of 

summer), although the weather indices are correlated to LFMC values, the response of both codes does 

not match very well the short-term variations of LFMC due to resprouting and flowering phases of 

plants (Fig.1). Therefore, it seems more appropriate the use of the codes to identify the end of fire 

danger season rather than the date of starting.  
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With the purpose of evaluating the effectiveness of both indices, we performed the analysis of 

frequency distribution as suggested by Andrews et al (2003). Figure 2 shows the distribution of DC 

and KBDI for all days from July 1 (plots on the top), and only for those days from July 1 with LFMC 

values higher than 95% (plots on the bottom). For DC the distribution shifts to the right, with most of 

the DC values below 700, when the analysis is performed using only days with LFMC higher than 

95%. This behavior is less pronounced in the case of KBDI, so that Drought Code seems to be a better 

indicator for predicting the end of fire danger season than KBDI. 

 

 

Figure 1. Seasonal trends of Keetch and Byram (KBDI) and Drought Code (DC) and live fuel moisture content 

(LFMC) values observed for Cistus monspeliensis, Juniperus phoenicaea and Rosmarinus officinalis at the 

experimental site during April-November 2005. 

 

Figure 2. Frequency distribution of Drought Code (a) and Keetch and Byram Drought Index (b) for all days from 

July 1 (plots at the top) and for all days from July 1 with LFMC values higher than 95%. 
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The cumulative distribution curves of DC (LFMC rising phase), calculated for all days from July 1 

with LFMC values above 95%, shows that most of the DC values are below 700 when LFMC values 

are above the critical moisture threshold of 95% (Figure 3). Therefore, a DC threshold of 700 was used 

to estimate the end of fire danger season due to LFMC of Mediterranean shrubs. 

 

Figure 3. Cumulative distribution of Drought Code values observed during days with LFMC values above 95% (rising 

phase of LFMC). 

Projections of future likely dates of the end of the fire season were obtained using 17 climate change 

scenarios derived from a subset of available GCMs combined with synthetic weather data from M&Rfi 

weather generator. 

The actual and projected average dates of the end of fire season for the experimental site are shown in 

Figure 4 and Table 2. The actual ending date of the fire danger season calculated by using the synthetic 

weather series is October 14 (DOY = 287). The calculation of the DC values derived from 17 climate 

change scenarios resulted in a general increase of the duration of the fire danger season. Scenario B1 

determines little variations compared to scenarios A2 e A1B. Scenario B1 shows an extension of the 

fire season ranging from 3 days (2050) to 5 days (2100), with a spread of predictions ranging from 1 

to 14 days. Results from scenarios A1B e A2 and mid-century (2050) indicate a possible extension of 

the fire season of more than 1 week with a spread of the predictions ranging from few days to 3 weeks. 

For both scenarios A1B and A2, the fire season length indicated by 2100 projections is much larger: 

about 2 (A1B) and 3 (A2) weeks with a maximum spread of predictions around 1 month.  
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Figure 4. Boxplot of the actual (red) and projected (blue) average fire season ending dates relative to three climate 

change scenarios (B1, A1B, and A2). The charts show the minimum, maximum and mean values, and the lower and 

upper quartiles. 

 

Table 2. Projections of future extension of fire season (in days) by climate change scenario and time period. Spread of 

predictions (in days) are reported in brackets. 

Years B1 A2 A1B 

2050 
3 

(1 – 10) 

9 

(2 – 20) 

8 

(2 – 18) 

2100 
5 

(1 – 14) 

19 

(6 – 35) 

13 

(3 – 25) 

 

 

 Conclusions  

 

The results reported in this paper are based on local data and information and on the calibration of the 

commonly used DC code. Our study confirms that projected climate scenarios over the Mediterranean 

area could affect the duration of the fire danger season causing a delay in the ending dates of high 

ignition danger periods. Several authors suggested that an earlier spring could lead to an earlier fire 

season (Westerling et al 2006; Flannigan et al 2009; Matthews et al 2012). In this work, we did not 

investigate on the impact of climate change on starting date of fire season, since weather indices used 

as a proxy of vegetation moisture content showed poor performances in following the variations of 

LFMC in spring. During this period, the moisture content of living plants of Mediterranean species is 

also affected by phenological phases that depends by both endogenous rhythm of the plant and weather 

conditions occurred before vegetative growth. In this context, the use of models that also include 

phenological response to weather of Mediterranean shrubs could provide an appropriate tool for a 

better description of live fuel moisture seasonal changes in Mediterranean shrublands.  
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