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Abstract
Although fire danger models are calibrated for specific geographic areas, they are often used outside of the calibration area. In addition, no stardardized statistical procedures have been used for the evaluation of fire danger models. In this paper, the performance of an integrated fire rating index (Ichnusa Fire Index, IFI), developed using wildfire data from Sardinia, Italy, is presented. Depending on the sampling rate, IFI computation requires meteorological, micrometeorological, topological and ecophysiological data. The IFI index includes four codes - i) the Drought Code (DC), ii) the Meteo Code (MC), iii) the Fuel Code (FC), and iv) the Topological Code (TC) – that are related to i) water status of plants, ii) turbulence or weather conditions, iii) density and moisture of vegetation, and iv) orography, slope and site exposure, respectively. To determine FC values, the definition of fuel categories is needed. Based on a vegetation cover map of Sardinia, six fuel types were described as (1) broad leaf forest, (2) cork oak forest, (3) short shrubland, (4) tall shrubland, (5) garigue, and (6) grassland. 

IFI was calculated for the period 2000-2004 using data from the meteorological network of the Agrometeorological Service of Sardinia and the index values were compared with the statistics on fire events occurred during the same period. A very good relationship was found between index values, number and burned surfaces. IFI was also compared with three commonly used fire danger indices [i.e., Canadian Fire Weather Index (FWI), Portuguese Index (Port), and Italian Meteorological Danger Index (IMPI)]. All fire events occurred during the 2002-2004 period were included in the analysis. The predictive capability of each index was evaluated determining its ability to discriminate days with or without fire events using the Mahalanobis distance (DM) test and the Scores 1, 2 and 3 described by Mandallaz and Ye (1996). IFI showed the highest Mahalanobis distance test, indicating better results when compared with FWI, Port and IMPI. Also, Scores 1, 2 and 3 confirmed the good performance of IFI in comparison with the other indices. 

The IFI index was also evaluated using weather forecasts obtained from a limited area forecast model (BOLAM) for the period 2005-2006. Our results indicate the promising capability of IFI to give acceptable forecasts of fire events in Sardinia.

Introduction
The fire danger index models are commonly used for fire management decision at several levels. They are often developed and calibrated on the basis of experience in a given area. Therefore, it must be careful when adapting indices to other areas with different vegetational and environmental conditions. Forest fires represent a significative economic and social problem in Sardinia, Italy, the region where a major part of the Italian drought season fires occur (Bovio and Camia, 1997). In this context, a new dynamic fire danger index model (IFI, Ichnusa Fire Index) has been developed (Spano, 2003). IFI requires meteorological or micrometeorological data, vegetational information, and morphological and orographic inputs. When micrometeorological data are used, IFI can be used for high spatial and temporal resolution analysis in complex and inhomogeneous terrain conditions. Using meteorological data, IFI output provides information about the mean daily fire danger conditions, with a lower spatial resolution. In addition, both micrometeorological and meteorological forms can be applied using weather forecast data to predict potential future fire danger. In this study conducted in Sardinia, IFI performances are compared with three commonly-used fire danger indices. IFI results obtained using weather forecast data from a limited area model (BOLAM) are also shown.

Materials and methods

The IFI index is obtained summing four components (named codes): (i) Drought Code (DC), (ii) Meteorological Code (MC), (iii) Topological Code (TC), and (iv) Fuel Code (FC),
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DC (Drought Code) represents the parameterization of water balance, and is basically obtained by the ratio between evapotranspiration and rainfall:
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where Rg is the global radiation, T is the air temperature, ( is the latent heat of evaporation, Pa is the precipitation amount of current day and Pc100 is the precipitation amount of the last 100 hours (or 4 days). DC value ranges from 0.1 (lowest danger conditions) to 5 (highest danger conditions).

MC (Meteorological Code) accounts for the main meteorological conditions, and was derived modifying the results of a previous work carried out in Sardinia (Palmieri and others, 1983; 1992):
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where T is the air temperature, W is the wind speed and RH is the relative humidity. MC ranges from 0.4 to 5 (minimum and maximum fire danger conditions, respectively).

TC (Topological Code) describes orography, slope and site exposure, and is computed by the product of four coefficients:
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where S is related to terrain slope, Vp accounts for the angle between maximum slope line and wind direction, R accounts for global radiation and VE is related to the mean East-West surface orientation. TC ranges from 0.22 to 5 (again, minimum and maximum fire danger conditions, respectively).

FC (Fuel Code) is related to vegetation characteristics and is computed as:
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where LAI is the mean Leaf Area Index, LAD is the mean Leaf Area Density and DW is the mean dry weight.

IFI values are then expressed as danger index classes according to criteria reported in table 1.

Table 1-IFI class ranking and corresponding burned surface classes.

	DANGER CLASS
	DANGER
	BURNED SURFACE CLASS (ha)
	CONVENTIONAL COLOR

	1
	VERY LOW
	  0
	

	2
	LOW
	>0         ≤10
	

	3
	MEDIUM
	>10       ≤100
	

	4
	HIGH
	>100     ≤500
	

	5
	EXTREME
	>500
	


For the period 2000-2004, daily IFI values were calculated using data from the meteorological network of the Agrometeorological Service of Sardinia (SAR), consisting in 57 weather stations covering the entire surface of the island. For the same period, all the observed fire events were recorded and included in the analysis. Then, the relationship between IFI danger classes and number and extension of fire events were analysed.

IFI was also compared with three commonly-used fire danger indices: the Portuguese Index (Port), the Italian Meteorological Danger Index (IMPI) and the Canadian Fire Weather Index (FWI). The statistical analysis included all fire events occurred in a 20- and 40-km diameter circle area around each weather station. The accuracy of each model was evaluated using Mahalanobis distance test (Lefebvre, 1983) and Scores 1-2-3 (Mandallaz and Ye, 1996) to determine the ability of each model to discriminate days with or without fire events.

The Mahalanobis distance (DM) allows evaluating differences between two groups of data. Higher DM values indicate higher differences between groups:
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where I(IB) is the mean fire danger index value for the days with fire events, I(notIB) is the mean fire danger index value for the days without fire events and S2(Tot) is the fire danger index variance value for all days (with and without fire events). Although the distribution of the two groups was not Gaussian and the size was quite different, the Mahalanobis distance can give useful indications for a preliminary evaluation of index ability to discriminating days with or without fire events (Viegas and others, 1996; Bovio and Camia, 1997).

Score 1, Score 2 and Score 3 give an indication about the ability of the index to discriminate values of a binomial variable. Higher values of the Scores correspond to a better index performance. The binomial variable is referred to as the occurrence of an event, without considering its magnitude. A fire event case occurs when at least one fire event per day is observed or when the number of observed fire events per day is greater than a predefined threshold. Scores give an indication of the forecast ability of the examined fire danger index comparing the binomial variable distribution from each index with the results obtained if (a) all events were correctly forecasted, (b) the prediction was completely casual, (c) all events were correctly forecasted but both (a) and (b) terms were corrected considering the forecast percentage from a casual forecasting. 

To assess the predictive capability of the Ichnusa Fire Index, IFI values were calculated in 2005 and 2006 using as inputs weather forecasts from a limited area model (BOLAM) developed by SAR. The results were compared with the number of fire events occurred during the same period and the extension of the burned surfaces.

Results

In the period 2000-2004, the lowest extension of the total burned surfaces was observed in 2002, when meteorological conditions were particularly favorable during the central part of the year. The worst year on record was 2003, with the highest extension of burned surfaces. Figure 1 shows the daily IFI values and the burned surfaces in 2002 and 2003.
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Figure 1-Daily values of IFI (blue line) and burned surfaces (red bars) during 2002 and 2003 in Sardinia.

During the 5-years period examined, IFI dynamics showed a good agreement with the amount of burned surfaces (fig. 2).
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Figure 2-Relationship between IFI mean daily values and burned surface classes for the period 2000-2004 in Sardinia, Italy. Bars indicate the standard error values.

With the aim to estimate the IFI performance, IFI mean daily classes were compared with the corresponding burned surfaces, and three possible cases were recorded and counted:

-
the calculated danger class matched the observed burned surface class (exact forecast)

-
the calculated danger class was higher than the observed burned surface class (overestimate, false alarm)

-
the calculated danger class was lower than the observed burned surface class (underestimate).

Results are summarized in table 2.

Table 2-Comparison of mean daily IFI classes and observed burned surfaces in Sardinia during the period 2000-2004.

	
	number
	%

	Fire events
	1827
	100.0

	a) Underestimate of 2 classes
	19
	1.0

	b) Underestimate of 1 class
	188
	10.3

	c) Exact forecast
	1056
	57.8

	d) Overestimate of 1 class
	533
	29.2

	e) Overestimate of 2 classes
	31
	1.7

	Exact forecast & False alarm (c+d+e)
	1620
	88.7


IFI showed to perform well in predicting the classes of burned surfaces in Sardinia, giving an exact forecast in 57.8% of cases. When overestimates (false alarms) were also included, the predictions that can be considered acceptable were about 89% of total cases. Based on these preliminary results, IFI seems to be a promising fire danger index for Sardinia.

IFI was also compared with three commonly used fire danger indices. In table 3, the results are reported by index. The Mahalanobis distances (MD) were calculated for the period 2002-2004 analyzing all fire events occurred within a 20- and 40-km diameter circle centered on each weather station.

Table 3-Mahalanobis distances (MD) obtained for the period 2002-2004.


MODEL
MD  (20 km)

MD  (40 km)


IFI
1.23


1.16

FWI
0.84


0.85

IMPI
1.06


0.85

PORT
0.44


0.46
The highest values of MD test were obtained for IFI, with a significant difference when compared with the other three indices. In general, the Portuguese index gave the lowest MD values, showing that it is not suitable for being used in Sardinia.

IFI showed good performances also when tested using Scores 1, 2 and 3 (table 4). Again the Portuguese index showed the lowest performances.

Table 4-Values of Scores 1, 2 and 3 obtained for the period 2002-2004.

	
	20 km diameter area
	40 km diameter area

	MODEL
	Score 1
	Score 2
	Score 3
	Score 1
	Score 2
	Score 3

	IFI
	0.817
	1.552
	0.617
	0.818
	1.495
	0.599

	FWI
	0.778
	1.482
	0.532
	0.800
	1.461
	0.588

	IMPI
	0.797
	1.518
	0.572
	0.786
	1.436
	0.528

	PORT
	0.703
	1.339
	0.374
	0.728
	1.329
	0.398


IFI was also tested to evaluate its predictive capability, using meteorological forecasts. Figures 3 and 4 report the relationship observed between predicted IFI values, burned surfaces and number of fire events occurred in Sardinia during 2005-2006 summer seasons.

The results of this analysis indicate that IFI can be successfully used for short-term forecasts of potential fire risk, as showed by the high R2 values.
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Figure 3-Relationship between the overall mean daily IFI forecasts and the extension of the burned surfaces observed in Sardinia, Italy, during the 2005 and 2006 summer periods.

[image: image10.emf]y = -0.04x

2

 + 0.83x + 4.12

R

2

 = 0.99

4

5

6

7

8

9

10

0 <5 >=5 - <10 >=10 - <15 >=15 - <20 >=20 - <25 >=25 - <30 >=30 - <35 >=35

Fire events number

IFI forecasted value


Figure 4-Relationship between the overall mean daily IFI forecasts and the number of fire events occurred in Sardinia, Italy, during the 2005 and 2006 summer periods.

Conclusions

Although several fire danger indices are available and commonly used, our results show that model performances can vary when indices are applied outside the ranges of vegetational and environmental conditions of the regions where they were developed and calibrated. The Ichnusa Fire Index, a newly developed fire danger index, gave better results than other indices in Sardinia, which is characterized by a mosaic of landscapes with a high occurrence of summer fire events. In addition, IFI showed good predictive capability, when calculated using meteorological forecasts. These preliminary observations showed that this new index could be a useful tool for assisting fire managers with the control and mitigation of the harmful effects of wildfire in Sardinia. From 2005, the Fire Forest Service of Sardinia has been using IFI, which was implemented in a user-friendly software application (IFI ver. 1.3), as a predictive tool for forest fire management.
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