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Abstract: This paper presents a review of concepts related to wildfire risk assessment, including

the determination of fire ignition and propagation (fire danger), the extent to which fire may spa-

tially overlap with valued assets (exposure), and the potential losses and resilience to those losses

(vulnerability). This is followed by a brief discussion of how these concepts can be integrated and

Fire 2023, 6, 215. https:/ /doi.org/10.3390/ fire6050215

https://www.mdpi.com/journal/fire


https://doi.org/10.3390/fire6050215
https://doi.org/10.3390/fire6050215
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fire
https://www.mdpi.com
https://orcid.org/0000-0001-5618-4759
https://orcid.org/0000-0002-4049-9315
https://orcid.org/0000-0002-4394-6475
https://orcid.org/0000-0001-5283-4937
https://orcid.org/0000-0002-8161-835X
https://orcid.org/0000-0002-9244-3487
https://orcid.org/0000-0002-6548-4830
https://orcid.org/0000-0002-2220-6857
https://orcid.org/0000-0001-5807-5820
https://orcid.org/0000-0002-3680-9755
https://orcid.org/0000-0002-0499-9726
https://orcid.org/0000-0003-4391-6804
https://orcid.org/0000-0001-9542-5746
https://orcid.org/0000-0002-4586-1459
https://orcid.org/0000-0003-0056-5629
https://orcid.org/0000-0001-9370-5058
https://orcid.org/0000-0002-8331-0391
https://orcid.org/0000-0001-7100-7814
https://orcid.org/0000-0002-9946-1303
https://orcid.org/0000-0002-7472-4373
https://orcid.org/0000-0003-1724-6173
https://doi.org/10.3390/fire6050215
https://www.mdpi.com/journal/fire
https://www.mdpi.com/article/10.3390/fire6050215?type=check_update&version=2

Fire 2023, 6,215

2 of 60

connected to mitigation and adaptation efforts. We then review operational fire risk systems in place
in various parts of the world. Finally, we propose an integrated fire risk system being developed
under the FirEUrisk European project, as an example of how the different risk components (including
danger, exposure and vulnerability) can be generated and combined into synthetic risk indices to
provide a more comprehensive wildfire risk assessment, but also to consider where and on what
variables reduction efforts should be stressed and to envisage policies to be better adapted to future
fire regimes. Climate and socio-economic changes entail that wildfires are becoming even more a
critical environmental hazard; extreme fires are observed in many areas of the world that regularly
experience fire, yet fire activity is also increasing in areas where wildfires were previously rare. To
mitigate the negative impacts of fire, those responsible for managing risk must leverage the infor-
mation available through the risk assessment process, along with an improved understanding on
how the various components of risk can be targeted to improve and optimize the many strategies for
mitigation and adaptation to an increasing fire risk.

Keywords: risk assessment; danger; exposure; vulnerability; risk reduction; risk adaptation; FirEUrisk

1. Introduction: The Need of Wildfire Risk Assessment, Reduction and Adaptation

Wildfires are one of the critical factors affecting global ecosystems and societies,
impacting atmospheric composition [1], vegetation succession [2], soil erosion and runoff,
and societal values (resources and assets) [3]. Recent studies estimate that every year more
than 4 million km?, which is approximately the size of India and Pakistan combined, are
burned globally [4,5]. Notably, those estimations are likely to be conservative, as they are
based on coarse resolution satellite images, which tend to miss small fires that are quite
frequent in Tropical regions [6].

Fire is a natural process in several ecosystems [7], but in others it negatively affects
biodiversity, particularly when natural fire regimes change abruptly [8]. Wildfires also
have important socio-economic implications, and can affect lives, houses and other human
values. Catastrophic seasons with many human casualties and/or large burned areas
have occurred in the last decades, mainly associated with heat waves and droughts [9,10].
For this reason, most industrialized countries affected by wildland fires have fire man-
agement strategies in place [11]. Countries involved in managing fire assess risk in at
least an informal way, often supported by systems that evaluate certain components of
risk (e.g., fire danger systems). However, formal risk assessment systems that consider
an integrated strategy for wildfire risk are still not widespread. The growing concern of
extreme fire seasons—with extensive areas burned, human casualties and destruction of
houses [12,13]—led by previously unobserved weather anomalies [14], have heightened
the interest in wildfire risk assessment systems. They are part of a general approach to
evaluate threat conditions for a certain area and period of time, and feeds into making
risk-informed decisions to reduce unwanted impacts [15]. Risk assessment can consider a
wide range of variables that affect fire ignition, propagation, potential impacts and some
valuation of the importance of those impacts [16]. Risk assessment, along with the com-
munication of that risk, should be adapted to the end users of risk information, who may
include first responders, landowners, land managers, civil society organizations and the
general public [17].

This paper reviews past efforts to estimate fire risk conditions in various parts of the
world, including operational systems in place, and exemplifies risk assessment methods
and integration approaches by presenting results from the European project FirEUrisk,
which aims to develop an integrated management strategy for wildfires in Europe. The
FirEUrisk approach covers risk assessment, reduction and adaptation to future conditions;
in this review, however, only the aspects related to current wildfire risk assessment will be
presented, with only essential references to reduction and adaptation. The paper includes
three main sections. The first one introduces the components and variables that should
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be addressed by wildfire risk assessment systems, along with a review of how those
components have been estimated. The second one presents some of the existing operational
systems related to risk assessment, along with their recent evolution trends. The third
section presents how the FirEUrisk project is addressing a comprehensive strategy for
wildfire risk assessment, including methods to generate input variables and integrate them
into synthetic risk components at different spatial scales, both for the European territory
and selected pilot sites.

2. Frameworks for Wildfire Risk Assessment
2.1. Natural Hazards Terminology

Growing concern about the impacts that natural hazards may have on human lives and
the built environment has motivated work on a variety of international programs focused
on risk assessment and mitigation. For example, the United Nations Office for Disaster
Risk Reduction (UNDRR) recently implemented the Sendai Framework [18], which is a
major international agreement advocating for effective risk management and disaster risk
reduction. The Sendai Framework highlights the crucial importance of the development
and application of analytical frameworks to understand and quantify risk. According to the
Sendai Framework’s guiding principles and priorities for action, Disaster Risk Reduction
(DRR) must be accomplished through international, regional, subregional, transboundary
and bilateral cooperation, and also shared between central governments, relevant national
authorities, sectors and stakeholders. It requires a multi-hazard and inclusive risk-informed
decision-making approach. The priorities for action include understanding disaster risk,
strengthening disaster risk governance to manage it, investing in risk reduction to increase
resilience and enhancing disaster preparedness for effective response and recovery [18].

Following common terminology of natural hazards, risk can be defined as “the po-
tential for adverse consequences or impacts due to the interaction between one or more
natural or human-induced hazards, exposure of humans, infrastructure and ecosystems,
and systems’ vulnerabilities.” [19] (p. 55). Therefore, assessing risk entails a comprehen-
sive analysis of the various dimensions. The three most commonly identified are hazard,
exposure and vulnerability [19-21], with risk being the combination of the three (however,
other authors suggest alternative formulations, such as Thywissen [22], who considers
four risk dimensions: hazard, vulnerability, exposure and resilience; other studies also
consider coping capacity [23]). A working definition of the three risk dimensions may be
the following:

“Hazard, i.e., the process, phenomenon or human activity that carries the potential to
cause loss of life, injury or other health impacts, property damage, social and economic dis-
ruption or environmental degradation. Hazards can be natural (e.g., wildfires, earthquakes,
droughts, floods) or anthropogenic (e.g., oil spills, terrorist attacks) in origin and can be
characterized by their location, likelihood of occurrence, intensity or magnitude, duration,
and extent.” [19] (p. 56). Hazard therefore implies estimating the probability and intensity
that a certain negative event occurs.

“Exposure represents the people and assets at risk of potential loss or that may suffer
damage to hazard impact. It covers several dimensions like the physical (e.g., building
stock and infrastructure), the social (e.g., humans and communities) and the economic
dimensions” [24] (p. 59). For other authors, it refers to the extent to which a value, resource,
asset or geographic area may be subject to or come into contact with a potential source
of harm [16]. Therefore, exposure assessment implies the inventory of elements in an
area in which hazard events may occur and during the time they may occur. Exposure
analysis is the process of identifying the exposures to which various resources or assets
could be subjected.

Vulnerability encompasses a variety of concepts and elements including sensitivity or
susceptibility to harm and lack of capacity to cope and adapt [19] (p. 57). In other words,
vulnerability is “the characteristics and circumstances of a community, system or asset
that make it susceptible to the damaging effects of a hazard.” [25]. While most natural
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hazards are beyond human control, vulnerability can be modified by human actions, either
increasing (vulnerable societies) or decreasing it (resilient societies).

Finally, risk assessment is the process of integrating information about the three
dimensions: hazard, exposure and vulnerability. It should consider a wide range of factors,
affecting both the physical phenomena (weather, geology, vegetation cover, topography,
seismic activity, etc.) and the human dimensions that can potentially mitigate or increase
the damaging effects of the event. Risk assessment entails understanding the nature,
sources and causes of risk, as well as the valuation of magnitude, extent and duration.
The magnitude of risk is sometimes conceived as the values at stake times the likelihood
of occurrence. In this regard, risk management greatly benefits from analyzing historical
occurrence [16].

2.2. Wildfire Risk Terminology and Components

Following the general terminology of natural hazards, wildfire risk assessment should
include all factors that affect both the likelihood of occurrence and the potential damages
(including exposure and vulnerability) that the fire may cause, not only on human lives and
assets, but also on ecosystem services and ecological values as well. Historically, wildfire
risk literature developed a particular set of concepts and terms, sometimes independent
from the general literature on natural or technological hazards [26]. FAO terminology [27],
for instance, defined in 1986 Fire Danger as “the resultant, often expressed as an index,
of both constant and variable factors affecting the inception, spread, and difficulty of
control of fires and the damage they cause”, while fire hazard was related to fuel conditions
and fire risk was related to causative agents. Growing acceptance of the UN natural
hazards terminology by the fire community implies that those terms are nowadays mostly
discontinued, although reminiscences are still found in historical risk assessment systems.
In any case, most fire managers now consider that integrated wildfire risk assessment
should consider both the factors affecting fire ignition and propagation (e.g., fire causes,
fuel properties, terrain and weather conditions), as well as the evaluation of assets at stake,
those that may be affected by direct or indirect impacts of fires (human health and lives,
houses, infrastructures, ecosystem services and ecological values).

Adapting the standard concepts used in natural hazards to wildfire risk is not a trivial
issue. Terminology used in fire prevention planning has a long tradition, especially in
the USA and Canada [28], but it has presented some controversy, as most wildfire risk
assessment systems have focused just on the estimation of the likelihood that a fire ignites
and propagates. These systems are commonly named fire danger [29-35]. For this reason,
we will also refer to fire danger in this paper as the probability that a fire ignites and spreads.

The two other components of risk used in the natural hazards literature, exposure
and vulnerability, have much less tradition in the wildfire community. In fact, there is not
yet an operational system that incorporates a full consideration of these two components,
although several authors have suggested new approaches to include them in the assessment
of the potential damages of fire [36-39]. Recent analyses have extended these approaches
to incorporate the exposure concept [40,41], which in fire events tends to be quite extended,
as most territory with burnable vegetation may potentially be burned, with more or less
intensity depending on fuel and weather conditions.

In summary, wildfire risk assessment entails an estimation of when, where, why
and how wildfires are more likely to occur and propagate, which areas are potentially
exposed and what potential damages those fires may imply. Therefore, a comprehensive
risk characterization should include these three dimensions of risk (danger, exposure
and vulnerability). Ideally, the risk assessment system should also be comprehensive (all
relevant variables considered), flexible (applicable to a wide range of spatial and temporal
conditions), coherent (internally logical) and replicable (based on transparent methods).

The constituents of such a system can be grouped in two categories: on one hand,
components which identify the different dimensions of wildfire risk that the system is
considering (for instance, ignition source/causes, propagation potential or landscape
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resilience), and on the other hand, variables which indicate specific parameters. These
variables can be further divided into first-order quantities (those directly measurable, such
as wind speed or population density) and second order (those estimated from a combination
of first order variables, such as fire rate of spread). The aggregation of variables (either
of first or second order) into different dimensions of risk will lead to generating risk
components. For instance, human ignition is a component that requires different input
variables related to how humans may generate fires, either intentionally or by carelessness.

2.2.1. Danger

Wildfire danger indicates the likelihood that a fire ignites and propagates in a certain
area and period. Even though most natural hazard terminologies name this component
as Hazard (see Section 2.1), Danger is more commonly used in the wildfire management
community (such as the American, Canadian, Australian and European systems) to indicate
a similar concept. Danger assessment considers human and natural causes leading to a fire
ignition, as well as those factors that must be present to start a fire or affect fire behavior,
including fuel availability and moisture status, slope and weather conditions (Figure 1).

Socio-economic
conditions

4

A 4
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- o
i N
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. Wind
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Figure 1. Fire danger components and variables.

Fire Ignition can be divided into human and natural ignition, defined according to the
main fire causes. Prestemon et al. [42] differentiated between two broader categories of fire
causes: natural (basically referring to lightning) and anthropocentric, the latter of which
was further divided into accidental and intentional. However, since the statistics on causes
are not widely available, human ignitions are generally considered as a single category.

Fire propagation is closely related to fire spread, but these terms are not fully iden-
tical. They both refer to the likelihood or probability that fire will spread in a particular
direction or over a specific area, along with information about the intensity and speed of
fire spread. Fire spread depends on concrete weather, topography, fuel conditions and on
fire dynamics, where these conditions represent either current, historical or possible future
scenarios. Propagation potential provides a more general understanding of the target area
and conditions prevailing in that zone [43,44]. These conditions can be observed through
shorter or longer time periods (ranging from 1 h to even decades).
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2.2.2. Exposure

Exposure indicates the extent to which people, infrastructures and other tangible
human assets, as well as ecosystems, could be affected by wildfires. Areas may be exposed
directly through contact with the fire front or via flaming embers; or indirectly through
the dispersion of smoke, or by fire-caused changes in hydrological cycles or soil erosion.
The actual exposure to fire may change even in short periods of time as a result of weather
patterns (e.g., heatwaves, changes in wind conditions that transport smoke in different
directions) or population movements (summer holidays: [45]).

As a component in wildfire risk assessment systems, exposure forms a link between
danger and vulnerability. Hence, the assessment of exposure is a crucial step in establishing
the location and characteristics of landscape entities that may be adversely affected by
wildfires. Exposure does not account for the properties of the given value at risk (as
these are part of its vulnerability characteristics; see next section), but reflects the potential
of a given place to be affected by wildfires, or the extent to which it is exposed to it;
studies on wildfire exposure are often based on the intersection of predictions of fire
behavior models, with available data on the presence of the elements at stake. For example,
Bar-Massada et al. [46] overlaid the locations of built structures on top of the gridded
predictions of burn probability derived from the FARSITE model [47] to estimate housing
exposure to wildfires under both normal and extreme weather conditions in northern
Wisconsin. Similarly, Alcasena et al. [48] estimated the exposure of highly-valued resources
and assets in Navarra, Spain, based on the intersection of their locations and predictions of
burn probability from the FlamMap model [49]. A simpler approach (without fire spread
modelling) was used by Beverly et al. [50] to estimate the exposure of four communities in
Alberta, Canada to wildfire based on the composition of hazardous fuels within multiple
buffer distances around them, which reflect different mechanisms of fire spread (radiant
heat, short-range and long-range spotting).

One critical aspect of fire exposure entails the wildland urban interface (WUI) map-
ping [51,52]. WUI maps typically use a set of predefined rules and parameters to identify
where human settlements adjoin or intermingle with flammable vegetation, to highlight
locations of potential fire exposure across landscapes. To date, there are multiple WUI
mapping approaches [51,53,54], and these methods have been applied in many regions and
at spatial scales ranging from local to global [50,55]. Information derived from these maps
allowed policy makers and land managers to direct management efforts to reduce potential
exposure to wildfires via the prioritization of fuel treatments around exposed areas.

2.2.3. Vulnerability

Vulnerability refers to the potential damages caused by wildfires on a particular
territory, including the losses directly caused by fires but also the ability (or lack of) to
recover afterwards. A vulnerable territory would be an area with high values (either socio-
economic or ecological), which will be lost (or a significant part of them) by the effects of
fire, and it will have little capacity to recuperate those pre-fire values. The boundaries of the
definition of fire vulnerability are unavoidably blurred, due to the various thematizations
of the term produced over time by different research perspectives and academic fields.
Generally speaking, vulnerability encompasses several thematic elements (e.g., social,
economic, physical, ecological, institutional) describing a broad range of phenomena.
Since wildfires impact both socio-economic values (human lives, public health, houses,
infrastructures), ecosystem services and ecological values (soil fertility and water holding
capacity, biodiversity, protected areas, etc.), fire vulnerability can be approached from
different perspectives.

Societal vulnerability to wildfires may be understood as both the magnitude of the
socio-economic impacts deriving from wildfires, and the inability of local societies to cope
with stressors to which they are exposed as a consequence of a wildfire [41,56]. However,
from an ecological point of view, vulnerability has been defined as the interaction among
exposure, resilience (also named sensitivity) and recovery potential (also called adaptive
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capacity) [57]. Leaving aside exposure (covered in Section 2.2.2), several authors defined
sensitivity as the degree to which a system is affected or harmed by the disturbance, as
an intrinsic feature of the system, but also driven by local environmental conditions [57].
Resilience includes coping capacity, which indicates the resistance of the ecosystem to be
negatively affected by the fire, and the ability to recover. Therefore, vulnerability is linked
to resilience as its ‘flip side’ [58], which includes the resistance to the fire disturbance, as
well as its recovery trajectory [59], that is, its capacity to return to near-prior conditions [60].
In practical terms, the assessment of vulnerability requires considering not only the spatial
and temporal scales, but also the hierarchical scales, from the individual organisms and the
structural and functional relationships between them, to the abiotic environment [61]. All
these reflect the inherent intricacy of ecological systems which makes their vulnerability
rather difficult to quantify and reduce to a single or few metrics [62].

A longer-term perspective is to characterize the end-point impact and its deviation
from the pre-disturbance stage so that the system is considered as vulnerable when not
recovering, resilient when recovering at a similar state variable than before the disturbance,
or adaptive when recovering at a higher state variable than before the disturbance [63,64].

2.3. Wildfire Risk Variables

Wildfire risk variables are the input variables required to generate a concrete risk
component. They can be measurable with specific metrics. First order variables are
generally estimated from original sources (census, field work, remote sensing, etc.), while
second-order variables are modelled through empirical, semi-empirical or physical models,
from a set of first-order variables.

2.3.1. Weather and Climate

Weather variables commonly used in wildfire risk assessment indicate those atmo-
spheric variables that affect ignition or propagation (temperature, relative humidity, pre-
cipitation, wind speed and direction, etc.). They can refer to current (instantaneous),
aggregated (last days-weeks) atmospheric conditions, or even historical conditions (past
scenarios). These variables are obtained from meteorological observations or short-term
weather forecasts based on climate models. Additionally, adaptation to future wildfire
conditions requires understanding future weather patterns, which is done through Climate
and Dynamic Global Vegetation Models (DGVM: [65]) to represent future values of meteo-
rological danger indices [66], but also to estimate future fire occurrence by linking DGVM
with fire models [67].

Weather variables are a critical element and widely used in existing wildfire risk
assessment systems, which generally address only the fire danger component. Weather
plays a key role in the ignition and propagation of wildfires. Temperature, atmospheric
humidity (relative humidity and vapor pressure deficit), wind speed and direction are the
common meteorological inputs to danger rating systems [35]. Fire weather extremes also
drive large and at times catastrophic wildfires. These events have been increasing over
much of the globe, and indicate that our fire climate is already changing [12].

In addition to weather or short-term atmospheric conditions, climate patterns are
relevant to fire occurrence, particularly for the build-up of vegetation fuels. Climate plays
a role in determining the fuel available to burn, the length of the fire season as well as
the presence of lightning, which is the most common natural source of ignition. Climate
including long-term averages has been used to explain the spatial variation in fire regimes.
Additionally, climate variability helps explain the global interannual variability in areas
burned, especially forested areas [68,69]. Many studies describe climate-fire relationships
along a continuum, ranging from fuel limited to fire weather limited systems. Fire weather
limited systems are largely driven by extreme fire weather and fuel moisture [12,70],
whereas fuel limited regions are positively related to precipitation prior to the fire season
that promotes vegetation growth and subsequent biomass for combustion during the fire
season. Lastly, and perhaps most importantly, human-caused climate change is causing
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profound changes in global fire regimes through changes in fire season length, fuel moisture,
fire intensity and fire severity [71].

Weather patterns also affect natural ignitions, both directly to the convergence of light-
ning and drought, as well as the characteristics of strikes and thunderstorms. Lightning
strikes are one of the most common natural causes of wildfires, accounting for around
10-15% of all wildfires worldwide. Lightning-induced wildfires are particularly prevalent
in regions with a high incidence of thunderstorms and dry vegetation [72-74]. While light-
ning strikes can occur at any time, they are most common during the summer months when
hot and dry conditions make it easier for fires to start and spread. One of the significant
challenges in identifying lightning-induced wildfires is the prolonged latent phase, known
as the holdover time, between ignition and fire detection. Typically, lightning-caused
fires start as smoldering in the organic matter surrounding the base of the tree struck by
lightning. This smoldering phase can last from several minutes to one or three days or
even several weeks in rare cases, making it difficult to accurately identify the lightning
that caused the fire. This phenomenon poses a great challenge to the development of
predictive methods that can establish a cause-effect relationship, which is currently limited
to specific regions [75]. A robust association between lightning and wildfires can aid in
understanding the natural fire regime, such as estimating holdover duration, identifying
igniting lightning characteristics, and modelling lightning fire occurrence. The principal
possibility of building such a model was demonstrated by Wotton and Martell [76] from
Ontario, Canada. Unfortunately, there are currently no global datasets that unambigu-
ously link igniting lightning to its corresponding wildfires. However, improvements in
lightning location systems (LLSs) and fire databases [77] have facilitated the identifica-
tion of possible igniting lightning, and numerous methodologies have been developed to
match wildfires and related lightning [75]. Consequently, identifying the igniting lightning
of a wildfire by searching the lightning dataset remains challenging, making predicting
single lightning-ignition events difficult. However, utilizing a statistical approach that
incorporates lightning data from Numerical Weather Prediction (NWP) models and other
environmental factors occurring when a fire is observed may offer a potential solution [78].
The target variables for prediction could be widely available satellite products, such as Fire
Radiative Power (FRP) or Burned Area (BA).

2.3.2. Topography

The terrain shape and morphology have great importance both for fire ignition and
behavior. The former through wind regimes, solar exposure, rainfall and air temperature
and humidity distribution, which all impact vegetation distribution [79] and moisture
contents [80]. Impacts of terrain on fire behavior include the shape of the terrain and
relations to prevailing winds. A fire front developing upwards on a slope will spread with a
much higher average rate of spread than on a horizontal plane or a downslope, because the
slope tilts the flame over the unburned fuels, pre-heating and drying them, and bringing
them to ignition temperature sooner [44]. The presence of concave terrain like in canyons
or gullies will induce a fire acceleration that is quite independent of the prevailing wind
conditions [81].

2.3.3. Wildfire Fuels

Vegetation load, structure, composition and moisture status play a key role in wildfire
ignition and spread: their characterization and mapping are therefore of paramount im-
portance to fire risk assessment and reduction. Wildfire fuels can be described in terms of
chemical characteristics, flammability and physical properties, which affect the combustion
process, and include quantity, size and shape, compactness and arrangement [82,83].

According to their vertical layers, wildfire fuels can be classified into ground, surface
and crown fuels, which present different fire behavior patterns [84]. As there are several
potential combinations of vegetation types, characteristics and succession stages, and
describing all these possible combinations is very challenging, the most common approach
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is to generalize and characterize fuels into a finite number of fuel models [85,86]. Overall,
a fuel model is an identifiable association of fuel components of distinctive species, form,
size, arrangement and continuity that exhibits a characteristic fire behavior under defined
burning conditions [87,88]. The parameters that compose each fuel model are dependent
on the input variables required by the fire behavior models they were created for. For
example, the fuel modelling system developed by Rothermel [43] considers four strata
for surface fire propagation (litter, herbs, shrubs, slash) organized in 13 fuel models, and
provides a simplified set of fuel parameters that are inputs for the equations of fire spread
developed at the Northern Forest Fire Laboratory of the US Forest Service [47,89]. Scott
and Burgan [88] expanded those fuel models to 40, adding fuels representing those existing
in high-humidity areas, and in forests with different kinds of understory vegetation. A
more detailed fuel model characterization was the one developed as part of the Fuel
Characteristic Classification System (FCCS) [90]. This system allows for the creation of
as many fuel models as necessary, organized in six strata: canopy, shrubs, non-woody
vegetation, woody fuels, litter-lichen-moss and ground fuels. For each of these strata, a set
of parameters needs to be assigned, representing strata characteristics such as percent cover,
depth, fuel load, etc. [83]. These fuel models are then used to run the FCCS fire behavior
and emission models [91], based on a reformulation of the Rothermel equations [92].
Complementary, several customized fuel models have also been developed to represent
better the fuel characteristics and to estimate observed fire behavior characteristics in many
other countries, including European regions [93-96] and Australia [97].

Another important property of wildland fuels for fire risk characterization is the fuel
moisture content (FMC). FMC is defined as the ratio of the water content to dry mass
within the fuel and is usually expressed in percentage [98]. It is commonly divided into live
(LEMC) and dead fuel moisture content (DFMC), which relate to the FMC of living (e.g.,
grass, foliage) and dead (e.g., litter, woody debris) vegetation components, respectively [99].
While dead fuel moisture responds to short-term weather conditions [100], live fuel is more
responsive to longer-term weather events, such as dry spells, and plant species-specific
water use strategies [101], although it has also been demonstrated to respond to short
heatwave events as well [102].

DFMC determines the amount of energy and time required to vaporize moisture
before fuels are ignited [103], which means that it greatly affects fire ignition, intensity;,
rate of spread and extent [104]. It determines whether a fire will start, spread and the
amount of fuel available to burn that translates into the potential intensity. High DFMC
values reduce ignitability and fire spread, while low DFMC values are associated with
high fuel flammability and, subsequently, higher risk of fire ignition and spread [105].
In particular, large fires occur once moisture decreases below a certain threshold value,
depending on the different forest environments (e.g., DFMC of 12% or lower for the
Mediterranean and temperate broadleaved and mixed forests) [70]. Given its importance as
one of the key drivers of fire danger, the estimation of DFMC is one of the key components
of meteorological danger indices [35].

The role of LFMC in wildfire ignition and spread is more complex. Laboratory ex-
periments have shown a positive correlation between LFMC and time to ignition [106] in
foliage from both needle-leaved and broad-leaved trees, as well as a negative correlation
with the rate of spread in shrub and tree species [107] and the temperature reached and the
heat released during the combustion. However, these interactions are not as clear from field
experiments likely due to confounding factors, the different magnitudes of heat flux gener-
ated by wildfires or the range of LFMC used being too moist to reveal a significant effect.
Alexander and Cruz [108] found no statistically significant relationship between LEMC and
crown fire rate of spread in conifer forests and shrublands, but Rossa [109] demonstrated
that in the absence of wind and slope, fuel moisture can have a significant impact on the
rate of spread. Nevertheless, several broad scale empirical studies using remote sensing
data and GIS have proven LEMC influences fire activity [110]. This highlights the need to
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improve our understanding of the relationship between LFMC and fire behavior to refine
fire risk models [111].

Traditionally, both DFMC and LEMC is estimated through field measurements [112].
Even though these measurements are fairly accurate [113], they are very local and extremely
time-consuming and labor-intensive, rendering FMC estimation over a large spatial and/or
temporal scale nearly impossible [99]. The use of meteorological indices and satellite
imagery constitute the two alternative methods which avoid the limitations of ground
field measurements [99,114-116]. Nevertheless, due to the usual inadequacy of existing
meteorological stations and subsequent spatial incomprehensiveness of the respective
meteorological data, FMC estimation is performed through interpolation techniques, which
result in significant computational errors [100]. Utilization of weather forecasting models
alleviates the problem of limited representativeness of individual stations, but is not free
from caveats either, the most important being the quality of precipitation predictions. More-
over, the meteorological data-based estimation of LFMC is additionally challenged since
live fuels have multiple drought adaptation strategies [102]. Among the meteorological
indices used for DFMC estimation, the Keetch-Byram Drought Index and the Cumulative
Water Balance Index are the ones most widely employed in fire risk systems [35,114,117],
although some authors have found saturation problems in dry regions [118].

Satellite remote sensing data can overcome most of those limitations, providing esti-
mations at various spatial and temporal scales. The remote sensing based LFMC estimation
methods can be categorized into two approaches, depending on whether they rely on
radiative transfer models (RTM) [119,120] or on empirical methods [121-123]. The former
models depend on the physical associations between canopy properties and its spectral
reflectance, while the latter on statistical approaches comparing ground observations and
satellite estimations. The RTM methods are more robust than the empirical ones since
they are independent of sensor and environmental conditions [124], yet they are more
complex to parameterize [119]. On the contrary, empirical approaches are usually easier
to parameterize but are more local and difficult to generalize. Some authors have shown
similar accuracy values between the two approaches [125,126].

Coarse and medium resolution multispectral satellite data, such as those acquired
by Terra’s Moderate Resolution Imaging Spectroradiometer (MODIS), Landsat TM/ETM,
MSG-Spinning Enhanced Visible and Infrared Imager (SEVIRI) and Sentinel-2 MSI have
been employed for LEMC estimation, since they provide either the required frequent tempo-
ral or spatial detail coverage [99,121,127]. However, cloud coverage and smoke can hinder
the retrieval of spectral information over extended areas. Microwave wavelengths have
been presented as an alternative data source to overcome such limitations [128,129]. Being
sensitive to moisture of certain vegetation parts (e.g., crown, stems), different Synthetic
Aperture Radar (SAR) bands from sensors, such as the RADARSAT-1 and most recently
the Sentinel-1, have been used to reliably estimate FMC in various environments [130,131].
Current advances in satellite technology are expected to introduce data from new sensors,
such as the upcoming Meteosat Third Generation (MTG)—Flexible Combined Imager (FCI),
Biomass SAR and OzFuel [132], providing new insights and additional possibilities for
LFMC retrieval.

2.3.4. Human Components

The human dimension of wildfire risk assessment includes two main components:
one linked to the beginning or the suppression of the fire, as a causative or control agent,
respectively, and the other one as an element of vulnerability, related to those people’s
lives and values potentially affected by fires. Human relations with fire are very diverse
on different continents, ranging from the traditional use of managed fires by indigenous
communities [133,134], to the total fire exclusion policy [135].

Even though many references acknowledge that humans are behind most fire ig-
nitions (90% according to FAO [136]), wildfire risk assessment (and research) has been
much less active with the social aspects than with the biophysical aspects of fire ignition.



Fire 2023, 6,215

11 of 60

Only in the last years has a growing interest to understand better how human behavior
relates to wildfire prevention [137] led to new approaches to model human causes of fire
ignition [138-141]. These studies have emphasized the complexity and regional variability
of human-fire interactions, both including fire occurrence [142,143] and persistency [144].
Population density and aging, proximity to roads and urbanized areas, livestock density
and social conflicts have been identified as closely related to human fire ignition [145-147].

Humans not only cause fires, but they are also affected by them, depending on expo-
sure and vulnerability [41,148]. Frequently, human assets are assessed through monetary
values. Fuchs et al. [149], for instance, estimated the economic value of the exposed build-
ings and the number of citizens involved in fire danger areas. The KULTURisk Framework
(based on UNISDR [25]) used a monetary index to assess people and assets in a given area.
However, human assets can also be assessed by their intangible value: cultural and histori-
cal heritage, for instance, has a value which cannot be fully monetized, and which is usually
strictly related with the identity of a local community, thus affecting its coping capacity.
Human assets can also be categorized according to the “capital(s)” they embed (i.e., social,
economic, institutional, human, and environmental). Additional aspects related to social
capital [150] exploring the relationships between communities, their activities to contain fire
ignition and spread and their strengths and relations with the current institutional system
are not yet introduced in integrated approaches, giving space for new research along with
the consideration of sociological indicators of community vulnerability [151-153].

Finally, humans have an indirect effect on fire via land cover change, particularly
through fragmentation (increase in land use intensity) or abandonment (reduction), which
impact fire propagation. Humans also fragment the landscape due to settlements, infras-
tructure (e.g., roads, powerlines, railroad tracks) and permanent agriculture. Increases in
small-scale agriculture and the abandonment of fire-management practices to manage the
landscape are likely to be responsible for the global decline of burned areas (particularly
clear in Africa) and fire-related carbon emissions [154,155]. When the land is no longer
used, fragmentation decreases while fuel connectivity increases and thus the fuel horizontal
and vertical continuity, leading to fire risk increments. The effects can differ regionally
depending on the changes in land-use, e.g., if pastoralism continues in the high mountain
areas, agriculture is less intensive in lowland areas.

2.3.5. Ecosystem Services

Ecosystem services (ES) may be defined as the human benefits generated by nature,
such as forest, fauna, water, soil, or minerals, the latter being the stock of renewable
and non-renewable resources that, using economic terminology, can also be identified as
natural capital [156]. ES are drivers of social wellbeing emerging through their interaction
with human and social capitals [157]. For instance, the contribution to human wellbeing
derived from forestry and agriculture ecosystems requires human labor energy, and capital
(machinery) input to convert them in societal benefits (e.g., crops and timber) [156].

A recent assessment carried out at the EU scale has defined and mapped a set of ES
such as crops, pollination, timber, recreation, carbon sequestration, flood regulation, water
purification and soil retention [158]. Limited attention has been given in the economic
literature to soil erosion, water supply and regulation following wildfire events [153,158].
Conversely, ecological values such as biodiversity, have been considered in the wildfire
economic literature and monetized by eliciting the willingness to pay for its use value (e.g.,
wildlife watching) or non-use value, such as the existence value [159,160]. Biodiversity
can also be valued by its optional value, referring to the potential benefits generated by
the protection of living beings because of their future bioprospecting use, such as for the
production of drugs or new materials [161]. Provisioning services of forest ecosystems,
such as timber and mushrooms, are usually considered in economic impact valuation or
welfare analysis (cost benefit analysis) because they have a market price [162].

In terms of vulnerability, the ES most commonly affected by fire are timber supply,
carbon sequestration and storage, pastures, hunting, mushrooms collection and recre-
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ation [163]. The value of those services can be either provided in biophysical units or
in monetary terms. The latter can be obtained by adopting the total economic value
(TEV) framework [164,165] in combination with a “cascade model” that shows the rela-
tionships (for simplicity assumed linear) between the stock of natural capital (e.g., forest),
the underpinning processes generating ecosystem services (e.g., woodland biomass, flood
protection, carbon sequestration), and the benefits that contribute to human wellbeing
(timber, non-timber forest products, health, safety, recreation and other cultural values,
etc.) [166]. Regulating services like carbon sequestration can be the object of an ample
range of values according to the methods used, fluctuating from the social cost of carbon,
the price generated in the carbon market, and the marginal abatement cost of the national
technology used to achieve a specific target of carbon reduction [167,168]. Recreational
values are a measure of welfare analyzed by preferences for natural areas, parks, and
species using travel cost methods [167,169], and integrated with stated preferences, based
on contingent valuation methods to assess the expected changes in number of recreationists
under different fire scenarios [169-172]. Landscape has also received attention with analysis
of monetary values measuring quality [173], resilience to wildfire intensity [37] and loss
of multiple values carried out by integrating the analysis of stated preference (contingent
valuation method) [173] and burn probability [174].

In all these studies the goal has been measuring the net value change or, in other
terms, the lost benefits of the pristine environment net of the regeneration caused by forest
recovery [37,175,176]. The goal is estimating the net value change of the asset, that is, the
difference between its pre-fire value and the estimated post-fire value (assuming a certain
fire severity level) and integrating the current losses incurred throughout the time until
the full recovery of that asset is obtained. This has been named as the present marginal
loss (PML), which can be computed using either a more traditional geometric discount or a
hyperbolic approach that penalizes less the long terms benefits (over 50 years) achieved by
the recovery of the natural ecosystem (e.g., forest), as proposed by Roman et al. [177]:

1— (147) logm
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where ML is the marginal loss (difference of value between pre and post-fire conditions),
r is the discount rate (set by Roman et al. to 2%, but suggested to be between 1% and 3%
to better reflect the social temporal preferences of society [178] rather than private market
conditions—5 to 10%), and ny is the estimated recovery time of the particular ES being
assessed. PML should be added to the actual ML to estimate the total loss.

However, it should also be pointed out that the use of monetary valuation has been
controversial for decades [179-181], and many alternative methods exist to account for the
multiplicity of ES components and their trade-offs. A recent review of existing methods for
the valuation of nature by the Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services (IPBES) (approved by 139 countries) [182,183] indicated that in less
than 20% of the studies dealing with the quantification of ecosystem services, a common
unit was used, and monetary units were used in a subset of these studies.

2.3.6. Ecological Values

Ecological values (EV) are defined by Cordell et al. [184] as “the level of benefits that
biotic or abiotic components provide for the maintenance of any living organisms”, except
humans. In turn, besides ecosystem services related to humans, Ratcliffe [185] provided
a list of criteria to assign EV to an entity, considering different aspects: its size (extent),
diversity, naturalness, rarity, fragility, typicalness, recorded history, position within an
ecological/geographical unit and potential value. As these criteria remain loosely defined,
EV used for vulnerability assessment to wildfires or to other disturbances are largely
heterogeneous in the literature.

Among others, a commonly assessed EV is biodiversity through species richness and
abundance or rarity and typicalness, as a major driver of ecosystem productivity [186] or
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aesthetic value [187]. Biodiversity includes all the variability of life (organisms, species,
populations), their complex interactions and assemblages of communities and ecosystems.
There are different scales and measures of biodiversity, including genetic diversity (that
may be measured both at intraspecific or interspecific levels), species diversity (variation
within and between populations or communities, different measures such as taxonomic,
functional, or phylogenetic diversity) and ecosystem diversity (variation within and be-
tween ecosystems in habitats, communities and ecological processes). At the landscape
level, a major EV relies on habitat fragmentation (size and shape from landscape metrics)
and connectivity (corridor and distance between patches). Habitats relate to the benefit that
nature provides to sustain life, including vegetation biomass and structure allowing animal
foraging (food resource), movement (connectivity) and nesting (protection). Additional
EV can be attributed to habitat naturalness, which refers to an ‘index describing how close
a landscape is to a natural state” [188] or how intact the habitat is from human impact or
disturbances [189]. The conservation value depicts the human view and investment in
conserving these intrinsic EV, and relies on legal protection using regional, national or
international standards [190]. EV then include the structural assemblage of plants and
animals, their associated biogeochemical stocks and cycles (carbon, water, nutrient), and
the soil status (fertility based on nutrient content and available water content) required to
maintain ecosystem functioning.

2.3.7. Resilience

Resilience indicates the capacity of a certain resource to resist and absorb the impact
of fires (or to avoid being affected by them) and naturally recover the pre-fire value after
it occurs [63]. Therefore, resilience is composed of two elements: coping capacity and
recovery time. The former can be defined as the resistance of the system to the disturbance
and its ability to reinitiate a recovery after the disturbance.

From a social point of view, the concept of resilience is related with the capability of a
community to absorb, recover from, or adapt to hazards, including the capability to restore
and eventually improve basic functions and structures [191]. A resilient community is one
that suffers fewer losses and recovers more quickly after a risk takes place [192]. Resilience
assessment comprises both quantitative, qualitative, and quanti-qualitative approaches.
Both take into account the dynamic nature of the resilience and the unit of analysis (i.e., the
community), as well as the inherent specificity of every community. They consider resilience
as a relative feature [193,194], socially constructed and temporally changing [195]. In the
unavoidable absence of critical benchmarks or thresholds, resilience should be assessed
in comparison with other similar units of analysis (e.g., neighboring communities). This
is the methodology applied in many studies [196,197], and is often combined with self-
assessment approaches that allow for end-users and stakeholders to contribute their local
knowledge to the broader assessment and to interact with statistical data.

From an ecological point of view, resilience can be derived from few plant species
strategies allowing a simplified classification in selected plant types [198]: (i) resistors,
which include species able to survive the disturbance through their resistance strategies
to high temperature, such as bark thickness and wood density or composition (as cork);
(ii) tolerators at the individual level, which are highly affected by the disturbance (low
resistance) but can easily regenerate by resprouting from canopy buds, or the rooting
system (very short regeneration time); (iii) tolerators at the community level, which are
highly affected by fire cannot resprout but could deliver resistant seeds in the soil or the
canopy (serotiny of coniferous species) with a short regeneration time; and (iv) tolerators at
the landscape level, which have none of the previous abilities to resist or regenerate, but
developed efficient seed dispersal strategies to regenerate from the closest seeders outside
of the disturbance, with a delayed regeneration time. The recovery time can be decomposed
into the recovery rate (RCR) and regeneration time (RGT). The recovery rate is the standard
rate of growth of species composing the ecosystem, assuming the presence of regenerative
material on the site. It can be theoretically assessed from logistic curves along time [199]



Fire 2023, 6,215

14 of 60

or through forest growth models. The regeneration time (RGT) is intrinsically linked to
regeneration strategies, depending on the size of the fire, which affects the ability of new
seedlings to colonize the site [200]. Altogether, the recovery rate and the regeneration onset
time will define the recovery time, as the time needed to recover and stabilize at a similar
(resilient), lower (vulnerable) or higher (adaptative) state level.

Abiotic factors can affect resistance (RST), regeneration time (RGT) and recovery rate
(RCR), such as soil available water content (derived from soil texture, depth and rock
fragment content) and fertility, or climate conditions (precipitation amount and intensity,
temperatures, air humidity, etc.) locally modified by slope and aspects. In addition, time
since last fire directly affects tree age and, in turn, resistance (RST) [201]; and it also
affects the viable seed bank availability based on the vital attribute model from Noble
and Slatyer [202] stating that viable seeds are only available when mature individuals are
present, or viable seeds could persist in the soil seed bank (seed longevity). In turn, time
since last fire (a proxy for tree age for seeders) combined with age of maturity (either of
saplings or resprouts) will affect regeneration time (RGT), so that cascading effects might
apply with recurrent and short interval fires [203]. Fire size will drive the distance to
unburned individuals providing seeds through dispersion (located outside the burn patch)
and, in turn, the regeneration time for tolerators at the landscape level. Management
strategies (through human-driven plantations after fires) will act as a similar process to
widespread seed dispersal in accelerating the regeneration time, as provided in forest
management maps [204].

2.4. Integration Approaches

Even though the different risk components can be valuable in themselves for the
end user [183], an integrated evaluation of fire risk conditions frequently requires the
merging of the risk components into synthetic ones, so the actual integration approach
can be attained. For doing so, two conceptual steps need to be developed; on the one
hand, defining common integration scales of measurement, and on the other hand, finding
suitable methods to weigh the importance of each component.

2.4.1. Risk Integration Scales

To obtain integrated risk indices from the risk components previously reviewed,
they need to be converted to a common measurement scale, since each component is
likely measured with a different metric. For instance, ignition probability is commonly
measured in a 0-1 probability scale, while FMC is expressed in percentage of dry weight,
and propagation potential is calculated as rate of spread (m) or fire line intensity (kW /m).
Combining all these variables requires generating a common risk metric where all inputs
can be later merged into synthetic indices.

Methods to obtain those common measurement scales are diverse, but the most used
are normalization, qualitative categorization and probabilistic approaches. Normalization
implies modifying the original measurement scale to a common range (0/1 or 0/100). This
is generally done using the extremes of the distribution (min and max values), using a
single algorithm [41,205]:

Vin — Vmin

Vout = Vmax — Vmin xe @)

where cis a constant for convenience scaling. Instead of the minimum and maximum values,
the user can select a certain percentile (5 and 95%, for instance). When the target variable
has a skewed distribution, non-linear normalization approaches can be used instead.
Qualitative categorization implies converting the original measurement scale into
classes, generally ordered into risk importance or priority of intervention. Risk categories
are commonly identified by a set of experts dealing with fire suppression or fire prevention.
They assign danger levels and weights according to their own perception of fire risk in
the area [206]. The main problem of this approach is its subjectivity and its excessive
orientation to local characteristics, which reduces its generalization potential. Experts
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make the decisions based on their familiarity with fire events in the study area, but their
judgement may not be applicable to other regions.

Alternatives for quantitative categorization entail the use of statistical or physical
models. A good example of the former is the application of empirical models to estimate
ignition probability based on historical fire occurrence [140,207,208]. Physical models are
based on the properties of risk variables related to any of the fire risk dimensions. For
instance, FMC values can be converted to probability of ignition (PI) based on the concept
of moisture of extinction (ME), which indicates the moisture threshold above which fire
cannot be sustained [43]. Since the vegetation is unlikely to burn above that value, the ME
can be used as a threshold of ignition probability, lowering the probability as FMC exceeds
the ME of that fuel. The shape of that function may be exponential or linear depending on
whether the assumption of abrupt changes above a threshold stands or not [105].

Even though it is not related to fire risk, a good example of an integrated approach
to measure a multifaceted problem is the Environmental Performance Index (EPI: https:
/ /epi.yale.edu/, accessed on 4 April 2023), developed by different institutions to quantify
the countries’” environmental operation. The index synthesizes a wide range of indicators
(32 in the version of 2020) of environmental sustainability into a single number. All
those indicators were converted to a common suitability 0-100 scale, from worst to best
performance, respectively, utilizing a normalization process. Some of the variables were log-
transformed before normalization to avoid the impact of a highly skewed distribution [209].
The normalization to the 0-100 score of each indicator was based on the distance-to-target
technique, considering the best and the worst performance (similar to Equation (2)), the
best being the value that would follow ideal performance (targeted by international treaties
or expert judgement).

2.4.2. Generation of Integrated Risk Indices

Once the variables have a common risk scale, that is, assigned risk values with a
common metric, the integration of the different components and variables into summary
wildfire danger, exposure and vulnerability indices can be carried out. There are dif-
ferent alternatives to obtain those integrated indices, including qualitative and quantit-
ative approaches.

If the variable was converted to a categorical risk scale, the obvious alternative is a
cross-tabulation analysis [29,210] in which the different risk components are integrated by
assigning qualitative ranks to the different combinations of the two-variable categories
being compared. A previous conversion from the original scale to ordinal levels of risk (low,
medium, high, and very high) facilitates this cross-tabulation process [211]. The assignment
of output risk values to those combinations is based on experts’ judgement. Multicriteria
evaluation techniques may be a good alternative to reduce the subjectivity of this assigning
process, since the opinion of experts may be quantitatively assessed [212]. Moreover, each
expert’s opinion may be weighed according to his/her degree of knowledge in the field or
the study area [151,213].

Quantitative integration methods can be based on simple conceptual formulas, for in-
stance, the estimation of risk by multiplying danger and vulnerability [214], or the potential
damages by the product between danger, economic value and ecosystem vulnerability [215].
Probabilistic approaches may also be used, for instance, by estimating the joint probability
of two independent components using the Kolmogorov probabilistic rule [216]. This ap-
proach was followed by Chuvieco et al. [36] to integrate ignition probability derived from
causative agents P(Ca) as a result of the human ignition probability P(H) and lightning
probability P(L) following:

P(Ca) = P(H) + P(L) — P(H) x P(L) 3)

Statistical models based on regression analysis between fire historical occurrence
and explanatory variables have also been widely used in fire risk assessment, including
interval scale regression models [142,217], logistic regression [218], geographically weighted
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regression [147,219] and global additive models [220]. More recently, machine learning
methods have been extensively used for integrating different risk variables, also based
on historical fire occurrence. The most common algorithms are Random Forest [144,221],
Neural Networks [218,222], MaxEnt [223] and Support Vector Machines [205].

An alternative for the merging of the different risk components is the Pareto ranking
aggregation [224], which has been used with the pan-European risk assessment system
(see Section 3.4) to preserve the ranking of values even when the input components are
modified [225].

Outside of the wildfire risk assessment field, it is worth quoting again the EPI ap-
proach [209], as it integrates multiple indicators into single indices easily understandable
and comparable. Once the different performance indicators are normalized to a common
score, they are combined into integrated indices by weighed averages. For instance, the two
main sub-indices, Ecosystem Vitality and Environmental Health, receive a weight of 60 and
40%, respectively. Within each of these sub-indices, the indicators are weighed according to
their relative importance and uncertainty of the input data [209].

2.5. Risk Validation

Risk assessment aims to mitigate the negative impacts of fire on people, infrastructures
and natural values by improving how societies deal with fire risk conditions. This implies
that fire risk assessment is considered an estimation of potential fire occurrence, both in time
and space. Therefore, the evaluation of the quality of a particular fire risk assessment system
seems logically related to how well it estimates fire ignition or behavior, or to how well it
defines the exposure or vulnerability of the target area. The former is easier to verify, as
statistics on fire ignitions and, to some extent, on fire propagation may be obtained after fire
occurs. For this reason, most researchers developing wildfire risk assessment systems have
compared their results with actual fire occurrence, either obtained from fire reports [33,38]
or from satellite observations [215]. The former approach is based on national statistics
derived from fire suppression services and usually includes a high accuracy, even for small
sizes, but may be not homogeneous for large territories [226]. The latter relies on global
observation of active fires or burned areas and provides a regional to global view of fire
occurrence, very useful for those regions with few suppression resources. Active fires are
detected by thermal sensors and provide a high accuracy for medium-size fires, particularly
in terms of dating the ignitions [124,227], while burned area products provide a more
detailed assessment of the total area affected by fire, as well as fire persistency [66,68,228]
and specific fire characteristics [229,230].

Regarding wildfire exposure and vulnerability, the validation is much more complex,
as the estimation of affected resources is done assuming a certain fire scenario (intensity or
persistency), which may or not be like the one actually occurring. In any case, the validation
of the specific variables that are used for exposure or vulnerability estimation should be
validated independently of their integration [231]. For instance, smoke propagation models
can be validated with specific measurements performed in real or prescribed fires, and,
therefore, those models can be considered accurate enough regardless of whether the
pre-fire modelled conditions are similar or not to the those occurring in actual fires.

However, we should emphasize that likelihood of occurrence is not the same as occur-
rence, particularly when dealing with specific components. For instance, meteorological
danger indices, used in all operational fire danger systems, help estimating when and
where a fire may ignite, but high meteorological danger does not necessarily correlate with
high fire occurrence [232]. Reasons for this apparent disparity of danger indicators and
actual occurrences vary for different regions and in many cases remain speculative. The
realization of high danger into a strong fire depends on both fire ignition and suppression.
Depending on region, local habits, agriculture and forestry practices, the same level of fire
danger may lead to very different fire patterns.
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2.6. Communication of Risk Conditions

Risk assessment would be practically useless without a proper strategy of risk com-
munication and management [233]. Wildfire communication is an essential aspect of
management that involves effective exchange between fire management personnel, emer-
gency services and the public to ensure the safety of those involved in managing wildfires
and those who may be impacted by them. Communication of risk conditions should be
done by a proper media, at a proper time and to the proper recipients’ group, including a
wide range of stakeholders, from public authorities and operational services to the local
population. Public involvement, effective risk communication, and relative training should
consider how citizens perceive the actual risk, and foster their responsibility to manage it,
while reducing their level of exposure and improving their preparedness.

Key wildfire risk communication techniques include:

e Risk awareness, which involves informing the public about wildfire risks and potential
impacts. It is important to provide accurate and timely information that is easy to
understand and to address any concerns or questions the public may have. This
should be combined with community outreach. Participatory approaches, in which
the local communities can express their own perception of risk, have also been proven
very efficient [234];

e  Public Messaging, which involves communicating important information to lay peo-
ple, particularly during the fire season, through various channels, including social
media, news releases and public meetings. Effective public messaging should be clear,
concise and consistent. Formalized radio or SMS alerts shared through competent
services, such as the telephone line 112 in Europe, may also be used to communicate
risk conditions;

e  Media Relations. Wildfire management agencies should work with the media to ensure
that accurate and timely information is shared with the public. This involves providing
regular updates to the media, arranging interviews with experts and officials, and
providing access to fire scenes when appropriate [235];

e  Social media can be an effective tool for wildfire communication, as it allows agencies
to reach a large audience quickly and easily. Agencies can use social media to provide
real-time updates, share photos and videos, and respond to questions and concerns
from the public;

e Dedicated apps and web-based services. Depending on the recipient, the mean can
differ from mobile apps [236] to web mapping services, of which many are already
in place, such as those provided by the European Forest Fire Information System
(EFFIS: https:/ /effis.jrc.ec.europa.eu/, accessed on 30 March 2023) or the NASA Fire
Information for Resource Management System (FIRMS: https:/ /firms.modaps.eosdis.
nasa.gov/, accessed on 30 March 2023).

Risk communication is essential to modern Incident Command Systems (ICS), used by
wildfire management agencies to manage and coordinate emergency incidents, including
wildfires. Fire risk conditions and, thus, the population at threat may change quite rapidly,
depending mainly on the weather and fire potential. Therefore, risk communication should
be activated at any time during a wildfire incident.

Adapting the best practices of risk communication [233] to the wildfire case implies
reflecting on the perception of fire risk when deciding about the contents of the message,
including possible mental models of the local population; ensuring that materials are
comprehensible, accurate, updated and have the capacity to motivate the desired reaction;
taking into account the potential of over-information produced by social networks of media;
adapting the message to specific groups with special needs or risk perception (aging groups
or permanent versus temporary residents, for instance); fostering community involvement
(engage volunteers both in fire prevention and suppression); providing interactive com-
munication tools (not just one-sided); and taking into consideration the credibility of the
different risk information sources.
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Wildfire risk communication can be ensured against several challenging factors, includ-
ing the complexity of the topic, since such communication often involves complex scientific
concepts that can be difficult for the public to understand. This can make communicating
the risks challenging, in terms of effectively ensuring appropriate responses. Furthermore,
the public usually has a limited attention span for topics not immediately relevant to their
daily lives or lifestyle. Thus, engaging people and sustaining their interest in wildfire risk
communication efforts can be difficult and may require systematic information sharing
during critical periods.

Misinformation is also a challenging issue in risk communication. Misleading infor-
mation and rumors can spread quickly during (also before and after) a wildfire event,
which can complicate formal risk communication efforts and lead to confusion among the
public [237]. In addition, language and cultural barriers are critical issues that should be
considered in risk communication. This can lead to a lack of understanding and prepared-
ness among non-native speakers and those from different risk cultural backgrounds [238].

2.7. Linking Wildfire Risk Assessment, Reduction and Adaptation

Wildfire risk assessment is a critical part of reducing fire impacts, but to be a properly
integrated approach it should also be linked to different strategies to mitigate negative fire
impacts, as well as to adapt better to future risk conditions [13,239]. Wildfire risk manage-
ment involves assessments of the likelihood and magnitude of wildfires while developing
appropriate responses to reduce ignitions or exposure or increase resilience [240-242]. In
addition, climate and societal changes require adaptation policies that may prevent the
negative impacts of changing fire regimes. Several authors have emphasized the impact of
climate change on fire occurrence, particularly the increasing frequency of drought periods
and heat waves [243] leading to extreme events [244]. These climatological changes interact
with trends of agricultural abandonment, particularly in the South of Europe, as many
areas experience a rural exodus [162]. Therefore, these areas face new and heightened
risks as landscapes shift from managed, mosaic types with ample variation in fuel density
and distribution, to more pyrologically homogenous land covers of even-aged stands with
dense, continuous understories [162,245,246]. The expansion of anthropic interfaces and
values into fire-prone wildlands explained why WUI [247-249] are nowadays areas of big
concern, both in terms of human lives and economic losses, especially when coupled with
finite financial and labor resources, creating limitations in the application of land, fuel and
wildfire management programs [210,250].

Paradigms that focus on complete fire suppression versus fire management and
prevention of unwanted fires are still prevalent in some parts of the world, such as in
Europe. Given the expense, labor resources, negative effects on fire-adapted ecosystems,
and evidence that complete fire exclusion is likely to cause larger, more dangerous fires, both
research and policy communities are recognizing the effects of the fire paradox [148,251,252].
In this light, evaluating how wildfire risk can be modified by management and adaptation
strategies is crucial to risk-informed decision-making. In order to prioritize activities in the
highest risk areas and to identify the best management strategies [41,253-255], options must
be assessed based on wildfire risk and related components, clear management objectives
and coherent identification of management priorities [242,256].

Risk reduction and adaptation strategies span a range of targets, strategies and spatial
patterns depending on the objectives, legal structures, socioeconomic considerations and
physical constraints in the local context [255,257,258]. Implementing and adopting wildland
fire prevention programs requires knowledge about what to do, an awareness of the risks
involved, even after mitigation measures are implemented, and, often, the risks associated
with taking no action [141]. A number of recent studies have explored some of the spatial
and temporal considerations of fire risk mitigation and adaptation strategies, including
constraints and performance evaluations [259,260]. Several such studies apply probabilistic
modelling approaches based on fire spread simulators, quantifying the spatial and temporal
variations in wildfire transmission and losses using measurable variables or metrics (e.g.,
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burn probability, flame length, fire size, source-sink ratios) [259,261]. Outputs from these
approaches can be used to characterize and quantify wildfire danger and exposure, as
well as to estimate uncertainty associated with wildfire events in terms of timing, location,
duration, spread and behavior, and environmental conditions in terms of weather and fuel
characteristics [262].

Other studies take a more qualitative or scenario-based approach for addressing fire
risk, aiming to include the aforementioned drivers of risk, including climate, socioeconomic
and land use changes, to build fire resilience at the landscape level [263,264]. Some studies
assess the opportunities to manage fire risk at landscape scales through land management
strategies, such as prescribed burn, silvopastoralism, or mechanical removal of fuels [265].
However, the uncertainty around many of the drivers of risk makes the selection and imple-
mentation of landscape-level risk management strategies difficult. In the case of prescribed
burns, for example, the number and distribution of days which meet meteorological safety
and ecological requirements has decreased in parts of the United States due to climate
change [266,267], limiting options for its use. Similarly, land-use (such as urbanization,
forest conversion, or afforestation efforts) in many parts of the world is very dynamic, cre-
ating tension between fire risk planning and the provision of necessary ecosystem services,
such as carbon sequestration and biodiversity [200,268]. Adaptation to future fire risk will
need to integrate anticipated patterns of land cover and use, socioeconomic trends, and
trade-offs for ecosystem services, including the diversity of stakeholder perspectives, to
design more fire resilient landscapes.

2.8. Non-Fire Hazards: Cascading Effects

Cascading effects refer to the combination of fire with other natural hazards, which
may potentially increase negative fire impacts. This is particularly critical with the growing
influence of climate change on different natural hazards, including wildfires and forest
diseases as well as their intertwined interactions [269]. These interactions mediate changes
in forest health conditions, producing amplifying or dampening effects of wildfires, po-
tentially weakening/enhancing ecosystem resilience [203], but their magnitude is still not
well understood. To overcome these challenges, a continuous monitoring system should be
developed [270]. Recurrent and distinct disturbances can trigger unexpected effects when
they occur in ecosystems that are still recovering from a previous disturbance of a rather
different nature. For example, successive disturbances can act synergistically (amplifying
effect), antagonistically (buffering effect), or neutrally regarding the differential resistance
traits they are linked to. Paine et al. [271] identified how the initial disturbance can change
the likelihood and characteristics of the subsequent one (‘linked” disturbances) or produce
effects that change the resistance and resilience of ecosystems to the subsequent disturbance
(‘compound’ disturbances). When disturbances co-occur frequently, their interactions may
favor adaptations that maintain biome states. By contrast, when disturbances co-occur
infrequently, synergistic interactions might cause an expected cascading effect that could
result in altered resilience or even switch to alternative biome states [203].

One of the clear examples of cascading effects of wildfires and other natural hazards
relies on the increasing fire risk caused by forest plagues. Seidl et al. [272] estimated that
climate change will increase the damage from windstorms, bark beetle (Ips typographus)
attacks, and wildfires up to +0.91x 10° m> of timber per year until 2030. However, in the
last decades, massive bark beetle outbreaks and wildfires have already occurred at an un-
precedented scale and in unusual regions [273-275]. While fire-related disturbances barely
occurred in Central Europe from 1986 to 2016 [276], wildfires have started to become an
emerging threat [277]. In the last 30 years, tree canopy mortality has doubled in European
temperate forests because of natural disturbances, land-use change, and especially because
of an intensified wood extraction from naturally disturbed areas where trees were dy-
ing [272,278]. The combination of different vegetation stressors such as high temperatures,
droughts and windstorms in homogeneous forests increases the probability of bark beetle
outbreaks at landscape scales [279]. Model simulations indicate that climate change will am-
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plify the effects of future bark beetle outbreaks in Central Europe, however, their intensity
could be reduced because of the negative effects of climate change on the spatial distribu-
tion of Norway spruce, which is its main host [280]. Increasing dead wood and changing
climate conditions bring along a higher risk of wildfires. Therefore, any conceptual scheme
for wildfire risk assessment should also consider the integration of other natural hazards,
potentially emphasizing, or even mitigating fire risk conditions accordingly.

3. Review of Existing Wildfire Risk Assessment Systems

To illustrate how wildfire risk assessment has been approached by different operational
entities, a review on those covering extensive regions, with long tradition and wide range
of risk conditions is included in this section.

3.1. USA

A wide range of risk assessment systems and decision support tools are used in the
United States, which vary by data and modelling approaches as well as intended uses and
decision contexts [281]. In terms of fire danger, it is worth mentioning the National Fire
Danger Rating System (NFDRS) [282], now operationally computed within the Wildland
Fire Assessment System (http://www.wfas.net/, access on 30 March 2023). The NFDRS
is widely used in the United States to account for fire ignition and propagation potential,
the latter divided into two components: Spread Component (value numerically equivalent
to the predicted forward rate of spread) and Burning Index (index relating to the flame
length at the head of the fire, which determines how difficult it might be to control a fire
depending on its speed and temperature).

Many of the wildfire risk assessment tools have been developed by or in concert with
the USDA Forest Service, the largest wildland fire research and management organization
in the US. Perhaps most well-known is the Wildland Fire Decision Support System (WFDSS:
https:/ /wfdss.usgs.gov/wfdss/WFDSS_Home.shtml, accessed on 30 March 2023), used
for real-time incident decision making and documentation and providing a spectrum of
risk-based functionality, including operational risk assessment, probabilistic fire spread
modelling and exposure assessment [15,283]. A related quantitative wildfire risk assessment
framework is built on common approaches for hazard and exposure assessment, but
incorporates vulnerability through the characterization of fire effects as a function of fire
intensity, and integrates risk metrics across various resources and assets by accounting
for the relative importance through multi-criteria analysis [284]. This framework is now
widely used to support preparedness, fuels, and response decisions and is embedded in
corporate systems like the Interagency Fuels Treatment Decision Support System [285,286].
Despite its successes, the framework does have some notable limitations; for instance, a
poor ability to account for fire impacts that play out over different time scales and the
typical use of expected values masks low-probability high-consequence events [287].

One notable area of growing emphasis is on wildfire risk to communities and better
characterizing risk in the wildland-urban interface. There is a growing availability of
national datasets to support community risk assessment (e.g., https:/ /wildfirerisk.org/,
accessed on 30 March 2023), and to prioritize landscape areas for hazardous fuels reduction
on the basis of community exposure and fire transmission across landscapes. At the same
time, there is growing awareness that risk to communities is much more than risk to homes
and structures, for example, considering public health impacts of smoke exposure [288].
There are also trends towards more inclusive participation, collaboration, and incorpo-
ration into structured decision making [289], and further towards systems thinking and
recognizing the interaction of biophysical and social systems [290].

Another area of growing emphasis in the US is on cross-boundary, collaborative strate-
gic wildfire planning with the potential operational delineation (POD) framework [291].
PODs can encode information from quantitative wildfire risk assessments, as well as infor-
mation on risk to strategy and risk to fire personnel, and reflect a growing sophistication
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of fire analytics. PODs are now widely deployed for wildfire planning, landscape fuels
management and incident response [292].

Lastly, there is a growing role for risk assessment to support safer fire operations.
This expansion reflects increased concern for firefighter safety, and as stated above, a
growing portfolio of tools designed to improve situational awareness and assess risk to fire
personnel. One recent development is the Severe Fire Danger Index, built by integrating
Energy Release Component and Burning Index values from the NFDRS that can forecast
extreme fire danger and provide critical information to firefighters [293].

3.2. Canada

Despite having fairly active fire regimes with millions of hectares burned annually,
and a long history of fire management and research, Canada does not have a national
risk framework or risk-assessment system as in other parts of the world. However, great
efforts have been made to assess fire risk for more than 80 years, and research on wildland
fire ignition and behavior has been incorporated into the operational decision support
systems within wildland fire management agencies in Canada. Outcomes of this long-
lasting research effort have been collected in a framework called the Canadian Forest Fire
Danger Rating System [294], which consists of four linked modules. Among them, the
Canadian Forest Fire Weather Index (FWI) System [295] and the Canadian Forest Fire
Behavior Prediction (FBP) System [34,296] are the foundation for wildland fire environment
assessment and operational forest fire management decision making in Canada and many
countries around the world [34].

The FWI System is strictly a weather-based system that outputs six main indices
representing fuel moisture and fire behavior potential. These indices provide a critical
tool to tracking fuel moisture and potential expected fire ignition and spread for the day
and provide critical information for fire management activities. Fire occurrence models for
lightning-caused [76] and human-caused [297] fires have been developed and implemented
in some Canadian jurisdictions. The FBP System takes outputs of the FWI System along
with other inputs specific to an individual fire and provides quantitative estimates of head
fire spread rate, fuel consumption, and fire intensity, along with a basic fire description
(e.g., surface vs. crown fire, and crown fraction burned) for 16 forest and rangeland types
across Canada. Key elements of the fire environment such as slope and aspect, live fuel
moisture content, and curing state of grass fuels are also part of the inputs. In addition,
the FBP System also produces a set of secondary outputs to estimate lateral (or flank) and
backfire spread rates, and consequently overall fire area perimeter length and growth rate.

These systems are also the foundation for wildfire risk assessment in Canada including
propagation probability and fire behavior parameters such as fire intensity and rate of
spread. Although burn probability can be assessed using various statistical and mathemati-
cal methods (e.g., logistic regression model, machine learning techniques), in Canada it is
often assessed using a fire simulation model called Burn-P3 [298]. Burn probability, or the
local hazard of burning [299], is the outcome of patterns of ignition and fire spread that vary
with local vegetation, topography and climate [300]. This measure [301] provides a spatially
explicit, gridded estimate (i.e., per analysis cell) of the likelihood of a grid cell burning
for one year (often the upcoming fire season). The Burn-P3 model explicitly simulates the
ignition and spread of several fires in a given year over a gridded landscape using the
Prometheus fire growth engine [79], then repeats this procedure for a large number (e.g., 10*
to 10°) of years (i.e., iterations) [298]. Burn probability is estimated as the number of times
each pixel burned divided by the number of iterations. This estimate provides a simple
proxy for wildfire hazard, but it is not without limitations, as burn probability estimates
derived from Burn-P3 have limited predictive power of actual burned areas in subsequent
years [302,303]. The Burn-P3 model can also produce some Canadian FBP System outputs,
including head fire intensity, rate of spread and fuel consumption. Together with burn
probability, these variables can be used to assess fire danger [241,304].
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On the fire impacts side of risk assessment in Canada, early work using cost-benefit
analysis techniques have addressed issues related to fire risk in fire economics, fire manage-
ment, and level of protection [305-307]. Quantitative methods have also been developed to
assess costs and benefits within forest management and timber supply [305,306,308,309];
impact modelling using expert opinion has considered the social, economic, and emergency
response impacts [310]; and recent work has been done on response functions for structure
impact modelling [311].

Although not adopted by the whole country, some fire management agencies in
Canada do incorporate some form of risk assessment in their decision-making within their
internal agency systems. These agencies use a variety of tools to inform their decision-
making in operational fire management, in the context of their responsibilities and priorities.
Applications may include longer-term planning, moderate-term preparedness procedures,
and shorter-term operations; though there is no standard set of tools or approaches for risk-
based decision making across the various fire management agencies. Insurance companies
in Canada use risk assessments for other natural hazards, but wildfire risk assessments are
still lagging despite significant economic damages due to wildland fires (e.g., $3.7 billion of
direct insurable losses from the fire that damaged Fort McMurray, Alberta, in 2016 [312]).

Much of the data needed for comprehensive risk assessment is available in Canada,
including: fuels, weather, topography, various human activities related to likelihood of fire,
fire activity, fire danger, human population, structural and infrastructure information and
socioeconomic information [304]; and there are many options for modelling fire risk and its
components [313]. Research on many topics related to risk is continuing, and there are a
variety of initiatives aimed at the development of specific risk assessment tools for a variety
of purposes. A national fire risk assessment framework is being developed, national-scale
fire risk mapping is being carried out, and a variety of tools to directly support community
risk assessment will become available in the coming years.

3.3. Australia

Over the last 60 years Australia has been using a two fuel-specific fire danger sys-
tem, including the Grassland Fire Danger Index (GFDI) and Forest Fire Danger Index
(FFDI) [314]. The McArthur fire danger indexes were operationally applied to all fuel types
in Australia and were produced based on the predicted rate of spread and the difficulty of
suppression of fires burning in grasslands [314] and dry sclerophyll forest fuels [315] under
different weather conditions using a dataset of over 800 experimental fires, complemented
with data from high-intensity wildfires.

McArthur’s FFDI uses as inputs air temperature, relative humidity, 10 m open wind
speed and precipitation. The latest variable is used to determine fuel availability by
applying the drought factor (DF), which is determined based on recent rainfall and partly
based on the soil moisture deficit, commonly calculated using the Keetch-Byram Drought
Index (KBDI [316]). As the KBDI increases, fuels increasingly become more available due
to stress and moisture deficiency. The GFDI is calculated using air temperature, relative
humidity, wind speed (10 m), fuel load and the degree of grassland curing, which is used
to compute fuel moisture content.

The strength of the system is its simplicity, and it is well understood by the fire
industry given its long adoption in Australia. However, the most important limitation is
that it was limited to two fuel types and, as such, it does not account for fuel variability
(e.g., availability, load, type and structure) [317]. Fuel structural and physical conditions
are key determinants of fire behavior and the consequences and impacts of fire. Therefore,
the points of transition and descriptors that define each fire danger class also need to be
specific to the different fuel types in Australia [317,318].

A new fuel type-specific Australian Fire Danger Rating System (AFDRS) was imple-
mented in September 2022. This system combines fuel-specific fire behavior models for
eight vegetation types with fuel, weather and climate datasets to derive Fire Danger Ratings
(FDR) and the Fire Behaviour Index (FBI) across Australia. These vegetation types include
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grassland, savannah, spinifex, buttongrass, forest, mallee heath, shrubland and pine. The
purpose of the FDR is to provide an efficient and easy to understand way to communicate
fire danger broadly to the community, with categories including moderate, high, extreme
and catastrophic based on the range of possible fire behavior, prescribed burning potential,
suppression opportunities, and potential consequences of a fire [317].

The FBI is a simple numerical scale that can be used consistently across Australia for a
decision that needs finer detail than the FDR categories allow. FBI ranges from 0 to 100 and
beyond with increasingly high values indicating increasingly dangerous fire behavior and
therefore high fire risk. FBI is calibrated using fire line intensity (kW m~ 1) for most fuel
types (grassland, savannah, forest, shrubland, pine). For mallee heath, three fire behavior
metrics are combined: spread probability, crown fire probability and fire line intensity,
while for buttongrass and spinifex fuel the fire behavior metric is the rate of fire spread
(m h™1). Fuel mapping and modelling use fire history maps to provide time since the fire
(years) and calculate fuel levels. Finally, FBI thresholds of 12, 24, 50 and 100 are applied to
derive FDR. Calculations are made in a 1.5 km pixel.

The most significant weakness of the system now is the lack of suitable fuel availability
models for fuel types other than grass and buttongrass. There is lots of promising work
being done to retrieve live fuel moisture content modelling and remote sensing [120,319,320]
but it is not yet clear how this information can be applied to fire behavior or fire danger
modelling given live fuel moisture is not a direct input in fire spread models.

The future developments of the system will also include fire ignition, suppression
and impact (ISI) indices that are still under testing and development [317]. ISI indices will
inform a range of decision-making beyond the declared FDR [321]. The ignition index
is defined as the likelihood and ease of ignition and comprises three sub-indices: arson,
power lines and lightning. This index will improve warning triggers and prepositioning
of firefighting resources. The suppression index is defined as the likelihood of initial
attack suppression success and will improve situational awareness by real time automated
tracking of firefighting resources. The impact index is defined as the likelihood of impact
on assets and exposure although current development of the index is purely based on
infrastructures lost.

3.4. Europe

The development of a pan-European Wildfire Risk Assessment (EWRA) is the re-
sult of the need for a standardized approach for the conception and implementation of
European Union (EU) policies. These policies, in the form of EU regulations, which are
implemented by the European Commission, or Directives, which are transposed in national
legislation, require a unified approach in the EU territory, now composed of 27 countries.
The investments of the European Commission in prevention, mitigation, management and
restoration of areas damaged by fires are in the order of billions every year, which must be
allocated to wildfire risk areas. For example, 1.55 billion Euro were used for prevention
and restoration measures in areas at medium or high risk of forest fires within the Rural
Development Regulation during the period 2013-2017. Accordingly, in 2014, a request was
done to the European Court of Auditors to set up common criteria to assess fire risk in the
EU [322]. The EWRA development evolves from the establishment of an agreed expert
definition of wildfire risk [28] and the delineation of common basic criteria to assess it [323].
The EWRA development was closely linked with the requirements, advice and iterative
peer review of the Expert Group on Forest Fires (EGFF), composed by fire management
representatives from 43 countries (including non-EU) and part of the European Forest Fire
Information System (EFFIS). EWRA assesses the structural risk based on a climatological
analysis of data from 2003 to 2020. Following previous developments [36], fire risk was
defined in the EWRA as the combined impact of wildfire hazard on people, infrastructures
and ecosystems services exposed in vulnerable areas, explicitly accounting for the multi-
plicity of risk dimensions and the sources of uncertainty, with a priority for human lives,
while also considering ecological and socioeconomic aspects [38,182,324]. The modelling
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methodology is designed to be scalable to wider spatial extents in future, up to global scale
in principle.

Core harmonization elements were introduced to develop the EWRA, including a
high-resolution (~0.000257 degrees, approximately 580 m? at 45-degree latitude) layer
of potential burnable land based on state-of-art available information [325]. This layer
served as a detailed mask to estimate the probability of false positives when processing the
time series of historical fire activity. The iterations with the EGFF consolidated the EWRA
structure considering the heterogeneity of the European continent, both bioclimatically and
from a social and administrative perspective, and the corresponding diversity of scope
and methods for wildfire risk assessment among the European countries. The final EWRA
approach [225] defines risk as the joint effect of wildfire danger (or hazard) and the damage
that it may cause (exposure and vulnerability), assessed together by considering the wildfire
vulnerability of people, ecosystems and goods exposed to wildfires.

An extensive satellite remote sensing data was used to generate the different compo-
nents and variables of the EWRA. The high-resolution burnable mask was developed using
the Global Human Settlement Layer’s built-up product [326], the PROBA-V NDVI from the
Land Service of Copernicus and the Joint Research Centre (JRC) Global Water Layer [327].
Historical records (2003-2020) on the location, damage and number of fires (derived from
the MODIS thermal anomalies, EFFIS burned area dataset and Corine Land Cover aggre-
gated in two classes (Wildland and Non-Wildland, the latter including urban, industrial
and agricultural areas) were used to assess the contribution of fire ignition to wildfire risk.
The number and the location of ignitions (based on the proximity between burned areas and
thermal anomalies and the percentage of the burnable area in each thermal-anomaly foot-
print) were used to filter thermal anomalies not corresponding to vegetation fires (i.e., with
footprint outside any potential burnable vegetation fuel) as well as to assess the level of
fuzzy-confidence in each thermal anomaly being part of a real wildfire. With this robust
fuzzy classification, the possibility for thermal anomalies to be wildfire-related was ranked
in a way more tolerant to data uncertainty and misclassification, and an improved version
of the wildfire danger by thermal anomalies was estimated (mitigating the otherwise large
impact of purely cropland fires). Daily data from the Canadian FWI, for the same period
(2003-2020), were used to assess the weather wildfire danger conditions, since FWI was
also proven suitable for European conditions [33]. As a proxy of high-to-extreme conditions
of fire danger by weather [30], the number of days where FWI was higher than 30 was
computed for each EURO-CORDEX cell. Additionally, the fraction of burnable area for
each thermal anomaly footprint was assessed for each land-cover class from the four Corine
Land Cover collections (2000 to 2018) and used as a first proxy to assess the vegetation
classes most affected by fires.

Vulnerability, assessed together with the exposure was designed to encompass people
(1), ecosystems (2) and goods (3) prone to fire in vulnerable areas. To estimate the people
exposed in those areas, the wildland-urban interface (WUI) model specifically developed
by Costa et al. [30] was used. The ecosystems exposed were estimated by a qualitative
approach using the Natura 2000 network, the World Database on Protected Areas and the
Ecological irreplaceability score [328] for each protected area, which reflects the potential
contribution of a protected area to conservation goals. The goods exposed in vulnerable
areas were assessed by considering the restoration cost of forests and cropland per spatial
cell if the entire cell was burned [329,330].

The aggregation of the different risk components included a variety of semi-quantitative
and qualitative methods [225]. The chosen aggregation characterized the EWRA methodology
as trade-off aware, without introducing any weighting between irreducible dimensions (which
includes as a special case monetary weighting or pricing). Weighting, as an additional
transformation of distinctly quantified dimensions into a single artificial flat dimension, is
unnecessary in the EWRA approach, and would have masked trade-offs. Several components
were integrated based on a classical Pareto ranking aggregation [224], which is stable for
any possible transformation of the components where the ranking of values is preserved,
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including change of units and percentile ranking. Moreover, lower priority was given to the
areas where all the dimensions of a risk component were consistently lower than in other areas.
This mathematical approach ensures that, irrespective of any special preference for a given
dimension over the other ones, the lower-concern areas would be de-prioritized in the same
consistent, unambiguous way, allowing the assessment to focus on the higher-concern areas.

Virtually all the risk components of the EWRA system are associated with an intrinsic
uncertainty, so that integrating them to estimate the final risk magnifies the cumulative
aggregated uncertainty. Therefore, this structural uncertainty is the key element of a robust
method for identifying which areas to prioritize, where the estimated risk is consistently
higher than in other areas. This robust risk assessment is computed by considering multiple
simulations of the uncertainty, as explored in a corresponding set of multiple model in-
stances (or model runs). In each model instance, the risk components and their dimensions
are aggregated with the aforementioned integration up to a corresponding risk ranking
for each instance. The degree of agreement between model instances is estimated, thereby
identifying the high-priority areas where most instances agree on these areas being at high
risk. Analogously, areas with relatively low risk (lower priority areas) can also be identified,
where most instances agree on the same low-risk classification.

The EWRA aggregated wildfire risk index identifies risk classes (from low to high risk)
with a simple score ranging from 0 to 100%, which could then be aggregated in three levels
of risk: low, intermediate, and high. This index prioritizes the risk for human lives, while
also considering ecological and socioeconomic aspects. For this ranking, the mathematical
mechanism relied on standard long-established lexicographic sorting algorithms [224].
High risk may be expected where high wildfire danger affects the most critical areas for
people, and secondarily for the other ecological and socioeconomic aspects (Figure 2).
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Figure 2. Final aggregated wildfire risk by pixel level for higher-risk class in each EURO-CORDEX
spatial cell prototype version 1 (after [225]). Percentage based on the risk classification in each EURO-
CORDEX cell of 100 equi-possible model runs, to assess the combined effect of all the modelled
sources of uncertainty. Exterior EU islands are not shown in the figure.
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Next steps of the EWRA development will include testing and validating the current
and future versions in close collaboration with the EGFFE. At the same time, future research
will focus on deriving enhanced datasets and methods for fuel classification, socio-economic
components, and live fuel moisture content.

4. Description of the FirEUrisk Assessment System

This section presents an example of an integrated wildfire risk strategy, which has been
developed within the European research project FirEUrisk. The overall strategy includes
three phases of wildfire risk: assessment, reduction and adaptation. Once the main factors
of risk are defined and assessed, different approaches to reduce the negative impacts of
fires on society and ecosystems need to be considered, including minimizing the causes of
fire ignition, decreasing the propagation potential leading to extreme conditions, reducing
exposure of people and assets and increasing resilience of societies, ecosystem services and
ecological values to fire damages [210]. In addition, the FirEUrisk strategy includes mod-
elling how the main risk components will evolve in the future, according to the expected
climate and socio-economic changes, to propose adaptation measures that would reduce
the negative impacts of wildfires in the foreseeable future [260]. Within this paper, we will
present the FirEUrisk developments in the first phase, dealing with fire risk assessment,
following the general scope of this review. The FirEUrisk assessment system was designed
to cover a wide range of temporal and spatial scales, as well as users, including European,
national and regional managers, decision makers, local communities and policy makers.
The description of the system includes methods for retrieving the risk components and vari-
ables and integrating them into synthetic risk indices for comprehensive characterization
of fire risk conditions.

4.1. Spatial and Temporal Resolution

An integrated risk system should be as scale independent as possible. However,
the availability and the quality of input datasets is highly dependent on the target scale.
Generally speaking, global or continental scales tend to cover larger territories using coarse
resolution data, while regional-local scales cover smaller territories at much higher spatial
resolution. For the FirEUrisk project, two target scales have been developed: the European
Territory (ET), with a total area of around 5 Mkm? of land covering 33 countries at a target
resolution of 1 km?, and selected pilot sites (PS), covering a few thousand square kilometers
and a minimum resolution of 0.01 km? (1 hectare).

The ET area covers European Union member states, except for their tropical islands
and Cyprus, plus the United Kingdom, Switzerland, Norway and the countries in the
Western Balkans. The selection of PS aimed to consider the variety of fire conditions in
Europe, including regions in Mediterranean Europe (Portugal, Spain, Greece), Central
Europe (Germany, Czech Republic, Poland) and Northern Europe (Sweden).

Two temporal scales have been considered for assessing risk conditions: near-real time
and reference scenarios. The former involves evaluating current conditions, especially for
those variables that can change rapidly such as fuel moisture, precipitation, wind speed
and direction. For the FirEUrisk project, they will be updated daily (weather variables) or
weekly (live fuel moisture content). This near-real time temporal scale should be useful for
pre-emergency management and tactical decisions.

Historical reference scenarios, on the other hand, are useful for long-term planning, for
instance, to estimate how much area would be exposed in case those reference conditions
occur again. Since the FirEUrisk project is mostly interested in extreme fires, two reference
scenarios leading to very high or high-risk conditions were selected. The first one was
defined by selecting the 95th highest percentile of weather parameters at noon (12 h) for
high-risk days, while the high-risk conditions scenario was computed from the same set
of high-risk days but taking instead the 50th percentile of the weather parameters. High-
risk days were obtained by selecting the ignition dates of any fire that burned more than
2000 hectares in the ET area. The selection of ignition dates was based on the analysis
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of the 2001 to 2019 time-series of the FireCCI51 burned area product. This dataset was
produced within the European Space Agency Climate Change Initiative’s program [331],
based on satellite earth observation data [4]. The original product was available at 250 m,
organized in continental monthly files that extend from 2001-2019. To estimate ignition
points, burned pixels of the FireCCI51 were grouped into burned patches using a contextual
algorithm that accounted for the spatial proximity and the date of detection [332]. Ignition
points (and respective dates) were obtained by computing the geographic centroid of the
contiguous pixels that have no other neighboring pixels with a previous fire date. A total
of 403 high-risk days corresponding to those ignition points was obtained for the 19 years
of the FireCCI51 time series.

Weather parameters for those 403 days were computed from ERA5-Land global re-
analysis data (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?
tab=overview accessed on 30 March 2023). A topography-based transfer function [333]
was applied to the 9 km-resolution time series of the hourly ERA5-Land reanalysis data
(https:/ /cds.climate.copernicus.eu/cdsapp#! / dataset/reanalysis-era5-land?tab=overview, ac-
cessed on 30 March 2023) for the following variables: Temperature, Dew Point Temperature,
Relative Humidity, Wind and Daily Precipitation. Particularly, for each climate variable
simulated by the reanalysis, the statistical downscaling was based on three steps: (1) For all
the variables and for each time step (with 0.073° x 0.073° resolution), a purely geo-statistical
approach was performed to a 1km x 1km grid by using AIC-based stepwise regression [334]
with topological and geographical parameters (altitude above sea level, latitude, longitude
and distance to the Atlantic Ocean and Mediterranean Sea). Finally, a bilinear model was
applied to the residual errors obtained by comparison of the geo-statistical approach and
the original ERA5Land grid point values. In other words, for each hour of the target days, a
stepwise regression is used to obtain the interpolation function of ERA5Land data to a 1 km?
grid using as selection method the likelihood function as described in Akaike [335], using the
R stat package. The interpolated data are subsequently compared with the original ERA5Land
ones in order to obtain the residual errors that are then interpolated with a bilinear model to
obtain the final values for the target grid.

In addition, altitude was taken into consideration in the case of temperature. (2) Sim-
ilarly, for each targeted time step, residual errors of the AIC-based stepwise regression
were interpolated from the original grid (0.073° x 0.073°) to the final 1 km? grid by using a
bilinear model. (3) Finally, the projected value for each time step was obtained by adding
the result of Step (1) and Step (2), obtaining climate scenarios ina 1 km x 1 km grid at an
hourly timescale (daily in case of precipitation).

4.2. FirEUrisk Integration Scheme

In line with the main risk dimensions described in Section 2 of this paper, the FirEUrisk
integrated wildfire risk assessment system includes the assessment of danger, exposure
and vulnerability (Figure 3). It was built on previous integrated approaches that took into
account those elements at different spatial scales [36,38]. The integration of the different
components aimed to provide a comprehensive view of risk conditions, which may be
later on integrated with other natural hazards, while considering the potential cascading
multi-risk effects. This section covers the three main components of wildfire risk, while the
following one (4.3) deals with the variables that each of those components include.

4.2.1. FirEUrisk Danger

Danger was estimated from ignition causes and propagation potential. The former
includes human and natural fire ignitions, while the latter includes the estimation of fire
behavior, considering fuel and terrain characteristics, as well as the weather scenarios
indicated in Section 4.1. Section 4.3 contains a detailed analysis of the variables gen-
erated for this component, including the probability that lightning causes fires, human
factors that lead to accidental or intentional ignitions, as well as fuel moisture content and
propagation modelling.
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Figure 3. Conceptual integration of wildfire risk assessment components within the FirEUrisk project.

Resilience

This scheme could also be eventually applied to risk reduction and adaptation.

4.2.2. FirEUrisk Exposure

Exposure potential was quantified based on the juxtaposition of fire exposed related
values with the spatial distribution of fire metrics. The final output—fire exposure potential
(ranging from 0 to 1, for a combination of a given fire metric and value at risk)}—was
computed using the following equation:

Fire metrics x Values at risk

E tential = 4
posure potentia Max (Fire metrics x Values at risk) @)

where the fire metrics include the main fire propagation characteristics (see Section 4.3.4),
such as fireline intensity or rate of spread, but also atmospheric emissions (gases and
smoke), while values at risk include both human assets and ecosystem services. The main
purpose of this equation is to easily identify the grid points with higher values of exposure,
and exposure results from the product between the chosen fire metric value and the chosen
exposed element quantity (i.e., fireline intensity and number of buildings). It is assumed
that both fire metric and exposed element always have a similar weight and it is possible
to have one of the components of exposure driving the final value and this is part of the
exposure concept. For instance, in case the quantity of exposed elements is low, but the
fire metric is high, the final exposure value will be low. Moreover, this equation allows
representing with the same dimensionless scale, and for all the selected fire metrics and
exposed elements, the exposure potential spatial distribution, which can be used in the
development of an integrated approach to wildfire risk assessment. As a first approach
to estimate this variable, the exposure to population and assets was modelled, taking as a
case study one of the PSs of the project (see technical details in Section 4.3.5).

4.2.3. FirEUrisk Vulnerability

Vulnerability was determined by the initial values at stake and their resilience (in terms
of coping capacity and recovery time) and comprised potential impacts of fires on both
social (including here houses, infrastructures and ecosystem services) and ecological values.
Figure 4 includes the general model that was used to estimate vulnerability, which is better



Fire 2023, 6, 215

29 of 60

adapted to ecological values (EV), but can also be applicable to social assets and ecosystem
services (ES). Actual loss was obtained from how much of the pre-fire value (Potential
Loss) would vanish as a result of fire. For EV, losses depend on fire conditions, but also on
landscape resistance to fire (RST), while for ES they depend on the characteristics of that
specific service. For instance, with a mild-severity fire the timber value may be reduced just
in a small proportion, while pastures may be completely lost. The resistance to social assets
would depend on the level of protection of houses and fuel density in the surroundings of
the WUL
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Figure 4. Conceptual model quantifying ecological vulnerability (V, grey area) as a function of
potential loss (PL), coping capacity (resistance, RST), regeneration time (RGT) and recovery time (RT)
following the resilience curve fres, parameterized with its recovery rate (RCR).

The time length needed to recover up to the pre-fire conditions indicates the recovery
time (RT), which is related to the landscape resilience to regrowth after fire, in turn related
to the plants’ reproductive strategies (regeneration time, RGT), their recovery growth rate
(RCR) and in turn their recovery time (RT) (time needed to recover to pre-fire state based
on the RCR) locally modified by the landscape abiotic conditions in the case of EV, while
for ES and social assets would vary greatly depending on the ES considered (i.e., pastures
would have a quick recovery, while timber would require a 2040 years depending on the
species and the biophysical conditions of the area).

4.3. Methods to Generate Risk Variables and Components
4.3.1. Natural Ignition

Natural ignition usually refers to lightning activity, which is the dominant natural
cause of fires and can be the main ignition mechanism in remote areas with low population
density and poor accessibility. The primary type of lightning that can ignite wildfires is
lightning strikes with a long continuing current (LCC), which refers to a discharge that lasts
for more than 40 ms in a return stroke. Compared to short-duration lightning, LCC lightning
can heat wildland fuels for a more extended period and transfer more energy, making
it more effective at igniting fuels. Therefore, lightning-caused wildfires can potentially
be assessed based on the duration of lightning’s discharge or the amount of energy it
produces [336]. Another dimension is added to this by considering the polarity of the
lightning strike: Latham and Williams [337] theorized that positive Cloud-to-Ground (CG)
strikes are more likely to ignite wildfires. Interestingly, regions with the highest number
of lightning flashes do not necessarily produce the most flashes containing LCC [338]. In
other words, less frequently occurring lightning is more likely to contain LCC. It is essential
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to take into account the change in the global occurrence rate and spatial pattern of total
lightning due to climate change [339].

The first step of the natural ignition model was the prediction of the lightning flashes
themselves. Despite the availability of global lightning observing systems, their quality
and data availability may be problematic in many parts of the world. However, modern
weather prediction models provide a sufficiently detailed description of convective clouds
and thunderstorms, allowing for quite accurate lightning flash density prediction for up
to a few days forward [340] (Figure 5). The next step includes converting lightning flash
density into fire ignitions. It involves numerous governing physical processes such as wind
speed, precipitation occurrences and strength, lightning characteristics (e.g., presence of a
long continuous stream of electrical current), and fuel readiness and availability to ignite.
Therefore, statistical models seem more suitable for their description [78]. The FirEUrisk
project utilizes the Fire Forecasting Model developed by the Finish Meteorological Institute,
which employs a multi-step machine-learning procedure to construct a statistical model
predicting FRP. The model uses various meteorological parameters and Fire Danger Indices
as predictors for training and predictions computing their corresponding contributions to
total FRP. Then, Cloud-to-ground lightning flash density contribution to FRP serves as a
proxy for natural ignition probability that is integrated with ignitions caused by humans.

Modelled lightning flash density, 2 May 2020 In-situ lightning observations, 2 May 2020
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Figure 5. Daily total lightning flash density over Sweden forecasted for 5 February 2020 by weather
prediction model of the European Centre of Medium-Range Weather Forecast (ECMWFEF) (left panel)
and in situ observed lightning flashes during the same day (right panel) (data provided by Jo-
han Sjostrom).

4.3.2. Human Ignition

Modelling of human ignition was approached from empirical models based on his-
torical fire occurrence. Unfortunately, there is not yet a publicly available centralized
database in Europe where all fires are recorded, as temporal length and spatial accuracy
of available fire reports varies throughout European countries. For this reason, the same
method used to define the high-risk days (see Section 4.1) was selected to define historical
fire occurrence for human ignition modelling. However, in this case, ignition points from
all sizes of burned patches were considered, not just those from patches above 2000 ha.
Since those small patches also included agricultural fires, only those ignition points located
in wildland areas were kept. Patches within wetlands or agricultural areas not interfacing
with forested covers (>500 m) were removed. The final ignition point dataset included
55,214 fire observations (Figure 6).
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The Ignition probability model was derived from a Random Forest algorithm [341],
using a wide set of explanation variables derived from different statistical and cartographic
sources [342]: distance to roads, urban-forest, forest-grassland and forest-cropland inter-
faces, urbanization degree, livestock density, land cover and land cover change, gross
domestic product, population density and senior population proportion (>65 years), and
various bioclimatic indices. All were resampled at the target spatial resolution of 1 km?.
The RF model was run using a sample of 70% of ignition points for calibration and the
remaining 30% for validation. Non-ignition points were selected randomly in the whole ET
area, selecting 1.5 times the number of ignition points to avoid model imbalance. Several
models were run, including all variables and only those that were human-related. Since
fires in the Mediterranean have different characteristics to those in Central and Northern
Europe, these two regions were modelled independently as well. Finally, two seasonal
models were derived to account for variations between summer fires (May-September) and
late winter-early spring ones, as both have regularly different fire conditions.
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Figure 6. Ignition points selected for the human ignition model (left) and final output of the model
(right). After [342]).

Results offered a high degree of accuracy, with omission and commission errors lower
than 15% in most models. Spatial patterns of the model closely resemble the distribution
of ignition points (Figure 6). The global model including all ignition points identified
the livestock density, distance to roads and population aging as the most explanatory
variables. When the biophysical variables were taken into account, average evapotranspi-
ration and aridity index also had high importance. Partial dependency graphs showed
non-linear relations in several variables, which indicate the complex patterns of fire-human
relations [342].
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4.3.3. Fuel

To consider the great variety of European fuel conditions, first a hierarchical fuel
classification system was developed, including surface and canopy fuels, which could
be used for both target scales, ET and PS [343]. This FirEUrisk classification system in-
cludes 80 fuel categories, structured into the following seven main fuel types: (a) Forests
(areas with canopy cover > 15% and canopy height > 2 m); (b) Shrublands (areas with
shrubs, scrub, garrigue, and magquis); (c) Grasslands (areas with herbaceous non-cultivated
vegetation); (d) Cropland: (areas with cultivated vegetation); () Wet and peat/semi-
peat land (which in turn comprises areas with a permanent mixture of vegetation and
water, including marshes; moorland /heathland; peatlands and peat bog, and moss and
lichens; (f) Urban (areas with >15% of built-up structures and/or buildings); (g) Non-
fuel: (areas with permanent water bodies, open sea, snow, ice, bare soil, sparse vegetation
(<10% of terrain cover). Forest fuel types were subdivided as a function of both canopy
characteristics: leaf type (broadleaf/needleleaf), phenology (evergreen/deciduous), and
fractional cover (open/closed), as well as the understory characteristics, including type
(grass/shrub/timber litter) and depth (three height classes). Regarding the other main
fuels, subcategories were based on fuelbed depth (grasslands and shrublands) and charac-
teristics (herbaceous or woody, for croplands; tree, shrublands and grasslands for wet/semi
peatlands). Urban fuels were split into continuous and discontinuous fabric.

This classification system was used to generate all fuel type datasets for the FirEUrisk
project, including the whole ET [343] (Figure 7 left) and PS (Figure 7 right). The former
were obtained from existing land cover and biophysical models, while the latter were
generated from high resolution satellite image classification [344], with resolutions ranging
from 100 to 20 m. Both ET and PS fuel type maps were associated to existing fuel models:
a preliminary assignment for the ET area was done using the Fire Behavior Fuel Model
(FBEM) standard models [88], where for the PS the fuel models were estimated from field
data or biophysical regional estimations.
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Figure 7. Fuel type classification of the ET area (right: source [343], codes are explained in the source)
and the PS of Central Portugal (left, simplified version from [344]).

Fuel moisture content was computed for fire propagation potential. For dead fuels, the
FMC was computed from weather variables using an adaptation of the Nelson model [345]
to estimate the 10h Dead FMC for high-risk and extreme-high conditions (see Section 4.1).
The weather inputs were obtained and rescaled from ERA-5 (https:/ /www.ecmwf.int/en/
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https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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forecasts/datasets/reanalysis-datasets/era5, accessed on 30 March 2023) and Worldclim
(https:/ /www.worldclim.org/data/worldclim21.htmland, accessed on 30 March 2023),
and downscaled to 1 km?. DFMC values were divided into four classes, according to the
10-h DFMC code: D1L1: Very low dead FMC, fully cured herb, D2L2: Low dead FMC,
2/3 cured herb, D3L3: Moderate dead FMC, 1/3 cured herb, D4L4: High dead FMC, fully
green herb.

The procedure to estimate Live Fuel Moisture Content (LFMC) was based on retrieval
from Sentinel-2 and Sentinel-3 satellite observations, following previous studies from
Yebra and collaborators [99,120,346]. The vegetation was described in terms of three
basic vegetation types: grassland, shrubland and forest. The first two were represented
using the combination of two Radiative Transfer Models (RTM): the PROSPECT-D leaf
optical properties model [347] and the 4SAIL canopy bidirectional reflectance model [348].
In addition, the forest vegetation type was described using the version of the Jasinski
geometric model developed for GeoSail [349,350], which allows the use of the 4SAIL output
to represent discontinuous vegetation. In order to classify vegetated pixels into the three
basic classes, the EU Worldcover 2021 (https://esa-worldcover.org/, accessed on 30 March
2023) was used for the Sentinel-2’s 10-20 m resolution product, and Corine Land Cover
2018 (https:/ /land.copernicus.eu/pan-european/corine-land-cover/clc2018, accessed on
25 March 2023) for the Sentinel-3’s 300 m resolution product. These broad categories are
used to differentiate the boundaries and distributions of the biochemical and geometric
parameters that describe the leaf and canopy model.

To ensure the feasibility of the estimation of the parameters relevant to LFMC through
an inversion procedure, Global Sensitivity Analyses of the different model combinations
and parametrizations were performed in the Sentinel-2 MSI and Sentinel-3 OLCI and
SLSTR channels [351] using the spectral response functions published by ESA (https:
/ /sentinels.copernicus.eu/web/sentinel /user-guides/, accessed on 25 March 2023).

The inversion strategy was based on Look-Up Tables (LUT), a methodology which is
often favored in the related literature for the sake of its performance and relative simplicity
of implementation. In addition, using LUTs allows to leverage the parametrization studies
performed in past years with the explicit objective of LFMC estimation [119,352]. The
300-m resolution product based on Sentinel-3 was developed for different PS areas of the
FirEUrisk project (Figure 8), while the 10-20 m product based on Sentinel-2 was computed
only for certain demo areas.

4.3.4. Propagation

Modelling of propagation variables was carried out with two different methodologies.
For the ET area, custom implementation of Rothermel’s equations for cell-based wildland
landscape fire growth simulations was carried out. These equations take into account mid
flame wind speed, fuel moisture, elevation, aspect and fuel model. Exact pixel values
for slope and mid flame wind speed were used. Each weather scenario (see Section 4.1)
represented either the average or extreme weather conditions associated with a specified
wind direction scenario (e.g., northeast wind). 95th percentile values were used to define
extreme conditions, while 50th percentile values were used to define high-average ones.
Outputs of Rothermel equations were: Rate of Spread (m/s), Reaction intensity (kW/m?),
Fireline Intensity (kW/m) (see Figure 9) and Flame Length (m). These variables were
computed for the ET area using the two reference weather scenarios, with the DFMC
modelled for those conditions and the fuel type dataset described in Section 4.3.3, using
the adaptation to the Scott and Burgan fuel models [88], done by Aragoneses et al. [343].
Elevation data was downloaded and rescaled from NASA Shuttle Radar Topography
Mission data (https:/ /lpdaac.usgs.gov/products/srtmgllv003/, accessed on 30 March
2023). Both aspect and slope density data were extracted from this dataset.
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Figure 8. Sentinel-3 based LFMC in the ET (left) and in the PS of Central Portugal (right) on the
8 March 2023.

The method used to estimate propagation for the different PS of the project was based
on a different approach to obtain a more detailed analysis of spatial variations within those
sites, based on higher resolution spatial datasets. Propagation modelling was based on the
Minimum Travel Time algorithm provided by FlamMap [49], which estimates burn proba-
bility for every pixel based on certain weather conditions, fuel parameters and topography,
using a stochastic method. To obtain the reference weather conditions, historical fire igni-
tions were obtained from national statistics, taking at least the last 20 years. Only weather
scenarios responsible for more than 10% of overall detected burned area were taken for
further examination. Fuel types were obtained from high-resolution products (as indicated
in Section 4.3.3). In this case, the propagation model included forest canopy characteristics.
Tree Cover Density data was obtained from the Copernicus land service (https://land.
copernicus.eu/pan-european/high-resolution-layers/forests/ tree-cover-density, accessed
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on 25 March 2023), while tree height was obtained from Simard et al. [353]. Canopy bulk
density (CBD) and canopy base height (CBH) were spatialized using canopy height and
canopy cover data intervals, using average CBD and CBH data extracted from the PREVIN-
CAT project (https:/ /previncat.ctfc.cat/en/index.html, accessed on 25 March 2023).
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Figure 9. Estimation of Fireline Intensity (FI) (kW /m) for extreme 95th percentile wind speed and
5th percentile fuel moisture.

4.3.5. Exposure to Population and Assets

As a first approximation to consider exposure in the integrated FirEUrisk strategy, a
methodology was developed to assess the level of exposition of human population to smoke
emissions derived from wildfires. The selected area to test it was one of the Mediterranean
PS of the project (the province of Barcelona). This area is located in northeast Spain and
encompasses 7.726 km?. It includes the metropolitan area sprawling around the city of
Barcelona, with high density of population and extensive WUI zones. More than 22% of
this area includes some nature protection figures, experiencing high touristic pressure.
Exposure was estimated as the potential level of smoke pollution for the whole PS with a
spatial resolution of 1 ha. The methodology to estimate atmospheric emissions per grid cell
was based on fuel type, burned area, fuel consumption, fire characteristics and emissions
factors (by combustion phase: flaming and smoldering).
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National maps were used to generate a point file with residential house locations, in order
to accurately identify all individual residential structures. The road network was obtained
from the OpenStreetMap dataset (https://wiki.openstreetmap.org/wiki/Downloading_data,
accessed on 13 March 2023), and the Natura 2000 protected sites was downloaded from the
European Environment Agency (https://www.eea.europa.eu/data-and-maps/data/natura-
14, accessed on 20 November 2022). The GISCO database was used to obtain the spatial
distribution of the population in the study region (https://ec.europa.eu/eurostat/web/
gisco/geodata/reference-data/population-distribution-demography / geostat, accessed on 20
November 2022). Its database contains core geographic data (e.g, administrative boundaries,
and population grid data) covering the whole of Europe and is based on the official statistics
from National Statistical Institutes.

A large set of modelled fire perimeters corresponding to more than 12,000 years or
iterations using the FlamMap algorithm [49] were used to generate fireline intensity and
wildfire rate of spread for each grid cell. Atmospheric emissions were estimated by a
bottom-up approach where the main required input data were the fuel type, fuel load,
burned area (ha), fuel consumption (t/ha), fire intensity (kW m~2), and emission factors
(g kg~!) by combustion phase (i.e., flaming and smoldering) [354]. The fuel type and fuel
load were obtained from the FirEUrisk products (see Section 4.3.3). Fire intensity was
estimated from fireline intensity (kW/m) and flame length (m) per grid cell provided by
the FlamMap simulations. This fire parameter was used to provide separate estimates of
flaming and smoldering for each fuel type by assuming that flaming combustion cannot be
sustained below an intensity of about 15 kW m~2 [355]. The burned area per grid cell was
estimated also using the fire progression provided by the outputs results from FlamMap.
To estimate fuel consumption, an empirical model developed by Prichard et al. [356] was
used. A literature review was performed to obtain the most suitable emission factors for the
European Region [357,358]. Based on smoke emissions, pollutant concentration levels in
the air were simulated considering the maximum expected value of concentration assuming
the Gaussian dispersion modelling approach [359]. Figure 10 illustrates the result of this
calculation, showing population’s potential exposure to PM10 emissions from wildfires
in the Barcelona province. The average potential exposure computed was low (99% of
the values were lower than 0.2), with an average of 0.01 and a standard deviation of 0.03.
The higher values were found in the surroundings of the city of Mataro, located the NE of
Barcelona (red box indicated in Figure 10).

4.3.6. Ecosystem Services

Assessment of regulating ES for the FirEUrisk project for the ET area was done using
the standard methods of natural capital used previously in Europe: including the work of
La Notte [158] and outputs generated by the INCA project carried out by the JRC (https:
/ /ecosystem-accounts.jrc.ec.europa.eu/, accessed on 25 March 2023) on crop pollination,
flood control, carbon sequestration, water purification and soil erosion. Provisioning
services provided by the agricultural and forestry sectors were estimated for the stock of
perennial crops (fruit trees, olive trees and vineyards), timber and livestock. Manufactured
capital like residential properties in the WUI was also considered. To estimate the value
of the natural and manufactured capital (expressed in euros per hectare in 2021 constant
price), our approach has integrated statistical information (biophysical indicators) provided
by EUROSTAT at NUTS1 or NUTS2 scale with the Corine Land Cover maps (https://land.
copernicus.eu/pan-european/corine-land-cover, accessed on 10 March 2023), for each of
the habitats and land use assessed, and prices of each asset provided by different sources
(reports, peer reviewed papers and information from the different websites). Figure 11
includes an example of the total value of the ES assessed expressed in monetary units (€/ha
year), in 2021 constant prices.
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Figure 10. Spatial distribution (at 0.01 km? resolution) of the population’s potential exposure to PM10
emissions from wildfires in the Barcelona province. The red box indicates the area with the maximum
fire exposure potential value (i.e., 1).
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Figure 11. Value of ecosystem services for the ET area.
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ES values at local scale for the different PS areas were generated using the SEVEIF
model [360,361], which integrates a broad range of ecosystem services, such as timber, fruits
and cork harvesting, pasture, hunting, carbon sequestration, soil protection, biodiversity,
landscape and recreational resources. The objective of the SEVEIF model is the monetary
quantification (in terms of euros per hectare) of the impact that wildfires have on natural
resources, based on the net value change of the resources (NVC). The model considers
the pre-fire value of each resource and a depreciation ratio based on wildfire scenarios
simulated by Visual SEVEIF software (www.labif.es, accessed on 15 March 2023). Fire prop-
agation was classified into seven categories of fire intensity to predict expected damages.
The depreciation ratio for each of these levels and each ES is expressed as a percentage of
value to simplify the methodology and field inventories. Finally, the net value change of
each resource (value loss or value gain) was calculated as the product between ES values
and fire intensity level. The SEVEIF model incorporates the net-value change based on
field inventories performed for large wildfires, comparing burned areas with unburned
control areas for each of the ES. The sum of all potential impacts on environmental services
is presented as the potential fire impacts in each PS. In this sense, the SEVEIF tool involves
more than an economic assessment of natural resources, showing the potential losses to
fire (Figure 12).

360,000 420,000 480,000
.‘
4,680,000 " m‘k‘tff -
f -
o
4,640,000
4,600,000 Potencial losses
(euros/ha)
[ < 100
[ ] 100-500
[ | 500-1000
4,560,000 B > 1000

Figure 12. Values of ES potentially lost by wildfires for the Barcelona PS.

4.3.7. Ecological Values

The EV included in the first version of the FirEUrisk integrated scheme took into
account four components: soils, vegetation, fauna and the conservation value through
natural protected areas. The ecological values of soils were first assessed as the main
resource for vegetation growth, regeneration and survival. Soils provide the water storage
and nutrient supply for plant growth. The subsoil and topsoil Available Water Content
(AWC) based on soil texture, soil depth and rock fragment content provided by the JRC
(https:/ /esdac.jrc.ec.europa.eu/content/european-soil-database-derived-data, accessed
on 10 March 2023) was used. Soil N and P content was also available from the JRC referring


www.labif.es
https://esdac.jrc.ec.europa.eu/content/european-soil-database-derived-data

Fire 2023, 6, 215

39 of 60

to top soil N and P concentration in soils and it was used as the standard fertility status
without disturbance (https://esdac.jrc.ec.europa.eu/themes/npk-european-soils, accessed
on 10 March 2023).

Ecological values related to vegetation were assessed through forest biomass [362],
maximum tree height as a proxy of forest diversity [363] taken from [364] (https:/ /glad.
umd.edu/dataset/gedi, accessed on 10 March 2023), landscape habitat diversity based on
tree cover from Hansen et al. [365] (https://data.globalforestwatch.org/documents/ tree-
cover-loss/explore, accessed on 15 March 2023), and tree height coefficient of variation
within a 1km grid cell from the 30m resolution raw data.

Animal species diversity was obtained from the potential habitat data for each species
of mammals, birds, reptiles, and amphibians available in the IUCN repository (https:
/ /www.iucnredlist.org/resources/spatial-data-download, accessed on 20 January 2023).
Bird biodiversity analysis was taken from Fusco et al. [366] (http://datazone.birdlife.org/
home, accessed on 10 March 2023). For reptiles and amphibians, the data were produced
by Sillero et al. [367] (https:/ /www.seh-herpetology.org/distribution-atlas, accessed on
15 March 2023) and for mammals the input data came from the European atlas for mammals
(https:/ /discovermammals.org/projects/the-2nd-european-mammal-atlas/, accessed on
15 March 2023). From these databases, the presence of each species was resampled at
1 km?, following the target resolution of the FirEUrisk project. The same source was used to
estimate the potential habitat data for each species belonging to the category of “critically
endangered”, “endangered” and “vulnerable” of mammals, birds, reptiles, amphibians
and vascular plants.

Finally, places of special conservation were used to weigh each ecological value
according to human perception and strategies of conservation priorities. Data were
downloaded from the World Database on Protected Areas (WDPA) (https://www.
protectedplanet.net/en/thematic-areas/wdpa?tab=WDPA, accessed on 15 March 2023).
Only the terrestrial protected areas classified under the International Union for Con-
servation of Nature’s categories I-IV were considered, since they have reliable data,
verified on the ground, and they are managed in a similar way, thus enabling us to
assume that they all have the same biodiversity conservation values. The vector data
layer was converted to raster binary data by assigning the value 1 where a WDPA was
located and 0 where it was not.

Objective valuations for conservation areas were estimated from the Key Biodiver-
sity Areas (KBA) maps [368]. KBAs have outstanding biodiversity value due to their
extraordinary ecological integrity, globally significant ecosystems, or significant popu-
lations of animals, fungi, and plants. The Intact Forest Landscapes (IFL) dataset [368]
was used to obtain the extent of the forests and terrestrial ecosystems that remain un-
altered by humans, with a minimum mapping unit of 500 km?. Human pressure was
also used as a surrogate of landscape fragmentation produced by human infrastruc-
tures, road and railways, with the highest percentages corresponding to highly degraded
or heterogeneous landscapes and the lowest to areas that are unfragmented or homo-
geneous. The database was collected from the United Nations Environment Program
(www.unep.org%2Fdata-resources&usg=A0OvVaw3tEd]Jmd7wlzixU-1TIMNN, accessed
on 25 January 2023). Old growth undisturbed forests were derived from forest cover change
dataset of Hansen et al. [365].

All the variables were normalized between 0 and 1 through a linear function for an
equal weight assemblage in a Principal Components Analysis (PCA) [369]. This technique
reduces the complexity of a multivariate dataset by extracting the most explicative axis that
summarizes the input variables by minimizing the correlation among the new components.
PCA has been previously used for spatial assessment of ecosystem multifunctionality [370].
In the context of ecological values, PCA can be used to identify the most important factors
that contribute to biodiversity, ecosystem health, or other ecological measures. For example,
a PCA analysis of ecological data might identify factors such as habitat diversity, soil
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quality, water quality, and nutrient availability as the primary drivers of ecosystem health
in a particular area (Figure 13).
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Figure 13. Normalized scale for ecological values of the ET area. The highest ecological values are
shown in dark green, while those with the lowest value are shown in light green.

4.3.8. Resilience

Following the general integration scheme and the resilience theory (see Section 2.3.7)
a conceptual mechanistic approach using plant species strategies of resistance and coping
capacities to generate an ET resilience map based on plant species distribution was used as
a more consistent approach to identify and assemble keystone variables related to ecological
resilience. As a first step, the actual loss (AL) caused by a fire occurring at time t0 can be

calculated as follows:
AL =PL — RST &)
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where PL is the potential loss and RST the species resistance to the disturbance.

The second step integrates the post fire regeneration delay, which is the period
after the fire when the vegetation remains at state RST during the regeneration time
(RGT) until viable regeneration material is available on site. As a third step, the recovery
time can be estimated from a generic logistic function, which was used by several au-
thors for post disturbance dynamics [199] and applied for multiple ecosystem functions

as follows
AL

1 + ¢~ RCR-(+-RGT—E5T)

fres(t—RGT) = 6)
where f,s is a function of time after fire t (in years), with parameters related to recovery
concepts of regeneration time (RGT, in years), as the time needed to get a viable seed bank
and to start growing, and recovery rate (RCR) as the slope the maximum recovery at the
inflexion point occurring at time ti = RCT/2. RCT is the time (in years) needed to recover
the actual loss (AL in biomass), thus being AL/RCR. The main parameters of Equations (5)
and (6) were deduced from species functional traits and forest growth models. Resilience
(RES) was finally evaluated as the area under the curve; meanwhile, the regeneration
process takes place.

Based on the dominant tree species map from the European Atlas (https:/ /forest.jrc.ec.
europa.eu/en/european-atlas/atlas-data-and-metadata/, accessed on 30 March 2023), the
information on resistance and recovery of vegetation to fire for each of these species was
obtained from the BROT 2 and TRY databases. The BROT 2.0 is a database of functional
traits for vascular plant species of the Mediterranean Basin (https://www.uv.es/jgpausas/
brot.htm, accessed on 30 March 2023). The database includes 25,764 individual records of
44 traits from 2457 plant taxa distributed in 119 taxonomic families. Trait data were obtained
from a comprehensive literature review, plus some field and experimental observations.
All records are fully referenced and, in many cases, include geographic coordinates. The
TRY (TRY Plant Trait Database) data is a global database of plant traits that provides
standardized information on the characteristics of plant species from around the world
(https:/ /www.try-db.org/TryWeb /Home.php, accessed on 30 March 2023). The TRY
database contains information on a wide range of plant traits, including morphological,
physiological, biochemical, and ecological traits. The data were completed for temperate
and boreal biomes from a collaborative expert knowledge.

Resistance was assessed through species traits on bark thickness, wood density, and
specific wood composition as cork (as in the Quercus suber species). The ecosystem resistance
at 1 km? resolution was calculated as the weighted mean of traits according to species cover.

Vegetation regeneration time (RGT) was assessed through species regeneration strate-
gies (seeders or resprouters). Recovery rate (RCR) was assessed through shade and drought
tolerance, and growth rate obtained from forestry models [371,372]. The ecosystem re-
covery at 1 km? resolution was calculated as the weighted mean of RGT and RCR traits
according to species cover.

From this standard potential resilience, local modifiers that alter regeneration and
recovery were identified and assembled. The regeneration time RGT of species, according
to their regeneration strategies, is affected by time since the last fire, as short fire intervals
might prevent tree maturity and subsequent seed production allowing for regeneration
(RGT). This information was built from the FireCCI51 burned area product [4] for fire
events larger than 250 ha. The daily burned date information at the pixel level was used
to deduce the time since the last fire (in days), which was combined with fire size as a
modifier for regeneration time, since seeder species take longer time to colonize a large fire
than a small fire. The pixel aggregation from Laurent et al. [332] was used for the fire patch
event database.

The recovery rate RCR locally depends on climate and edaphic conditions. ERA5-
land mean annual temperature, solar radiation and precipitation were assembled at 5 km
resolution, locally modified by slope, aspect and altitude derived from Aster-gDEM at 30 m
and resampled at 1 km? resolution. Post fire recovery rate (RCR) was also modified by soil
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AWC, soil fertility based on the standard soil N/P content (see Section 4.3.7), affected by
fires from volatilization and wind/water post fire erosion potentials.

Post-fire soil loss and recovery was assessed by estimating nutrient depletion as the
amount of leaf N and P volatilized during combustion, as the product of Leaf Area Index
(LAI), specific leaf area (SLA) (mm? mg~!), leaf nitrogen content (LNC) (mgg~!) and
leaf phosphorus content (LPC) (mgg~!). These datasets were obtained from Moreno-
Martinez et al. [373]. Post fire N/P stock recovery was based on N Atmospheric deposition
map (https:/ /www.syke.fi/en-US/Current/Sciencepolicy_cooperation_has_improved_
a%2859833%29, accessed on 20 March 2023). Since water and wind erosion can affect
soil AWC and N/P deposition from ashes through erosion processes, both factors were
considered taken the information from Borrelli et al. [374]. To estimate post-fire soil erosion
potential, the Soil Erosion map for Europe (https://data.jrc.ec.europa.eu/dataset, accessed
on 18 December 2022) was used as an input to the Revised Universal Soil Loss Equation
(RUSLE). The values were then transformed into a categorical variable, 1 for lowest values
and 5 to highest values according to the criterion for soil erosion due to water, proposed by
the FAO (FAO/UNEP/UNESCO, 1979): 1 for values between 0-20, 2 for values between
20-50, 3 for values between 50-200 and 4 for values over to 200, which is also applicable to
fire erosion processes [211].

Finally, humans might play a significant role in post-fire forest recovery by stimulating
planting. For this variable, we used different management maps [204,375] which affect the
regeneration time (RGT) as a local modifier of regeneration.

From this mechanistic framework, all identified resilience variables were combined
using again PCA to generate the final ecological resilience map.

4.4. Integration Approaches
4.4.1. Conversion to Risk Values

The original measurement scales of the different input values were converted to
common risk scales using different approaches, adapted to the particularities of each
variable. For the Ignition components, the original probability scale (0-1) was maintained.
The FMC of live and dead fuels was kept as a percentage of dry weight to be included
in the propagation potential model, along with slope, and wind conditions for the two
reference wildfire scenarios described in Section 4.1.

Based on the propagation outputs, propagation probability (PP) was computed from
the fireline intensity (FI), which is considered as a synthetic measure of fire suppression
difficulty. Based on previous studies [36], this conversion used the threshold values for
fire suppression proposed by Rothermel [44] (Table IV-1). The PP values increased linearly
from 0 for FI = 0 kW/m to 0.5 for FI up to 346 kW /m (100 BTU/feet/s), implying fires that
can be attacked by fire brigades with manual tools, from 0.5 to 0.75 for FI between 346 and
1731 kW /m (500 BTU/feet/s), where machines and aircrafts can be used, and from 0.75 to
1 for values ranging from that threshold to the maximum FI.

Vulnerability was estimated from potential losses in ecosystem services, population
and infrastructures, and ecological values. The socio-economic aspects were quantified in
monetary units, while the ecological vulnerability was quantified using principal compo-
nent analysis, leading to a common risk score (0-1). To facilitate the integration between
these two components, the monetary values were converted to a 0-1 score using a nor-
malization process after logarithmic transformation, since the distribution of values was
skewed by the high values of houses and infrastructures.

4.4.2. Integrated Risk Indices

To obtain the synthetic fire danger component, ignition and propagation probability
were combined using the Kolmogorov probabilistic rule (following Equation (3)).

For the integration of the Danger component of the FirEUrisk scheme, a simple
weighed average of ignition potential (IP) related to causative agents and propagation
probability (PP) was performed, following experiences from previous projects [38].
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As a first approximation to Danger (D), PP was given twice the importance of the
IP component:
D =0.33 x IP +0.66 x PP (7)

The integrated vulnerability was obtained by merging the socio-economic and eco-
logical vulnerability using a weighted average: the former was weighed by a factor of
0.6 and the latter by 0.4, assuming that human values are more important in wildfire
risk assessment.

Finally, the FirEUrisk integrated risk index (IRI) was obtained by combining the
Danger, Vulnerability and Exposure. From the first two, higher weight was given to the
danger component, which is more dynamic, than to the vulnerability component (0.6 and
0.4 respectively). The Exposure was divided into three classes: unburnable (0), burnable
(0.8) and areas with a wildland urban interface or intermix (1), which are the most exposed
in terms of human lives and houses. Exposure was included as a multiplicative factor, to
avoid considering at risk unburnable covers. The final formula of the IRI was:

IRI=(0.6 x D+04 x V) x E 8)

Figure 14 includes an example of the final index, considering the weather scenario
related to historical occurrence of extreme fires, as indicated in Section 4.1. As expected,
higher values are found in the Mediterranean countries, particularly in Western Portugal,
Northwest and Central Spain, Southern Italy, the Balkans, Greece, Central Bulgaria and
Romania. Lower values are found in Central and Northern Europe, with intermediate in
Western British Islands and scattered regions in Central and Northern Europe, including
the Baltic countries.

It should be considered that the integration of the different risk variables implies
simplifying the different dimensions of risk, and therefore the FirEUrisk risk assessment
system will provide all intermediate risk products to the end-users, along with a flexible
tool to combine them in different ways. In addition, the most experienced users may create
their own combinations of variables, by assigning different weights to the risk components.
In this way, the various end-users can access the information they are most interested on,
as well as combine the different risk variables and components following his-her own
priorities, while the general public and policymakers at least a first approximation to the
integration of the different wildfire risk components.

4.5. FirEUrisk Information System

The FirEUrisk project has built a dedicated platform to store all spatial data sets
generated and geodatabases developed in the context of FirEUrisk by the consortium
partners for the ET and PS areas, which will be the primary target for integration. In
addition, the system hosts all the risk components and variables considered in FirEUrisk for
the ET and PSs. Access to this information is available through a dedicated web mapping
service. Some layers are also accessible through a dedicated mobile app, developed as
a citizen-science application that allows ordinary citizens to report and gather fire risk
information, such as fuel information or fire alerts.

Wildfire risk communication and citizen science applications can work together to
improve the understanding and management of wildfires. In particular, citizen science
applications can play an important role in wildfire risk communication by engaging the
public in research and monitoring efforts, providing valuable data for fire management
agencies, and increasing public awareness and understanding of wildfire impacts.
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Figure 14. Example of the IRI for historical conditions leading to large wildfires. IRI values have
been multiplied by 1000.

End users of wildfire risk information will test the relevant FirEUrisk component in
six Demonstration Events. In these events, the consortium will engage with stakeholders
to show them preliminary results of the project. Representatives of the target audiences
addressed in the different PS and ET area will use web tools to provide relevant feedback
via validation forms. The contributions collected from members of the scientific commu-
nity, first responders, landowners/managers, policy and regulation makers, industrial
stakeholders, civil society organizations, risk prevention communities, and the general
public will help improve the FirEUrisk information system in the following two years. The
system was developed during the project’s first half and will be demonstrated during the
fire seasons of 2023 and 2024.

4.6. Integration of Assessment, Reduction and Adaptation

As indicated earlier, the FirEUrisk project aims to link risk assessment with reduction
and adaptation to future wildfire regimes. In terms of reduction, different strategies
are considered, including actions related to mitigate human ignitions and vulnerability.
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Within the role of fuel management in wildfire risk reduction, three alternatives have
been modelled: herbivory (grazing, browsing, domesticated and wild), prescribed burns
(professional and pastoral), and mechanical removal (silviculture, pruning, clearing) [265].
Suitability maps of these different land management strategies were created, based on
existing ET spatial data.

To understand how current policy, socioeconomic, and environmental dynamics
may affect future fire risk, FirEUrisk is also contributing to further improve fire-enabled
Dynamic Global Vegetation Models (DGVMs) which simulate vegetation and fire patterns
under scenarios of future climate and land use. Realistic future land use scenarios are
an integral component of such fire enabled DGVMs. FirEUrisk has developed land use
scenarios which incorporate variables critical to fuel distribution and thus fire hazard, such
as afforestation, forest fragmentation, and land abandonment. The land use scenarios are
based on two Shared Socioeconomic Pathways (SSPs) developed in the 6th Assessment
Report by the IPCC [376] which are also bias-corrected for European climate conditions:
SSP 1, “Sustainability”, and SSP3 “Regional rivalry”. The pathways lay out how changes
in global mean temperature and greenhouse gas emissions may be affected by global
economic and environmental drivers based on a set of storylines.

The resulting demands for goods and services (e.g., crops or livestock), local spatial
characteristics, and climate change scenarios were allocated across the landscape using
CLUMondo, a spatially explicit and dynamic land system change model [377]. Using the
land use results from CLUMondo, which cover the decades from 2020 to 2050, the DGVMs
then simulate vegetation patterns, highlighting specific areas that may present greater fire
risk. The DGVMs, however, also require historic land use data that is consistent in terms
of spatial characteristics with the future land used scenarios. Thus, the CLUMondo land
use scenario results were linked to representations of historical land use extending back to
the year 1960 provided via the HILDA+ dataset [378], which combines several open data
streams to estimate land use change. The resulting dataset is the first long term Europe-
specific land use scenario set that is aligned with a historic reconstruction, improving the
ability of the DGVMs to forecast future fire regimes [155] at a fine spatial resolution. While
the final time series is based on a 1-km? resolution, the results were converted to a 9-km?
resolution to match the resolution that is used natively in the DGVMs and harmonized the
land cover class legend to the fuel map generated within the project [343]. Data are available
at DataverseNL (https://dataverse.nl/dataset. xhtml?persistentld=doi:10.34894/ ALZTYS,
accessed on 20 April 2023).

FirEUrisk also aims to create stylized fuel management scenarios that explore the
potential to manage future fire risk using land management strategies that link land use
scenarios from CLUMondo and associated vegetation patterns simulated in the DGVMs.
Together, the findings will be synthesized into a series of stylized fuel management sce-
narios representing low and high adoption of land management strategies and potential
trade-offs between them and other desired outcomes, such as biodiversity and ecosystem
services. The results will help to better understand how anticipated changes to forest
structure and distribution may respond to policies initiatives such as the EU Green Deal
and if they will still hold under climate change conditions. The results will be a helpful
tool in calibrating policy with diverse stakeholder goals (including fire risk, carbon storage,
biodiversity, etc.), thus reducing the risk of policy failure and unintended consequences.

5. Synthesis

This paper aimed to present an update status of the wildfire risk assessment research
and practice, reviewing the terms and concepts implied in generating an integrated ap-
proach to risk conditions, as well as revising the methods used to generate the input
variables and the approaches for merging them. The text has also briefly commented on
operational wildfire risk assessment systems being currently used in some large countries.
Finally, the integrated approach to wildfire risk assessment has been illustrated by the
system that it has been developed within, the FirEUrisk European project.


https://dataverse.nl/dataset.xhtml?persistentId=doi:10.34894/ALZTYS
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Despite the complexity of taking into account all relevant dimensions of wildfire risk,
this paper stresses the importance of adopting a comprehensive approach to wildfire risk
assessment, which considers not just the main variables associated to danger (ignition
and propagation), but also exposure and vulnerability (including human and ecological
values). A further integration should also consider how risk assessment is related to
reduction and adaptation, as well as the cascading effects that wildfire brings along with
other natural hazards.
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