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Foreword

One of the most important challenges for European forests, especially in Southern 
Europe, is fire. Fire has been affecting on average half a million hectares of forests, 
shrublands and crops every year. The European Forest Institute is committed to 
support initiatives which help generation and dissemination of scientific knowledge 
on forest fires. This knowledge is fundamental to support adequate political 
decisions and to implement the most appropriate technical solutions in order to 
mitigate the problem. This was the justification for the establishment in 2005 of 
the EFI Project Centre PHOENIX concentrating on fire ecology and post-fire 
management. 

Another cornerstone addressing the importance of the fire issues in the EFI’s 
activities was the EFI Discussion Paper 15 “Living with wildfires: what science can 
tell us”. This publication by Dr. Yves Birot and his co-authors from the Regional 
Office EFIMED, provided the perspective that societies should learn to live with 
wildfires by controlling the circumstances causing forest fires. This general concept 
of Fire Management was also the leading principle of the EC-funded project “Fire 
Paradox”, 2006–2010, in which EFI was part of the consortium.  

In terms of knowledge dissemination, key researches in the Fire Paradox project 
have been compiled into a report, with the aim of gathering the main results 
achieved by the project in one publication.

The result of this effort is the present EFI Research Report. Besides the necessary 
acknowledgements to all experts involved, I would also like to thank the European 
Commission for supporting this publication through Fire Paradox. I am convinced 
that it will be a useful contribution to the implementation of fire management 
policies and measures in Europe. 

Risto Päivinen
Director, European Forest Institute
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3.3 Wildland Urban Interfaces, Fire Behaviour and 
Vulnerability: Characterization, Mapping and 
Assessment 

Corinne Lampin-Maillet1, Antonis Mantzavelas2, Luis Galiana3, Marielle Jappiot1, 
Marlène Long1, Gema Herrero4, Oskar Karlsson4, Apostolopoulou Iossifina2, 
Lazaridou Thalia2, Partozis Thanassis2

1Cemagref, Aix-en-Provence, France
2OMIKRON Ltd, Greece
3Department of Geography, Autonomous University of Madrid, Spain 
4Department of Geography, University Complutense of Madrid, Spain 

3.3.1 Introduction 

Large areas initially consisted of contiguous forests, particularly in Europe, were 
influenced by human activities to a large extent. This influence contributed to the 
fragmentation of the rural landscape and forested areas were found surrounded by 
or intermixed with urban development. Urban and economic development in or 
near wildland vegetation poses a major threat to the environment (Johnson 2001, 
Radeloff et al. 2005a). They are areas of human-environment conflicts, such as the 
destruction of homes by wildfires, natural habitat fragmentation, introduction of 
exotic species, and biodiversity decline (Radeloff et al. 2005a). These areas that are 
characterized by increased human activities and land use conversion make up the 
wildland urban interfaces (WUIs). 

The significance of WUIs has grown in recent years mainly because WUIs, as 
landscape units, have grown worldwide (Steward et al. 2003). Essentially in USA, 
Canada and Australia interest in study of WUIs increased after the huge fires of 
1985 (Davis 1990). Since 2000 in Europe the WUI becomes involved in the forest 
fire environment. Residential areas are increasingly affected by wildfires with 
damage on goods and people. Extreme fires affected Portugal, France and Spain in 
2003, Spain in 2005, Portugal and Spain in 2006, and Greece in 2007. More crown 
fires involve WUI zones, mainly during heat waves, destroying houses (Lampin-
Maillet 2008). 

So large efforts, aiming at the identification and mapping of existing or potential 
WUI areas have been recorded in North America and to a lesser extent, in Europe. 
The aim was to assess fire risk in WUIs and particularly their vulnerability in order 
to improve the efficiency of prevention actions for the protection of WUIs from 
wildfire propagation. 

Wildfire risk can be defined as the expected loss due to wildfires on a certain 
area and period of time. Many definitions of wildfire risk exist (Hardy 2005, 
Camia et al. 2004). The most common corresponds to the combination of hazard 
with vulnerability: risk = hazard*vulnerability, establishing relationships between 
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theses three concepts (Chen et al. 2003). So fire risk encompasses two different 
components: (i) the probability that a wildfire affects the area during that period 
of time – fire hazard; and (ii) the potential damage that the fire will cause once it 
occurs – vulnerability (Blanchi et al. 2002, Jappiot et al. 2009). Blanchi et al. (2002) 
proposed to define each component of fire risk as composed of different overlapping 
elements (Table 1). 

But we also find other fire risk definitions where intensity is considered as part of 
vulnerability (Jappiot et al. 2009, Wilson et al. 2005).

The assessment of forest fire risk is generally recognized as an indispensable 
component of fire prevention and suppression systems. As fire fighting resources 
and fire prevention infrastructures are not infinite, the need for predicting a wildfire 
incident and its consequences becomes apparent. Resources need to be allocated 
wisely, in space and time, for the sake of operation and cost effectiveness. Usually 
fire risk assessment consists of a combination of fire hazard assessment and 
vulnerability assessment.

• Various authors in risk-related issues have used the term fire hazard, in 
different and contradicting ways (Camia et al. 2004). In the present work, 
we consider fire hazard as the combined outcome of the probability of fire 
occurrence and the potential intensity of the resulting fire, similarly to the 
definition used by Blanchi et al. (2002). We consider the probability of fire 
occurrence as the likelihood of a fire to happen in an area. Finally, fire intensity 
is considered as the potential energy release per unit length of fire front, in 
the case of a fire incident (Byram 1959). Fire hazard is generally computed 
as an index (San Miguel-Ayanz et al. 2003). Assessment methodologies are 
categorized by their temporal scales (Marzano et al. 2004). If the assessment 
is based upon factors, that change very slowly over time (e.g. vegetation, 
topography), then the outcome would be a structural (static or long-term) index 
(Jappiot et al. 2009). On the other hand, if the assessment is based upon factors 
that are likely to change frequently (daily or even hourly, e.g. fuel moisture, 
weather) then the outcome would be a dynamic (short-term) index.

• Concerning the other component vulnerability, there are many different concepts 
of vulnerability across disciplines and topics (Gallopin 2006). According to 
natural risks, vulnerability can be considered in three ways: as a consequence, as 
a state or characteristic, or as a cause (Mantzavelas et al. 2008). 

Table 1. Fire risk definition with detailed elements. 

FIRE RISK

 Hazard Vulnerability

 Occurrence Intensity

 Ignition  Wildfire Threatened Wildfire Stake Reply
 Probability Probability area  Intensity  Response
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In the first case vulnerability is the value that could be lost when hazard occurs. 
According to Coburn et al. (1994), vulnerability is defined as the degree of loss to a 
given element (or set of elements), resulting from a given hazard at a given severity 
level. Caballero et al. (2004) stated that vulnerability can be expressed through the 
calculation of the potential damage when a single unit is exposed to a certain level 
of danger. 

In the second case vulnerability can be the propensity of an element or a set of 
elements to suffer damage, when a hazard occurs (D’Ercole 1998). Commonly, 
vulnerability may encompass the degree of fragility of men, organized societies, 
economic structures, built environments and ecosystems to the negative 
consequences resulting from the exposure to hazardous events. According to Blaikie 
et al. (1994), vulnerability expresses the capacity of a person or group to anticipate, 
cope with, resist to and recover from the impact of natural hazards.

Finally, in the third case vulnerability corresponds to a “system which considers 
a lot of variables (natural and human). Their spatial and temporal dynamic can 
produce situations which can be more or less dangerous for exposed society” 
(D’Ercole 1996). In this case the aim is to identify the factors (variables) that are the 
source of vulnerability. 

In short, it is obvious that the definition of the vulnerability refers mainly to the 
impacts of a catastrophic event. The vulnerability of an element is usually expressed 
as a percentage loss (or as a value between 0 and 1) for a given hazard severity level 
(Blanchi et al. 2002).

The great challenge is to express vulnerability in measurable units or indices in 
order to be used for further estimation of the total fire risk. Furthermore, most of 
disaster mitigation work is focused on reducing vulnerability, and in order to do it, 
there is a need to understand which elements or units are the most exposed at risk, 
from the principal hazards which have been identified (Coburn et al. 1994).

The concern of this chapter is the wildland urban interface and fire risk 
assessment. It supposes to define precisely this term. In geography, interface is 
defined as the contact plan or contact line between two different systems (Brunet 
et al. 1993). It constitutes a privileged zone to exchange, to interact between 
two systems, specifically human and wildland systems (Carroue et al. 2002). In 
the literature, definitions present WUI as the line, area, or zone where structures 
and other human developments meet or intermingle with undeveloped wildland 
or vegetative fuels. The term of WUI community exists with the following 
definition “the urban-wildland interface community exists where humans and 
their development meet or intermix with wildland fuel”, where houses meet or 
intermingle with undeveloped wildland vegetation (USDA-USDI 2001). Nowadays 
and more generally, the WUI commonly described as the area where urban areas 
meet and interact with rural lands (Vince et al. 2005), includes the edges of large 
cities and small communities, areas where homes and other structures are intermixed 
with forests and other land uses, and islands of undeveloped lands within urban 
areas (Alavalapati et al. 2005, McGee 2005, Caballero et al. 2004). In these WUI 
increased human influence and land use conversion are chancing natural resource 
goods, services and management (Macie and Hermansen 2002). 

The issue of the chapter is to map the location of WUIs on the territory and 
to determine which WUIs are at the greatest risk. For that several objectives are 
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developed. The first objective is to present a method to characterize and to map 
WUIs at a local scale with a view to improve fire prevention, and at a landscape 
scale with a view to analyse their territorial development in the landscape. The 
second objective is to propose a fire hazard calculation and mapping process taking 
into account structural and daily factors. The third objective is to propose a method 
to assess vulnerability levels. The fourth and last objective is to present a specific 
approach developed with a view to assess and to map fire risk in WUIs through a 
total fire risk index. Tools have been developed as the result of scientific research.

In order to develop the previous objectives, three study cases have been defined 
in three European countries: France, Spain and Greece. The first one is located 
in southeastern France in the Metropolitan area between Aix-en-Provence and 
Marseille (site 1 in Figure 1). The second one is located in southeastern Spain in 
Sierra Calderona (site 2 in Figure 1). The third one is located in northeastern Greece 
in the western part of the prefecture of Thessaloniki (site 3 in Figure 1).

3.3.2 Identification, characterization and mapping of WUIs in 
  European Mediterranean countries 

In order to map WUIs on the territory, a precise definition of the WUI has been 
proposed as follows (Lampin-Maillet et al. 2010):

• WUIs are composed of residential houses, which are inhabited permanently, 
temporarily or seasonally (agricultural, industrial, commercial and public 
buildings were not taken into consideration); 

• Houses are located at 200 m from forests or shrubland to consider area where 
brush-clearing is partially required or spot fires occur (Colin et al. 2002);

Figure 1. Location of the three European study cases.
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• WUI are delineated by a radius of 100 m around the houses. This distance 
takes into account the perimeter wherein fuel reduction operations can be 
imposed on home owners.

These different distances are particularly adapted to the European context but they 
also could be changed according the specific local context of the country (vegetation 
clearance regulation or urban organization). 

3.3.2.1 At local level (Lampin-Maillet et al. 2010)

Considering the above definition, the WUI area is located up to 300 m from 
forests, garrigues (200 m + 100 m) so it is also significantly exposed to firebrands 
from vegetation in the case of fire. Therefore, in France, WUIs are the subject of 
the French Forest Orientation Law of July 9, 2002 which makes brush clearing 
obligatory within a 50 m perimeter around each house located at a distance of less 
than 200 m from forests or shrublands. In other European countries, the effective 
fuel treatments are required only within a 10-30 m radius.

We considered WUI as two intermixed elements: the first concerned the spatial 
organization of residential houses, and the second concerned the structure of fuel 
vegetation. Spatial criteria had to be developed to specify the structure of dwellings 
in contact with the different vegetation structures. Concerning the structure of 
dwellings, after first approaches developed with housing density calculation 
(Lampin et al. 2007a,b,c), we proposed a real and quantitative definition of terms 
corresponding to isolated, scattered, dense (or very dense) clustered dwelling 
types, usually used by land managers and geographers. Their distinction is based 
on quantitative criteria described in Lampin-Maillet et al. (2009) such as housing 
density. Concerning the structure of vegetation, only the horizontal structure of 
vegetation that can be spatially recognized has been characterized (no vegetation, 
sparse vegetation and continuous vegetation). Then the combination of different 
types of dwellings and different classes of horizontal structures of vegetation 
produced a WUI typology. The method used to characterize and to map WUIs is 
based on three steps. 

The first step is to characterize and map the housing configuration. The houses 
considered as located in WUIs are selected. Then according to the definition of 
the dwelling types established in Lampin-Maillet et al. (2009) and through the 
process of buffering and house counting described in the same paper, each house 
was classified as belonging to one of the four configurations of houses: isolated, 
scattered, dense clustered, and very dense clustered housings. These classes take 
into account the distance between houses and the density of houses located within a 
100 m radius around houses. 

The second step is to characterize and map the structure of vegetation. The 
structure of vegetation reveals its horizontal continuity which is designed for the 
measurement of aggregation levels of spatial patterns within the vegetation class 
in a land-cover map. Among the different existing metrics in landscape ecology 
(McGarigal 2002), the most appropriate index to measure aggregation of spatial 
patterns is the aggregation index (AI) (Lampin-Maillet et al. 2010). This aggregation 
index has a spatial representation. Calculated on vegetation class, the aggregation 
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index enhances spatial organization of forests and scrublands. Vegetation is 
defined as wildland forests (coniferous, deciduous, and mixed forest), scrublands, 
transitional lands (mostly clear-cuts). Excluded from vegetation are low- and 
high-intensity residential, commercial/industrial buildings, orchards/vineyards, 
pasture/hay, arable land (e.g., row crops) and pasture, small grains, fallow, urban/
recreational grasses, bare rock/sand/clay, quarries, open water, and perennial ice/
snow (Steward et al. 2003, Radeloff et al. 2005b, Lampin et al. 2006). Aggregation 
metrics calculations were made within a moving window with a radius of 20 m and 
a map of aggregation index values was also drawn up including three classes of AI 
values. The first class concerned values equal to zero, and the two other classes were 
determined by sharing the numbers of value equally into two groups or by setting a 
threshold value equal to 95%: the first distribution of numbers were considered as 
low values of aggregation, the second one as high values. 

The third step is combining the two previous criteria through a geographical 
information system (GIS). The calculation allowed mapping of the WUIs according 
to 12 types (Figure 2) by crossing four classes of dwelling types and three classes of 
vegetation aggregation indices in a raster format. The WUI method has been applied 
in different areas in France and Spain. Figure 3 is an illustration of the WUI map 
carried out on French site, site 1 of Figure 1. 

Figure 2. Typology of wildland urban interfaces (Lampin-Maillet et al. 2010).
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3.3.2.2 At landscape level (Galiana et al. 2007)

The local scale of analysis must be complemented by a more general approach. On 
one hand, WUI expansion processes are associated with counter-urbanization and 
development of second home dynamics which respond to spatial organizational 
models on an urban–regional scale (Antrop 2004). On the other hand, the existing 
landscape pattern exerts an influence on the land cover and land use trajectory, and 
ultimately on the pattern of new residential development. Also, fire behaviour is 
largely dependent on the landscape pattern. These are two major reasons to apply 
the landscape character assessment method developed as an intermediate scale 
between local and regional levels (Bürgi et al. 2004).

The WUI characterization developed results from the analysis at different scales 
(regional, landscape, local), and the interactions between them, i.e. multiscale 
analysis. 

At the regional level, the objective of analysis is the establishment of a descriptive 
model of the main territorial dynamics influencing the area (suburbanization, 
abandonment and transformation of the rural areas, wildfires) and definition of its 
main spatial patterns. The results from this method improve the landscape character 
assessment. The model is based on the analysis of structural (distribution of land 
uses) and functional elements.

Figure 3. Map of wildland urban interfaces in study site 1 (Lampin-Maillet et al. 2010).
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At the landscape level, the multiscale analysis consists in the Landscape 
Character Assessment (LCA), based on the natural and cultural features present 
in the landscape and on evaluation of functional dynamics and uses. Landscape 
description established a hierarchical typology composed of two levels: landscape 
units and types (Countryside Agency and Scottish Natural Heritage 2002). The LCA 
provides the territorial context of the WUI studied in order to correlate urbanization 
processes with the type of landscape in which they occur and with the foreseeable 
risk evolution in these areas. 

At the local scale, the WUI characterization process consisted of identifying the 
different morphologies defined by urbanization processes, examining them in the 
context of the landscape type of the area in which they occur and characterizing 
them according to fire behaviour.

Figure 4 is an illustration of the WUI map at landscape level located in site 2 of 
Figure 1. 

3.3.3 Fire hazard assessment in WUIs (Lampin et al. 2009)

3.3.3.1 Steps for fire hazard mapping

The work presented hereafter is aiming at the definition of a standard workflow 
for obtaining a fire hazard map that will take into account structural and dynamic 
factors within a GIS. The map can be updated on a daily basis. 

Table 2. WUI characterization. Relation matrix from the combination between the morphology 
of the settlements and the type of landscape (Specific case: Sierra Calderona) 

Type of landscape/  Towns Urbanizations Scattered rural
Morphology of    settlements
settlements

I, Western flat topped I, Compact  III, Spontaneous IX, Scattered
peaks towns urbanizations (not planned) settlements on
  on wildland terrain terraced slopes
III, Wildland mountain  II, Compact IV, Urbanizations planned X, Scattered
with lower bunter  towns with on wildland terrain settlements on
sandstones and  extensions  wildland terrain
cultivated gullies

IV, Agroforestal slopes  V, Spontaneous  XI, Scattered
 - urbanizations (not planned) settlements on
V, Small agricultural   VI, Urbanizations planned cultivated slopes
valleys  on wildland terrain 

II, Agricultural foothill   VII, Spontaneous XII, Scattered rural
plains - urbanizations (not planned) settlements
  VIII, Urbanizations planned
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Calculation of a structural index (Probability of occurrence) 
There are several approaches attempting to assess the combined impact of structural 
factors on fire hazard. Factors that are usually taken into account usually are:

- Human presence (population, distance from settlements, distance from roads 
etc.);

- Vegetation (type, biomass, structure);
- Topography (slope, elevation, aspect).

Factors are integrated into equations, each one weighted according to the author’s 
opinion on its relative importance, to produce hazard indices. To overcome the 
subjectivity in weighting of the contributing factors, new techniques have been 
elaborated like principal component analysis (Xu et al. 2006), logistic regression 
(Chou and Minnich1993, Martinez et al. 2009) and neural networks (Vasilakos et al. 
2007). These techniques seek to establish a relationship between those factors and 
fire history. Among those new techniques, logistic regression has been extensively 
used as it provides a probability of occurrence as an output. The accuracy of the 
assessment can be easily estimated by the observed fire incidents.

In a first step, a group of potentially significant variables for the prediction of fire 
occurrence must be defined (for example: fuel types, elevation, aspect, distance 
from nearest road, average annual rainfall, etc.). These variables should be regressed 
against a data set containing the perimeters of historic fire incidents.

In a second step, an exploratory analysis (e.g. Chi2 significance test) should be 
performed, in order to identify if any of the variables in consideration are not related 
to fire occurrence. Further, weights are assigned to each of the remaining variables 

Figure 4. WUI map at landscape level in Spanish study site, site 2. 
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according to its significance, which is calculated by means of logistic regression. 
The logistic model of fire occurrence probability can be expressed as:

PFOi =    (1)

Where PFOi is the probability of a fire to occur in the ith geographic unit (pixel) and 
Zi can be calculated as:

Zi = b0 + b1X1i + b2X2i + ... + bjXji + e (2)

Where Xji is the value of the jth variable in consideration in the ith geographic unit 
(pixel or polygon), bj is the weight of the jth variable and e is an error term. 

As implied by equation 1, when Zi approaches positive infinity, the value of the 
index approaches 1, indicating that the ith geographic unit is definitely going to burn 
in the next period. Similarly, when Zi approaches negative infinity, the value of the 
index approaches 0, indicating that the ith geographic unit is not going to burn. 

Value range for the PFO: PFO, being a probability, ranging between 0 and 1. 

Calculation of a daily (dynamic) index 
Considering the short-term component, different strategies have been applied. 
Most of them consist of trying to assess the effect of fuel water content on fuel 
flammability. The Canadian Fire Weather Index (FWI) is generally considered as 
one of the most efficient in defining the daily risk, as it has been globally applied 
and evaluated in very diverse ecosystems besides Canada (Marzano et al. 2004, 
Viegas et al. 1994). For these reasons the FWI is the dynamic index proposed also 
here. A schematic presentation of the FWI structure is shown in Figure 5.

The values of the required variables for the calculation of the FWI (temperature, 
relative humidity, wind and rainfall) are usually derived from meteorological 
stations or sensors. In order to calculate an FWI surface (map), there is a need to 
obtain a surface of values for each one of the above-mentioned variables. Thus, 
the point source values of those variables have to be interpolated, before the final 
calculation of the FWI (Mantzavelas et al. 2007).

Value ranges for the FWI: FWI is open-ended with ranges from 0 to 100+. Values 
from 0 to 8 are considered as low values, values from 8 to 17 are considered as 
moderate values, values from 17 to 32 are considered as high values, and values 
greater than 32 are considered as extreme values (Raínha and Fernandes 2002, 
Alexander 2008).

Combination of structural and daily indices; the Composite Index (CI)
As discussed above, the structural index PFO is calculated by considering all factors 
(human, topography, vegetation, weather, etc.) that contribute to the occurrence of 
the wildfire phenomenon. But, as implied by the calculation method, the structural 
index is a long-term predictor of fire occurrence and can only be considered as 
an average probability, because it does not take into account the current status of 
fuel, which is thought to be a very significant factor in the occurrence of wildfires. 
For instance, a heavy rain incident can reduce the chance of fire to zero, even in a 
place where the (long-term) occurrence probability is thought to be high. On the 
other hand, a meteorological index like the FWI, represents the ignition risk that 
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is contributed upon the daily fluctuations of the weather and their impact on fuel 
moisture status. Although the FWI is considered as quite efficient in defining the 
daily ignition risk, it is reasonable to think that: (a) all ignitions cannot be explained 
by a low fuel moisture level; and (b) not all ignitions develop into fires (e.g. in the 
case of a lack of fuel).

Thus, it becomes apparent, that an integrated approach is needed, in order to better 
understand and define the wildfire hazard issue. We propose, for that reason, the 
calculation of a Composite Index (CI), which is the product of the Structural Index 
(PFO) and the Fire Weather Index (FWI), such as:

CIi = PFOi * FWIi  (3)

where: CIi is the value of the Composite Index for the ith geographic unit,
 PFOi is the value of the Structural Index for the ith geographic unit, and
 FWIi is the value of the FWI for the ith geographic unit.

The CI can be considered as the ‘valid’ portion of the FWI calculation. That is, 
provided that the calculation of the probability of fire occurrence in PFO is correct, 
then the CI is the part of the FWI value that remains meaningful under the combined 
influence of structural factors and fire history. In other words, we may say that CI is 
the part of the FWI value that is validated by structural factors and fire history (if the 
PFO value is 0 then the CI value becomes 0, whereas if the PFO value is 1 then the 
CI value is 100% of the FWI value).

Value ranges for the CI: CI, being the product of the PFO and the FWI has the 
same value range as the FWI (0 to 100+).

The Potential Fireline Intensity (PFI)
Until now, we have only dealt with the issue of fire occurrence. In order to 
have a broader view on the issue of fire hazard, we have to explore the possible 

Figure 5. Simplified structure diagram for the Fire Weather Index (after Van Wagner 1987).
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consequences from a certain fire incident (Alexander 2008). A way to do so is to 
calculate the potential fireline intensity, which is the potential energy release per 
unit length of the fire front in the case of a fire incident. The calculation of fireline 
intensity is significant in fire suppression and the study of the ecological effects of 
fire. The fireline intensity is calculated as a function of fuel mass, the rate of spread 
and a ‘constant’ number, usually taken to be equal to 18 000 kJ/kg (Byram 1959):

PFIi = 18 000 * Wi * ROSi (4)
Where: PFLi is the fireline intensity for the ith geographic unit (kW/m),

 Wi is the available fuel mass in the ith geographic unit (kg/m2), and
 ROSi is rate of fire spread in the ith geographic unit (m/sec).

Provided that fuel types are mapped according to the classification scheme 
introduced by Anderson (1982), or another classification scheme resulting in the 
description of fuel, mean values for Wi and ROSi are normally incorporated in the 
description of fuel types.

Value ranges for the PFI: PFI values range between 0 and 100 000 kW/m. 
Intensity values from 0 to 350 kW/m are considered as the low values, from 350 
to 1700 kW/m are considered as moderate values, from 1700 to 3500 kW/m are 
considered as high values, from 3500 to 7000 kW/m are considered as very high 
values, and values greater than 7000 kW/m are considered as extreme values 
(Lampin et al. 2002).

3.3.3.2 The Hazard Index (HI) building and mapping

Finally the Hazard Index (HI) can be seen as a combination between the Composite 
Index and the Potential Fire Intensity. We propose the relationship defined in Table 
2 for the calculation of HI.

The idea that stands behind the HI calculation is to integrate into one single index, 
the issues of fire ignition, fire spread, and the potential to cause damage. The HI 
embodies the different aspects of the indices that this index is calculated from. On 
the one hand, the CI indicates the effects of current weather conditions and fire 
history upon fire occurrence, while the PFI indicates the severity of the fire should 
an ignition occur. 

For example, if current weather conditions do not favor ignition or spread and 
this is also validated by the fire history (‘Low’ CI value), and the potential fireline 
intensity is low (‘Low’ PFI value), then we should expect a low intensity fire, or 

Table 3. Calculation of the Hazard Index.

CI\PFI Low Moderate High Very high Extreme

Low Low Low Moderate Moderate High
Moderate Low Moderate Moderate High Very high
High Moderate Moderate High Very high Extreme
Extreme Moderate High Very high Extreme Extreme
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no fire at all (‘Low’ HI value). If current weather and fire history indicate that fire 
occurrence is very likely (‘Extreme’ CI value), and the potential fireline intensity 
is ‘Extreme’, then we should expect a very intense fire that may cause extensive 
damage (‘Extreme’ HI value). Intermediate classes of the HI (‘Moderate’, ‘High’ 
and ‘Very High’) can be explained, similarly, as the kind of fire behaviour and 
intensity that is expected at a given place and time. Figure 6 illustrates the map of 
this HI.

3.3.4 Vulnerability assessment in WUIs

The main objective is to develop a set of processes for mapping a synthetic index 
of the WUIs vulnerability to forest fires. Vulnerability assessment comes from its 
threefold consideration (a consequence, a state or characteristic, and a cause) as it 
is considered in the different definitions used above. In consequence vulnerability 
is formed by an internal component, related to the effects of the fire caused on 
the value of the affected goods and its capacity for recovery, and by an external 
component, related to the fire characteristics and by the ability developed by society 
to face the danger of wildfire.

Based on this approach, a wide variety of factors influencing vulnerability of 
the territory to forest fires have been identified and methods to obtain parameters 

Figure 6. Example of calculation of the HI in the Greek study site 3 for 14/04/2007.
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and its cartography at local level for the calculation of these factors have been 
proposed (Figure 7). Each factor will be further subcategorized into parameters. 
These parameters are the basic units that have to be mapped and standardized into a 
common, simple quantitative scale in order to allow them to be aggregated through 
a process based on multicriteria evaluation, where each variable is given a particular 
weight. The aggregation process can be repeated until all the hierarchical structure 
is aggregated into one single indicator, the vulnerability index and it will show 
whether a particular area is susceptible to suffer damage from wildfire. When all the 
components are calculated, the vulnerability index can be determined and will show 
whether a particular area is susceptible to suffer damage from wildfire.

In the task of obtaining these parameters, the modelling of potential high risk 
situations and the historical analysis of wildfires have played a very important role; 
also the conclusions obtained from the tasks of WUI characterization have been 

Figure 7. Flow chart illustrating the elements involved in assessing vulnerability index.
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incorporated. Finally, the factors have been grouped into four synthetic components 
(difficulty of extinction, demand for forest defense, demand of civil protection and 
territorial value) which are integrated into a global index. Consultations with forest 
management and fire fighting experts of the experimental area (Sierra Calderona, 
Valencia, España) by applying a DELPHI methodology have been fundamental for 
the determining the weights given to the factors that make up each of the indices. 

The final index which can be mapped (Figure 8) and the intermediate components, 
factors and parameters, are useful for the managers of territorial planning, 
emergencies and forest fire prevention and fighting.

3.3.5 A specific approach of fire risk assessment in WUIs through a 
  total risk index (Lampin-Maillet 2009)

The work presented hereafter is aiming at the definition of a process for obtaining a 
fire risk map through the calculation of a total fire risk index based on a WUI map. 
The map can be updated on a basis depending on the territory WUI extension.

Considering the WUI map, a new perception of the territory is possible: WUI 
area, and outside WUI area. Because of their high vulnerability, ignition probability 
and combustibility, it is important and efficient to focus risk assessment in the 
WUIs. The method developed allows assessment and mapping of fire risk levels.

Figure 8. Map of vulnerability levels on Spanish study site (site 2 in Figure 1).
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A spatial analysis on the studied territory was performed in order to establish 
relationships between the distribution of fire ignition points and burned areas and 
different land cover data, WUI types, environmental data. For that, a digitalized 
database of fire ignition points created by the French National Forest Institute 
(ONF) was used. It comprised fire ignition points during the 1997–2007 period 
for which the fire area was more than one hectare. Around 565 fire ignition points 
were located in the study area. A digitalized database of burned area produced by 
the Administration of Agriculture and Forest of Bouches-du-Rhône was used. It 
comprised 109 wildfires recorded study area during the 1990–2007 period. At last, 
a thematic land cover layer obtained from the Spot Thema database elaborated in 
2004 by CNES, Provence-Alpes-Côte-d’Azur Region and a Spot Image from Spot 
5 satellite imagery on the study area were used. The detailed level describes the 
territory (urban, agricultural and natural components) at the 1:10 000 scale. 

As a result of the relationships established between WUIs and fire indicators 
calculated with past fire data (fire ignition density and burned area ratio), it is 
possible to identify specific WUIs which present a high level of fire risk. Figure 9 
shows that WUIs corresponding to isolated dwellings present a high level of fire risk 
due to high levels of ignition density and burned area ratio. WUIs corresponding to 
very dense clustered dwellings present also a high level of ignition density linked 
with human activities but a low burned area ratio (high urban component and low 
vegetation component) (Lampin-Maillet et al. 2010).

The spatial analysis also allowed identification of a set of conditions that 
correspond with high fire risk in WUIs: housing density, road density, vegetation 
more or less continuous. Results of this analysis are expressed through three main 
functions (or fire risk indicators) based on statistical multiple regressions with R2 
more or less high: 

- Fire Ignition Density FID = Exponential function (territory type, land cover 
type, housing density) with R2 = 51%;

- Wildfire Density WD = Exponential function (territory type, land cover type, 
housing density, coniferous forests, exposure to very warm temperatures) with 
R2 = 57%;

- Burned Area Ratio BAR = Polynomial function (territory type, land cover 
type, housing density, road density, country road density, garrigues, altitude, 
low aggregation of vegetation) with R2 = 36%.

A total index of wildfire risk was developed combining the three previous indicators 
(Lampin-Maillet 2009). In reference to fire risk definition, each of the three 
indicators includes information about hazard and/or vulnerability: Fire Ignition 
Density FID and Wildfire Density WD are particularly concerned by fire occurrence 
(ignition probability and wildfire probability) and Burned Area Ratio BAR is related 
to hazard and vulnerability through the intensity element. Their combination can 
contribute to a pertinent and efficient assessment of fire risk. So a Fire risk total 
index RI has been built corresponding to a linear combination of the three indicators 
having the same weight but corrected by their explanation level (R2 value). In the 
case of the study area the equation is: 

Fire risk total index RI = 0.89 FID + WD + 0.63 BAR



Wildland Urban Interfaces, Fire Behaviour and Vulnerability: Characterization, Mapping...   87

Figure 9. Fire ignition density and burned area ratio according to WUI types in Lampin-
Maillet (2009).

Figure 10. Map of wildfire risk global index in WUIs in the French study site (site 1 in Figure 1).
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With respectively a correction of 0.89 corresponding to the ratio 51% / 57% for FID, 
a value of 1 (the best R2 value) corresponding to the ratio 57% / 57% for WD, and a 
correction of 0.63 corresponding to the ratio 36% / 57% for BAR.

A map of this fire risk total index can be produced as illustrated at Figure 10 in the 
South of France. 

Certain types of WUIs represent a high level of fire risk in terms of fire ignition 
density, wildfire density and burned area ratio. Regarding fire ignition density 
and burned area ratio, isolated WUIs with low and high aggregation indices of 
vegetation presented the highest values. Scattered WUIs with both low and high 
aggregation indices of vegetation also represented a high level of fire ignition 
density and burned area ratio even if these values were lower than those for isolated 
WUIs (Lampin-Maillet et al. 2010). Results also highlighted the fact that the burned 
area ratio generally decreased from isolated WUIs to dense and very dense clustered 
WUIs, and also decreased from a high aggregation index to a zero aggregation index 
(Lampin-Maillet et al. 2010).

3.3.6 Conclusions

In this chapter we proposed reproducible methods for characterizing and mapping 
WUIs at large scales and over large areas (Lampin-Maillet et al. 2010) and at 
landscape scale (Galiana et al. 2007). We also proposed on the one hand a method 
for fire hazard assessment and mapping (Lampin et al. 2009), and on the other 
hand a method for vulnerability assessment and mapping (Galiana et al. 2009). 
These two processes contribute to assessment of fire risk, combining fire hazard and 
vulnerability assessments. A specific approach has also been developed to calculate 
and to assess a total index of wildfire risk in WUIs (Lampin-Maillet 2009). 

The WUI is often a location which is particularly appreciated as an area in which 
to live. However, in our European Mediterranean context this lifestyle carries a 
certain risk: people should always be aware of the existing fire risk in such WUI 
and should respect and apply efficient recommendations to insure against risky 
situations.

These results could have interesting implications for fire prevention and land 
management. Introducing the risk of wildfire with such maps, and particularly the 
vulnerability of the territory, is a way to make the inhabitants becoming aware of 
fire risk in WUIs. The WUI map is key information to identify locations where 
vegetation has to be reduced in order to protect the houses and their inhabitants in 
case of wildfire and where careful behaviour are essential to avoid fire ignition. This 
will globally decrease the risk of fire either by reducing fire propagation through 
biomass removal and/or by reducing fire ignition probability together with less 
carelessness. Accomplishing this goal is strictly related to the designation of suitable 
prevention messages and preventive actions which can be different according to 
WUI types.

WUIs have increased considerably all over the world in recent decades and this 
trend will certainly continue in the coming years due to the continuing trend of land 
abandonment combined with urbanization. The method we developed for mapping 
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WUIs is an appropriate tool for the assessment of WUI dynamics and associated 
fire risk dynamics in the context of ongoing changes in climate, urbanization and 
vegetation.
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3.4.1 Introduction

Wildfires are a societal problem that threatens many ecosystems, affects millions 
of people worldwide, and causes major ecosystem and economic impacts at local 
regional, national and global scales. In Europe, and especially in the Mediterranean 
countries (France, Greece, Italy, Portugal and Spain), wildfires continue to be a 
major environmental threat (Requardt et al. 2007) where, an average 500 000 ha 
of forests are burned annually (San-Miguel and Camia 2009). Wildfires affect the 
forests and other wooded land, and neighbouring systems such as urban areas, 
infrastructure networks (i.e. power-lines and transportation corridors), agriculture 
lands, and the civil society. These impacts can be reflected in many ways – for 
example, loss of human life or health, decreased well-being of the population (local 
and wider), and temporary or permanent loss of employment possibilities and 
economic activities. For a worldwide perspective on the effects of fire on the earth 
systems see Bowman et al. 2009.

The last decades have seen increased social awareness and growing concerns for 
wildfires’ negative environmental and economic consequences, and, particularly, the 
loss of human lives (McCaffrey 2008). The growing importance of wildfire issues 
at EU level is also reflected in the increasing number of research projects funded to 
better understand and address this problem (e.g. Eufirelab, Fire Paradox).

In Europe, this change was galvanized by the large-scale wildfires and their 
consequences in the Mediterranean region during the 2000s. For example, 
during 2003 in Portugal about 400 000 ha of forests lands were burned; during 
2005 in Spain some 190 000 ha of forests lands were damaged; and during 2007 
in Greece around 270 000 ha of forests and other wooded lands were destroyed 
(JRC 2007). Events in other parts of the world also helped to increase the concern 
on this topic in Europe. These included, Indonesia 1997/1998, where 8 million ha 
burned; Australia 2007, more than 1 million ha; and California, USA 2007, 120 
000 ha affected. These major wildfire events clearly showed that they are not only 
an environmental problem, but have also a significant social dimension, affecting 
millions of people, having major economic impacts, and causing significant human 
casualties (González-Cabán 2007). For example, the wildfires affecting vast forest 
areas of Portugal in 2005 caused economic damage worth almost €800 million and 
caused 13 fatalities. Even worse, the large fires affecting Greece during the summer 
of 2007 caused 64 casualties, and according to the Greek authorities the economic 
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Important Concepts and Terms

Integrated fire management: A concept for planning and operational systems that 
include social, economical, cultural and ecological evaluations with the objective of 
minimizing the damage and maximizing the benefits of fire. These systems include 
a combination of prevention and suppression strategies and techniques that integrate 
the use of technical fires and regulate traditional burning.

Fire management: All activities required for the protection of burnable forest and 
other vegetation values from fire, and the use of fire to meet land management goals 
and objectives. 

Traditional burning (or traditional fire use): The use of fire by rural communities 
for land and resource management purposes based on traditional know-how.

Appropriate traditional fire use: The use of traditional burning under legal regulations 
and good practices.

Technical fire: The controlled use of fire carried out by qualified personnel under 
specific environmental conditions and based on an analysis of fire behaviour. 
Technical fires are divided into prescribed fires, wildfires within prescription and 
suppression fires.

Fire within prescription: A prescribed fire or a wildfire that burns within prescription.

Prescribed burning (or prescribed fire): The application of a fire under specified 
environmental conditions, which allow the fire to be confined to a predetermined 
area and to attain planned resource management objectives.

Wildfire within prescription: A wildfire that is confined to a predetermined area and 
produces the fire behaviour and the fire effects required to attain the planned fire 
treatment and/or resource management objectives. 

Wildfire: Any unplanned and uncontrolled vegetation fire which, regardless of the 
ignition source, may require suppression response or other actions according to 
agency policy.

Suppression fire: The application of a fire to accelerate or strengthen the suppression 
of wildfires.
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