Response to Anonymous Reviewer #2

In this paper the authors propose a new fuel classification system for Europe and release a fuel map at
1 km spatial resolution. | accepted to review this paper because of the title and the abstract promise to fill one
of the main gap in forest fire research. However, | read this paper several times, but it is really difficult to
understand how this work fills the gap of the lack of appropriate fuel mapping in Europe.

Response: The authors thank the reviewer for taking the time to review our manuscript. We also
appreciate very much the advises and suggestions made. We have thoroughly considered the suggestions made.
Improvements have been made in order to further explain and clarify the novelty of the work and how it tries to
fill the actual gaps of the forest fire research and fuel mapping in Europe.

The paper is very well written and full of suggestions and sharable concepts. The authors elaborate huge
information and datasets but the results are not completely satisfactory. Unfortunately, at this stage the main
innovation seems to be related with the integration of bioclimatic models to estimate the fuelbed depth in
shrubland and grassland. However, because of the high variability of this kind of vegetation cover and the
disturbances it is really difficult to validate the results of these models.

Response: We agree that one of the innovations of our manuscript is the usage of the bioclimatic models
to estimate shrubland and grassland fuelbed depth in order to define fuel types. However, we would like to
highlight other innovation aspects that may have not been seen because they were not explicitly mentioned in
the manuscript or were not fully clarified.

e The paper proposes a new fuel classification system intended for European conditions and adapted to
different fire management dimensions, such as risk, propagation, or emission estimations, among
others. For this reason, the classification system includes two vertical strata (although only one has been
mapped in this paper) and takes into account different canopy characteristic (leaf type and
deciduousness). We consider that this is the first step towards a common and standardized fuel
classification system in Europe that all countries and regions can use, which would help integrating fuel
maps and would facilitate making comparisons among them. Other parts of the world, such as the
United States, have a very long tradition in the use of fuel classification systems (the case of FBFM and
NFFL).

e The generated European fuel map constitutes an updated fuel map for the European continent. Before
this work was done, the only existing European fuel map was the EFFIS (European Forest Fire System,
2017) map from the year 2000 (22 years ago) that only mapped surface fuels using the NFFL system.
Apart from this, the other fuel maps existing in Europe cover regional or local scales, or are land use
maps rather than fuel model maps. So, the European fuel map generated in this paper updates the fuel
information for the continent and serves for fire prevention and management purposes, mapping not
only surface fuels but also canopy fuels. It is important to evidence that fuels are very dynamic in time,
so having updated fuel maps is key to effective prevention activities (Keane et al., 2001; Keane and
Reeves, 2012).

e The fuel classification system proposed in our manuscript is multiscale, meaning that the same system
could be applied for fuel classification, not only at the European scale, but also at regional and local
scales (one of the aims of the FirEUrisk project); therefore, it would help integrating fuel mapping in
different areas and spatial scales. Having an overview of fuel distribution and characteristics in Europe
is essential to have a holistic perspective that could help decision making and policies devoted to fire
risk management. Moreover, the hierarchical nature of the classification allows to map at different
levels of detail and at different scales depending on the available input data, but still they could be
integrated and comparable because the fuel categories relate in the hierarchical scheme. The scalable
system facilitates the harmonization of fuel maps in Europe.

e The proposed fuel classification system is intended to improve existing fuel classification systems by
adding new categories that are key:

o It considers the characteristics of both the forest canopy and understory. Some of the most used
fuel classification systems (FBFM, NFFL) only refer to surface fuels. In the proposed
classification, the authors tried to account for the different fuel strata so that the resulting maps
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are useful for both surface and canopy fuels. Indeed, considering the characteristics of the forest
canopy in the fuel classification (such as leaf type or fractional cover) could really help to
identify areas where crown fires are most likely to occur.

o It considers fuel categories referring to wet and peat/semi-peat land, which are key to fire
emissions because of the amount of carbon and other greenhouse gases that they store, and that
can be released to the atmosphere in case of a fire, thus contributing to climate change and
affecting people’s health (Weise and Wright, 2014; Van Der Werf et al., 2017; Zheng et al.,
2021).

o It considers urban fuels, defined in this paper as those fuels in the intermix or interface of built-
up areas, referring to the Wildland Urban Interface (WUI). This constitutes an interesting
improvement compared to pre-existing fuel classification systems where WUI areas are not
considered fuels and therefore, are not parameterized (case of FBFM). Understanding urban
fuels allows to assess residential and non-natural fuels, which can help to reduce fire risk to
affecting human settlements and lives, and socio-economic losses (Bowman et al., 2017, 2020).

e The proposed fuel classification system is intended to be multipurpose. The lack of a common European
fuel classification suitable for assessing different fire issues is a relevant matter. In this paper, expert
knowledge among the project partners was used to identify the main needs of a fuel classification system
to serve multiple purposes. That is why, the proposed fuel categories are defined to support fire
prevention, assessment, propagation, behaviour, emissions, and suppression. It is important to highlight
that, although in the paper the authors mapped fuel categories for the whole continent, the proposed fuel
classification methodology can be replicated to map fuels at high-resolution, for local or regional scales
(so that fire propagation models can be applied for local scales to model specific fires).

e The crosswalk to FBFM models constitutes a first approximation to fuel parameterization. As the
reviewer knows, the regions or countries that have LiDAR data are relatively limited. Moreover,
relevant issues in terms of resolution of LiDAR data and reference years of these data can be evidenced.
Therefore, it is interesting to have a way to derive fuel parameters whenever there is a lack of existing
resources. This is the idea behind the proposed crosswalk. The authors would like to highlight that the
main results of section 4.2 are not the maps of parameters at European scale (this is an example of what
can be done), but the crosswalk table that can be also applied for fuels that are mapped at higher
resolutions.
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despite the decline in global burned area, Sci. Adv., 7 (39),
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We have summarized this information in the second paragraph of the conclusions: “The results of this
study constitute the first step towards a risk-wise landscape and fuel mapping development across Europe, which
will help integrated, strategic, coherent, and comprehensive decision making for fire risk prevention,
assessment, and evaluation. The results have wide applicability because they meet the actual unfulfilled fuel
mapping needs in Europe: 1) the development of a fuel classification system specifically designed for European
conditions, which allows not to rely on external classifications that should be only applied to the regions for
which they were developed, 2) enabling coordination, integrating fuel mapping at different spatial scales and
across European regions through a common fuel legend with hierarchical levels, 3) multipurpose, including
prevention, propagation, behaviour, emissions, and suppression, 4) mapping fuel types not previously
considered at European scale that are key for protecting people and the environment from the devastating effects
of fires: forest canopy fuels (key for crown and extreme fires), wet and peat/semi-peat land fuels (key for
emissions) and urban fuels in the Wildland Urban Interface (key for people’s and socio-economic safety), 5)
the generation of an updated European-specific fuel map, compared to the EFFIS fuel map from year 2000
(European Forest Fire Information System (EFFIS), 2017), and 6) the preliminary surface fuel parameterization
for Europe that can be used for estimating fuel parameters whenever there is no suitable input data available.
Overall, the existence of updated land cover datasets and bioclimatic models for the European territory is
limiting, and work is still needed to parameterize canopy fuels. The results of this work are part of the new
FirEUrisk integrated three-part perspective of fire risk, whose strategy is meant to shift the thinking of wildfire
management by looking simultaneously to fire assessment, reduction, and adaptation from a common scheme.”

Starting from the classification, the considered forest classes are very similar to existing vegetation
cover maps already available. Using a threshold of 15% of trees does not allow to discriminate fire behaviour
if there is no information on which kind of fuel is present in the 85% of the area. In addition, it is evident that
some species are more flammable than others and the considered classes does not allow to discriminate among
these species.

Response: The reviewer is right, fuel classification systems have an important relation with vegetation
cover classifications because fuel types are vegetation types, which are mapped in many land and vegetation
cover maps. The difference between fuel types and land and vegetation cover types is the use of a fire perspective
to map and assess the first ones. Therefore, although they are similar concepts, they are also different. An
example of this is that in fuel maps there is no interest in mapping non burnable categories, while land and
vegetation cover maps map all types of covers. Likewise, fuel classification systems define their categories by
distinguishing vegetation types that present similar characteristic fire behaviour or cause similar effects (such
as emissions), while many times land and vegetation cover classifications discriminate categories by
characteristics that are not related to fire spread and behaviour such as socio-economic, historical, or
conservation aspects (e.g. protected areas, exploited forests, historical forests, different types of agricultural
uses, etc). In order to better prevent fire risk in Europe, it is preferable to have maps adapted to this purpose
(fuel maps) instead of general maps not specifically adapted to fire issues (land and vegetation cover maps).

Regarding the second comment about the threshold to identify forests, the authors agree with the
reviewer on the fact that the used thresholds are key to how the final maps would look like and determine which
categories have more importance in the classification. In any case, the selection of a threshold for determining
categories is based on the best compromise among different information sources, classifications, situations, and
inherent limitations. Moreover, as the reviewer knows, the selection of a threshold other than 15% (i.e.: 50%;
30%; or what else) would have resulted in some other strengths or weaknesses: in other words, there is not a
threshold value that can be adopted, or even suggested by an expert, without having some potential critical
aspects and limitations. In our case, the use of 15 % as threshold to define forest fuels was based on expert
knowledge and relates to a common definition of forest, as the one of the Copernicus Global Land Cover legend
(Tsendbazar et al., 2020) based on the UN-LCCS (United Nations Land Cover Classification System) from the
UNESCO (United Nations Educational, Scientific and Cultural Organization) (UNESCO, 1973) and the FAO
(Food and Agriculture Organization, 2000). Information on this has been added in new line 140: “Forest: areas
with tree canopy cover above 15 % with a mean tree height > 2 m, following the Copernicus Global Land Cover
legend (Tsendbazar et al., 2020), which is based on the UN-LCCS (United Nations Land Cover Classification
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System) from the UNESCO (United Nations Educational, Scientific and Cultural Organization) (UNESCO,
1973) and the FAO (Food and Agriculture Organization, 2000)”. Moreover, this “low” threshold is conservative
to account for the presence of forest fuels, which helps to identify possible spots of crown fires occurring, the
most severe. However, it should be considered that any fuel classification system has the limitation of
generalizing the main fuel characteristics, and mapping fuel types has the limitation of mixed covers. This is a
common issue for categorical maps (what fuel maps are), as it was already identified by Pettinari and Chuvieco
(2016) in their global fuel map, but it also affects biomass and cover maps at continental and global scales.

Regarding the lack of information about the remaining area not covered by forest, the second-level of
our proposed fuel classification system would enable to obtain this information should the available data allow
it.

Although flammability is key to fire ignition, it is not generally considered in fuel models, which mainly
consider geometrical properties of the vegetation (particle size, vertical-horizontal distribution, etcetera). Also,
fuel models do not generally discriminate vegetation species, but rather those vegetation groups that have similar
combustion properties. One of the purposes of fuel maps is to map fuel types according to these characteristics,
indeed. This is done by grouping fuel species potentially having similar behaviour during a fire (e.g., the leaf
type, deciduousness, and fractional cover forest groups, or the groups by fuelbed depth). In fact, our
classification system distinguishes more fuel types than the most commonly used standard fuel classification
systems such as the NFFL (Anderson, 1982), FBFM (Scott and Burgan, 2005), or Prometheus (European
Commission, 1999; Arroyo et al., 2008). In addition, it is very complicated to map species at the European scale
because of the high heterogeneity of forests and the actual capabilities of multispectral sensors. Of course, the
authors agree on the fact that this kind of information would enrich the derived maps and models.
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As a general consideration, | suggest to remove the paragraph 4.2 and define the association of fuel
models parameters in a second stage of this work when most of the presented issues will be solved using other
technologies such as Lidar, Al etc...

Response: Section 4.2 refers to fuel parameterization, which is currently on-going research. We are
working on developing custom maps of fuel parameters at the European scale through calibrating models
integrating LIiDAR, multispectral and SAR data using a Machine Learning framework. However, we consider
useful for the reader to show how a standard fuel model (in this case, the FBFM models) could fit to our
FirEUrisk fuel types. This way, the proposed crosswalk ensures having fuel parameters for all areas in Europe.
The authors would like to highlight that the main achievement of section 4.2 are not the maps of parameters at
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the European scale (this is an example of what can be done), but the crosswalk table that could serve to facilitate
the use of our fuel classification system whenever LiDAR or field data and ML or Al models are not available.
As said, we are working on improving fuel parameterization in a second stage, so we believe that it is interesting
to present in this paper a first assignment of fuel parameters.

The paper can be accepted after major revision and a better description of the objective of this work
starting from the title, the abstract and the conclusions. This could help also to make the paper shorter, improving
its readability.

Response: Thank you for the suggestions. We agree on the need of further clarification of the objectives
and innovation of our work, so changes have been done accordingly. The novelty of the work is now better
emphasized, and the paper has improved its readability. For the abstract, the three working-steps where clarified:
1) the proposal of the new adapted-to-Europe fuel classification system, 2) the generation of a European fuel
map using the proposed fuel classification system, and 3) the fuel parameterization. It has also been clarified
the difference between the whole proposed fuel classification system and the fuels that were mapped at the
European scale (only the first-level of the fuel classification system because of the working scale and available
data). This last issue has been clarified throughout the text with sentences such as (new line 181) “In this paper,
the European fuel map was only based on the first-level of the proposed fuel classification system”. For the
conclusions, the key innovation aspects of the work have been added, which are the summary of the ones
reported in the second answer of this document. Also, to clarify the objective, Figure 1 has been improved as
follows:
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Figure 1. General overview of the structure of this work.

Changed abstract: “Accurate and spatially explicit information on forest fuels becomes essential to
designing an integrated fire risk management strategy, as fuel characteristics are critical for fire danger
estimation, fire propagation and emissions modelling, among other aspects. This paper proposes a new
European fuel classification system that can be used for different spatial scales and purposes (propagation,
behaviour, emissions). The proposed classification system is hierarchical and encompasses a total of 85 fuel
types, grouped into six main fuel categories (forest, shrubland, grassland, cropland, wet and peat/semi-peat land
and urban), plus a nonfuel category. For the forest cover, fuel types include two vertical strata, overstory and
understory, to account for both surface and canopy fuels. In addition, this paper presents the methods to map
fuel types at the European scale, including the first-level of the classification system. Land cover, biogeographic
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datasets, and bioclimatic modelling were used. The final map, publicly available
(https://doi.org/10.21950/YABYCN), included 20 fuel categories at 1 km spatial resolution. A first assessment
of this map was performed using field information obtained from LUCAS (Land Use and Coverage Area frame
Survey), complemented with high-resolution data. This validation exercise provided an overall accuracy of
88 % for the main fuel types, and 81 % for all mapped fuel types. To facilitate the use of this fuel dataset in fire
behaviour modelling, an assignment of fuel parameters to each fuel type was performed by developing a
crosswalk to the standard fuel models defined by Scott and Burgan (FBFM, Fire Behavior Fuel Models),
considering European climate diversity. This work has been developed within the framework of the FirEUrisk
project, which aims to create a European integrated strategy for fire danger assessment, reduction, and
adaptation.”

Changed conclusions: “This paper, developed in the framework of the European FirEUrisk project,
presents a new hierarchical fuel classification system for surface and canopy fuels adapted to the European
conditions, as well as methods to map those categories and assign them fuel parameters. The final European
fuel map contains 20 fuel types, including both surface and canopy fuel types. The estimated overall accuracy
was 88 % for the main fuel types and 81 % for all mapped fuel types. Finally, the paper shows an example of a
crosswalk between the proposed fuel types and standard fuel models, in this case the Fire Behaviour Fuel
Models (FBFM) (Scott and Burgan, 2005), that provides a full set of surface fuel parameters useful for surface
fire behaviour modelling. Our approach, based on expert knowledge, GIS, existing land cover datasets,
biogeographic data, and bioclimatic modelling, could be readily applied to other regions.

The results of this study constitute the first step towards a risk-wise landscape and fuel mapping
development across Europe, which will help integrated, strategic, coherent, and comprehensive decision making
for fire risk prevention, assessment, and evaluation. The results have wide applicability because they meet the
actual unfulfilled fuel mapping needs in Europe: 1) the development of a fuel classification system specifically
designed for European conditions, which allows not to rely on external classifications that should be only
applied to the regions for which they were developed, 2) enabling coordination, integrating fuel mapping at
different spatial scales and across European regions through a common fuel legend with hierarchical levels, 3)
multipurpose, including prevention, propagation, behaviour, emissions, and suppression, 4) mapping fuel types
not previously considered at European scale that are key for protecting people and the environment from the
devastating effects of fires: forest canopy fuels (key for crown and extreme fires), wet and peat/semi-peat land
fuels (key for emissions) and urban fuels in the Wildland Urban Interface (key for people’s and socio-economic
safety), 5) the generation of an updated European-specific fuel map, compared to the EFFIS fuel map from year
2000 (European Forest Fire Information System (EFFIS), 2017), and 6) the preliminary surface fuel
parameterization for Europe that can be used for estimating fuel parameters whenever there is no suitable input
data available. Overall, the existence of updated land cover datasets and bioclimatic models for the European
territory is limiting, and work is still needed to parameterize canopy fuels. The results of this work are part of
the new FirEUrisk integrated three-part perspective of fire risk, whose strategy is meant to shift the thinking of
wildfire management by looking simultaneously to fire assessment, reduction, and adaptation from a common
scheme.”

The authors thank the reviewer for his/her comment on the title of the manuscript, but we would like to
keep the title as it is.

Responses to the specific comments:

Line 21: It is not clear the difference between the conceptual development and the resulting fuel
classification system. Reading the paper the ambitions presented in the abstract seams to be not satisfied. Please,
rewrite the abstract according to the obtained results.

Response: The concepts have been clarified by changing some of the abstract sentences (see our answer
above).


https://doi.org/10.21950/YABYCN

Line 64: Depending by the vegetation type. I'll suggest the authors to concentrate their classification to
identify which kind of forest have an higher probability of transition from ground to crown fire. This could be
a great improvement to the current land cover map available.

Response: This is a good point, as assessing the potential transition from surface to crown fires is key
to prevent crown fires. In the same line, the authors believe that it is important to both identify those forests that
can easily go from surface to canopy and those that cannot. We agree with the reviewer, and in fact, forest
canopy and understory categories are proposed in the fuel classification system, Also, as the reviewer knows,
crown fires are highly influenced by the characteristics of understory and ladder fuels, as well as by wildfire
intensity (e.g., flame length), information that is not available at the European scale. However, we encourage to
complement the proposed fuel types with additional data for the regions where it may be available. In other
words, evaluating the likelihood that crown fires can occur would require determining the vertical continuity of
forests, as well as identifying the existence (or not) of a gap between the understory and the canopy fuels, and
estimating potential fire behavior, which is the result of complex relations among weather, topography, and
fuels. Regarding the last point, for instance, fire behavior can be estimated using wildfire spread models and
considering the conditions associated to fire occurrence in a given area. Overall, the point highlighted by the
reviewer is intended to be analyzed by the authors in future works.

To clarify this, we have added to the text the following in new line 587: ““The predicted increase in fire
intensity and occurrence of the so-called megafires (San-Miguel-Ayanz et al., 2013), which usually evolve from
surface to crown fires, makes it necessary to improve our information on canopy fuels. Assessing the potential
transition from surface to crown fires is key to prevent crown fires. For this reason, our classification approach
includes both surface and canopy fuel types for the forest fuel types. Crown fires are highly influenced by the
characteristics of understory and ladder fuels, as well as by wildfire intensity (e.g.: flame length), information
that is not available at the European scale. However, we encourage to complement the proposed fuel types with
additional data for the regions where it may be available. This would require determining the vertical continuity
of fuels, as well as identifying the existence (or not) of a gap between the understory and the canopy fuels strata.
This might be subject of in future work. The rest of the fuel types are disaggregated based on their fuelbed
depth, with thresholds suggested by the experts. However, fuel mapping is still a challenge because of the high
spatiotemporal variability of fuels, and the need to generalise the great variety of vegetation conditions related
to fire behaviour.”

Line 80: I completely agree with this sentence but it is not clear how the classification porposed
overcome this limitiation.

Response: The proposed fuel classification system is a first attempt towards filling this gap (fuel
classification systems only referring to surface fuels), which the authors plan to keep improving in future work.
For the moment, what has been achieved is the proposal of a fuel classification system that differentiates among
dissimilar forest canopies and understory types. This is a first attempt to try to differentiate surface from crown
fires as both characteristics have been considered separately (and can be mapped), and which could also help
study the potential transferability of fire from surface to crowns. We agree with the reviewer that this is still a
challenging issue that needs improvement to prevent crown fires in future works.

Line 93: Global scale include also Europe. Please, explain the limitation and the innovation for the
European-level.

Response: The reviewer is right as the global scale includes Europe. However, applying a global map
to the European scale has its limitations, for which the authors tried to account in the present paper.

We modified the sentence as follows in new line 89: “Fuel maps exist for continental scales, such as
South America (Pettinari et al., 2014) and Africa (Pettinari and Chuvieco, 2015); and global scales, but including
categories that are too coarse to be operationally applicable to European conditions (Pettinari and Chuvieco,
2016).”

This information was completed in the discussion section as follows in new line 564: “Anyhow, the
obtained results constitute an improvement in European fuel mapping compared to existing fuel maps covering
the European territory. The map provides more detailed categories than those of existing global fuel maps
(Pettinari and Chuvieco (2016)), or the 2000 EFFIS fuel map (European Forest Fire Information System

7



(EFFIS), 2017), which only referred to surface fuels, thus not considering forest canopy characteristics. In
addition, the FirEurisk fuel map includes new categories such as wet and peat/semi-peat land fuel types, which
are key to understand fire emissions; and urban fuel types, crucial to prevent fire affecting humans, which were
not considered in previous continental and global fuel maps.”

Line 100: Please, try to better explain how the proposed classification fill this gap.

Response: This aspect was explained modifying the discussion section as follows starting in new line

559: “The proposed FirEUrisk hierarchical fuel classification system was designed to be adapted to a wide range
of environmental conditions, including those found in the European territory, describing both surface and
canopy fuels. In this paper, we present a first product based on this classification, covering the whole European
territory for the first-level of the classification. We did not consider the forest understory, second-level of the
classification, better suited to regional and local scales where more detailed information, particularly LIDAR
data, can be available. Anyhow, the obtained results constitute an improvement in European fuel mapping
compared to existing fuel maps covering the European territory. The map provides more detailed categories
than those of existing global fuel maps (Pettinari and Chuvieco (2016)), or the 2000 EFFIS fuel map (European
Forest Fire Information System (EFFIS), 2017), which only referred to surface fuels, thus not considering forest
canopy characteristics. In addition, the FirEurisk fuel map includes new categories such as wet and peat/semi-
peat land fuel types, which are key to understand fire emissions; and urban fuel types, crucial to prevent fire
affecting humans, which were not considered in previous continental and global fuel maps.
The hierarchical nature of the system aims to define a common fuel types’ classification for different scales and
study areas. It also offers high versatility, as it enables mapping fuels with different disaggregation of categories,
depending on the detail and quality of the input data, while allowing to overlap fuel maps for the same area at
different scales, which would help the integration and comparison of fuel maps because of the common legend.
Thus, whereas the fuel map developed at the European scale was based on existing European and global datasets
integrated into a GIS framework, the same classification scheme could be applied to provide a more
comprehensive fuel classification using a multi-sensor approach in a machine learning framework (Garcia et
al., 2011; Marino et al., 2016; Domingo et al., 2020). Its structure has similarities (e.g., hierarchical scheme)
with the ArcFuel classification (Toukiloglou et al., 2013), although this was only prepared for southern-
European conditions. In addition, the involvement of expert knowledge in the development of the FirEUrisk
hierarchical fuel classification system suggests high acceptance, and therefore usage, among the fire risk
management community in the foreseeable future. It also allowed the development of a useful classification,
intended to fill the actual gaps of the European fuel mapping, towards a homogeneous and integrated fire risk
prevention strategy. Nevertheless, it must be considered that the grouping of vegetation types into fuel types is
a balance between generalisation of the landscape reality and loss of detailed information, which may not be
the most suitable system for all study areas.”

Also, the last paragraph of the introductory section was modified adding some sentences to clarify how
identified gaps are filled: “Considering the current limitations of European fuel mapping, this paper had three
objectives. The first one was generating a fuel classification system to facilitate the integration of continental
wildfire risk assessment, including both surface and canopy fuel types. The proposed classification system
should be hierarchical to facilitate the integration of fuel maps at different spatial scales, include both surface
and canopy fuel types and be suitable for different purposes, from fire behaviour simulation to fire emissions or
fire danger assessment. The second objective was to develop a European fuel map at 1 km spatial resolution
following the proposed fuel classification system. We aimed to develop a methodology that, combining expert
knowledge, GIS, available datasets, and bioclimatic modelling, might be easily replicable and updated with low
time and economic costs. Finally, the third objective was to assign surface fuel parameters to the derived fuel
types, by relating them to existing fuel models. We chose the FBFM standard fuel models (Scott and Burgan,
2005), as this system is widely used and very flexible. These three objectives serve to organise the structure of
this paper around three sections (Fig. 1). This work is expected to lay the framework for an integrated and
homogeneous fire management strategy across European countries. The present study is part of the FirEUrisk
project, which aims to create a European integrated strategy for fire danger assessment, reduction, and
adaptation.”



Line 102; was.
Done.

Line 111: Please, better justify the choice of 1 km resolution. It is evident that this resolution is not
suitable for the described purposes.

Line 342: It is not clear why the map at 100 m resolution has been reprojected to 1 km. This resolution
strongly limit the use of the map for any fire management purposes. Please, explain why you decide that the
target spatial resolution is 1 km.

Response to both lines 111 and 342: Although this 1 km resolution might be seen as coarse, it should
be noted that the study area is the European continent. The extent of this study area and the available input data
makes it difficult to map fuels at a finer scale, especially considering the input data (the CCI LC map at 300 m,
the bioclimatic models (including the weather data), etcetera), which led to adopt 1 km as a compromise
resolution. It should be considered that the intention to generate a European-scale fuel map is not to simulate
fire propagation at regional or local scales, but to have an overview and a holistic perspective of the actual state
of fuels in the European territory, that would help to identify areas with higher fire risk conditions and where
specific prevention strategies might be adopted to reduce fire risk. In addition, the proposed fuel classification
system is hierarchical and multipurpose, referring not only to propagation studies but also to emissions or post-
fire recovery, for which 1 km resolution could be a first step to compare fuel and fire risk conditions at a
continental scale. Anyway, the classification can be adapted to different spatial scales and in fact, the same
legend is being used for Pilot Sites in Europe (regional scales at the FirEUrisk project where the target resolution
is 1 Ha or higher), so it has a scalable structure. Nevertheless, similar methods could be developed to map fuel
maps at higher resolution for the European scale in future works.

We have added the following to the manuscript in new line 349: “The input layers used for the
generation of the European fuel map were previously resampled to 100 m to match the spatial resolution of the
Copernicus GLC map, which was our main information source. However, the spatial characteristics of some of
the input layers (such as the CCI LC map at 300 m, and the bioclimatic models based on 1 km resolution weather
data), recommended to convert the final product to 1 km spatial resolution, which was also the project target
resolution for the European scale. Therefore, after obtaining the first fuel type dataset at 100 m resolution, it
was resampled to 1 km, carefully accounting for the heterogeneity of European fuel types.”

Line 132: Educational,
Done.

Line 133:,

Done.

Line 139: Why urban areas are considered as fuels? Does it is part of the innovation in the classification
proposed? If yes, please explain how you characterize fuel parameters for this fuel class.

Response: Yes, some anthropic areas are considered fuels, and this is part of the innovation in the pro-
posed fuel classification system, as it was explained in the second answer to the reviewer in this document. The
following information was added to explain this in new line 161: “Urban: areas with > 15 % built-up structures
and/or buildings. The standard CLC division between continuous and discontinuous fabric was followed, related
to the amount of vegetation belonging to the intermix and interface of the Wildland-Urban Interface (WUI).
This is part of the innovation of the proposed classification system, as it allows the assessment of residential
and non-natural fuels, which can in turn help identifying anthropic areas where fires can affect human settle-
ments and lives.”

Fuel parameters for this fuel category are pretended to be extracted in the same way as the rest of fuel
categories because they are also vegetation, just being surrounded by buildings and infrastructures.



Line 141: Please, better explain how the two vertical strata were defined.

Response: To do this, the paragraph was modified as follows in new line 169: “Forest categories were
divided into two vertical strata: the first-level referred to the overstory (canopy) characteristics, and the second-
level to the understory characteristics. Further subdivisions were included in the first-level by considering the
leaf type (broadleaf/needleleaf), the leaf decidiousness (evergreen/deciduous), and the fractional cover
(open/closed). The lower stratum referred to the understory characteristics by identifying the type of surface
vegetation (grassland/shrubland/timber litter), and its height. This allowed us to define the surface and canopy
characteristics of the fuels in the forest, which can help to account for both surface and crown fires.”

Line 142: phenology has a different meaning.
“Phenology” has been changed by “Leaf deciduousness (evergreen/deciduous)” throughout the text.
Line 149: Does it mean that these classes are defined only for high spatial resolution? Please, clarify.

Response: Yes, the reviewer is right. For the European scale, it is only intended to map a general nonfuel
category, as it was considered that there was no need to discriminate among different types of nonfuel land
covers (it does not report any information usable to assess fire behaviour). For higher scales, nonfuel cover
types might be discriminated if it is interesting for any reason. This has been clarified as follows in new line
166: “Nonfuel: permanent water bodies, open sea, snow, ice, bare soil, sparse vegetation (< 10 %). It was not
found relevant to further disaggregate non-fuels by mapping water, snow, ice, bare soil, and sparse vegetation,
but it could be easily introduced if desired at high spatial resolutions.”

Line 156: How the threshold of 15 % was selected? It is extremely difficult to discriminate fire
behaviuor based on this threshold and it is one of the main criticality of the already existing fuel map. How this
new classification overcome this limitation?

Response: This issue was deeply explained in the third answer to the reviewer in this document. To
summarize it, the following was added to the paper in new line 140: “Forest: areas with tree canopy cover
above 15 % with a mean tree height > 2 m, following the Copernicus Global Land Cover legend (Tsendbazar
et al., 2020), which is based on the UN-LCCS (United Nations Land Cover Classification System) from the
UNESCO (United Nations Educational, Scientific and Cultural Organization) (UNESCO, 1973) and the FAO
(Food and Agriculture Organization, 2000). ”

Line 171: Please, see previous comments on this.
Response: See previous answer on this.
Line 177: Please, explain how the non fuel categories are discriminated for the second level.

Response: The sentence referring to this was deleted because it caused confusion. Second-level fuels
are not mapped at the European scale, so no discrimination was done. This was clarified in new line 181: “In
this paper, the European fuel map was generated for the first-level of the proposed fuel classification system,
covering all European continental countries at 1 km spatial resolution.”

Line 184: Could you explain why this new map would help the strategic planning of fire management
in Europe?

Response: Thank you for the suggestion. This was explained by adding the following in new line 182:
“This product was developed to help the strategic planning of fire management in Europe through generating a
continental map with a homogeneous and integrated fuel classification system for all countries, which would
allow to carry out standardized fire risk analysis and inform fire managers and policy makers from a risk-wise
holistic perspective for Europe.”
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Table 1: The class mixed forest has been always the most critical in terms of fire behaviour prediction
because it is difficult to understand if part of the vegetation is represented by flammable species or not. How
this classification help to overcome this limitation?

Response: The authors agree with the reviewer on the idea that having detailed information on forest
types would help fire behaviour prediction. However, there would be forests where the mixture of species and
tree types would be that high that they should be considered as mixed. Mapping categories at non-very-detailed
resolution would always require a sort of generalization of the reality. This has been identified as a limitation
of categorical maps (as explained in previous comments). Anyway, the proposed classification tried to overcome
this limitation by defining fuel types with similar characteristics (leaf type and deciduousness, fractional cover,
and understory type and depth) that are expected to behave similar in case of fire. In fact, this level of
disaggregation of forest fuels is higher than those from existing fuel classification systems (FBFM, NFFL,
Prometheus, etc). This way, although not fully, the authors tried to develop a fuel classification system that
grouped fuel types in the most disaggregated categories as possible. Only in the case of very mixed forest where
it would not be true and accurate to identify them as a certain forest fuel type, it was used the category of mixed
forest.

Line 197: winter season is an important fire season in several areas. Fires in spring and autumn are
related with the extension of summer and winter season due to climate change and interannual variability.
Please, rewrite this sentence.

Response: We rephrased the sentence in new line 192 according to the reviewer’s suggestion: “The
study area is the European territory as defined by the FirEUrisk project, with around 5 Mkm? of land, covering
33 countries (Fig. 2). The most historically affected European countries by wildland fires have been Portugal,
Spain, ltaly, Greece, and France. However, a recent increase in fire activity in higher latitudes has been
observed: e.g., fires in Sweden in 2018 (San-Miguel-Ayanz et al., 2021), and the fire between the Czech
Republic and Germany in 2022 (Global Disaster Alert and Coordination system, 2022). The most dangerous
fire conditions in the European territory, and particularly in the most affected Southern European Union
countries, are usually observed during the summer months, which represent the period where fuel conditions
are most favourable to fire ignition and spread. The peak of the fire season can be different in other European
areas, observed in winter (e.g., Alps; Pyrenees) or spring (Central and Northern Europe) (San-Miguel-Ayanz et
al., 2021).”

Line 200: It is not clear why burned areas in the considered period are included in this map. | suggest
to remove burnt area from figure 2. Maybe you could include an additional picture of burned areas in winter
season compared with summer season.

Response: The suggestion of the reviewer was accepted. The original map was deleted and a new map
was included:
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Figure 2. Study area, and burnt areas from 1 January 2000"up to 27 January 2022 in winter and summer
seasons (EFFIS, 2021).

Line 259; How?

Response: Leaf type and deciduousness of the unknown forests from the Copernicus GLC map, was determined
by intersecting the Copernicus GLC map with the forest categories of the CCI LC map. This is explained in the
following lines (paragraph starting in new line 258): “Information on the leaf type, leaf deciduousness, and
fractional cover of forest fuels was obtained from the Copernicus GLC map (Buchhorn et al., 2020). This dataset
defines all the first-level forest fuel types in the FirEUrisk fuel classification system, plus two more categories
only referring to fractional cover: unknown open forest and unknown closed forest. Pixels falling in these two
categories were overlapped with the CCI LC map (Copernicus Climate Change Services, 2020), previously
resampled from 300 m to 100 m using the nearest neighbour method to match the resolution of the Copernicus
GLC map. This allowed determining the leaf type (broadleaf/needleleaf) and leaf deciduousness
(evergreen/deciduous) of the unknown forest from the CCI LC map for forest cover. The pixels identified as
unknown forest in the Copernicus GLC map but not as forest in the CCI LC map were assigned the category of
the CCI LC map.”

Line 270: The use of bioclimatic models for estimating grassland and shrubland fuelbed depth seams
to be one of the main innovation of the proposed classification. However, it is not clear how the models have
been selected and how the results have been validated. Please, try to better explain this aspectes. Have the
selected models been adapted to Europe?

Response: The usage of the bioclimatic models to estimate fuelbed depth is indeed a very innovative
aspect of this work. To the authors’ knowledge, there do not exist bioclimatic models to extract fuelbed depth
for the whole European territory, but instead there exist some papers regarding this issue for local scales. For
the generation of the map, we decided to apply the already-existing bioclimatic models best matching European
conditions. In the case of shrubland, because most of the shrubland fuels in Europe were located in the arid/semi-
arid areas (Table 4), bioclimatic models for shrublands in these areas were used. These models were not adapted
to Europe (except the data that gets the productivity of the grasslands because it was developed for the European
scale) because of the lack of calibrating methods for such a big area. We are aware that this approximation has
its limitations, but the available input data for such a big area as Europe and the calibrating data available did
not allow to calibrate own bioclimatic models. These models are already validated, and their details can be read
in the papers where they were originally presented. We have provided detailed information in the new version
of the manuscript in new line 279: “There do not exist bioclimatic models adapted to the whole European
conditions, so we used the regional already-calibrated models which best related to European shrubland
conditions (mostly located in arid-semi arid zones) as an approximation.”
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Line 350: how they are discriminated?

Response: The paragraph (new line 359) was rewritten to clarify how dominant categories in a 1 km
pixel were discriminated: “The main resampling criterion was to choose the dominant (first-mode) category
within the target pixel. However, to tackle the impact of mixed fuel type covers (e.g., mixed forest), and to take
into account the most dangerous type between two equally-extended fuel types (discriminated using expert
knowledge); the combination of categories in Table 2 was performed whenever there were two co-dominant
categories. Co-dominant categories were defined as those that present the same frequency in a group of 10 x 10
pixels, or the frequency of one category is higher than half the frequency of the other category. The combination
of the co-dominant categories in Table 2 was carried out regardless of which category had higher frequency.”

Line 375: did you make it over 5,016 points?
Line 381: why you did ot make use of all the points selected? Please, justify.

Response to both lines 375 and 381: The validation procedure was clarified as filtering was not
performed to 5,016. Filtering was made to all LUCAS points and finally, after filtering, the validation was done
using 5,016 points, which were considered to be a sufficiently representative sample according to the proportion
of area covered by each fuel category. This has been clarified in the text by deleting the confusing data and
modifying the following sentences (new line 394): “Finally, after applying the filters we extracted 5,016 suitable
LUCAS validation points by stratified random sampling, which was considered a representative sampling
according to the proportion of area covered by each fuel category. The land cover categories from the validation
points were reclassified to the most similar FirEUrisk main fuel types and were used for the assessment of the
European fuel map. A confusion matrix was computed for quantitative analysis.”

Line 401: Where are the results of this comparison? | was not able to find any comparison in the paper.
Please add a table or a plot to show this comparison.

Response: The comparison between the validation of the FirEUrisk European fuel map and the
confusion matrices of the 2015 Copernicus GLC map over Europe is performed in the discussion section, as
this work results are being compared to other existing datasets and results. To make it easier to find this
comparison, it has been specified in the methods section in new line 414: “Finally, in the discussion section, the
two confusion matrices (one for the main fuel types, another for all mapped fuel types) were compared to the
results obtained from the validation of the 2015 Copernicus GLC map over Europe (Tsendbazar et al., 2020).”
The comparison is made through the text because generating a table or plot would be difficult to understand, as
the categories in both datasets are not the same and only some of them have an “equivalent”.

Line 420: Are you sure that the model for shrubland fuelbed depth is adapted to Europe? Is it possible
to consider shrubland up to 6 meters?

Response: Regarding the first question, the shrubland model has two steps. In the first step, the model
to estimate shrubland biomass from Mean Annual Precipitation data developed for the State of California was
used. In the second step, the model to estimate shrubland fuelbed depth from shrubland biomass developed for
Turkey was applied. Because European shrublands were identified to predominate in the arid/semi-arid areas of
the European continent (mostly represented by the Mediterranean biogeographic region - European
Environment Agency (2016)), it was found appropriate to use the models developed to California and Turkey,
as their climatic conditions are like those in the arid/semi-arid Europe. This was seen in the ClimateCharts.net
platform (Zepner et al., 2020).

Regarding the second question, the following was added in new line 430 and is self-explicative:
“Although shrubland are generally considered up to 5 m, exceptions are allowed subject to the plant’s
physiognomic aspect (Food and Agriculture Organization, 2000). Therefore, here we allowed for plants higher
to 5 m being classified as shrubland if they have a clear physiognomic aspect of shrub.”
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Line 552: Please, specify that no information about the vertical distribution of vegetation is included in
the forest classification.

Response: Done through this sentence in new line 561: “In this paper, we present a first product based
on this classification, covering the whole European territory for the first-level of the classification. We did not
consider the forest understory, second-level of the classification, better suited to regional and local scales where
more detailed information, particularly LIDAR data, can be available.”

Line 553: Try to better define the improvement with respect to the global fuel map.

Response: Done through the following sentences starting in new line 564: “Anyhow, the obtained
results constitute an improvement in European fuel mapping compared to existing fuel maps covering the
European territory. The map provides more detailed categories than those of existing global fuel maps (Pettinari
and Chuvieco (2016)), or the 2000 EFFIS fuel map (European Forest Fire Information System (EFFIS), 2017),
which only referred to surface fuels, thus not considering forest canopy characteristics. In addition, the FirEurisk
fuel map includes new categories such as wet and peat/semi-peat land fuel types, which are key to understand
fire emissions; and urban fuel types, crucial to prevent fire affecting humans, which were not considered in
previous continental and global fuel maps.”

Line 558: it is not clear how the classification can be scaled and how the categories can be
disaggregated.

Response: This has been clarified by adding sentences to the referred paragraph starting in new line
571: “The hierarchical nature of the system aims to define a common fuel types’ classification for different
scales and study areas. It also offers high versatility, as it enables mapping fuels with different disaggregation
of categories, depending on the detail and quality of the input data, while allowing to overlap fuel maps for the
same area at different scales, which would help the integration and comparison of fuel maps because of the
common legend.”

Line 603: Again, it is not clear the advantage to consider urban fuel type.

Response: This aspect has been already improved in previous comments and parts of the paper. Thus,
this paragraph was complemented with the same information as before in new line 626: “Urban fuel types are
the least represented in Europe, but they are the most dangerous from an economic, societal and human health
point of view (Bowman et al., 2011). Mapping urban fuel types represents an advance of the proposed
classification system, as it allows the assessment of residential and non-natural fuels, which can in turn help
identifying anthropic areas where fires can affect human settlements and lives.”

Line 616: This is the only information on the comparison with 2015 Copernicus GLC map. It is not
clear how the proposed approach would improve the usability of the map.

Response: In this part or the paper, we compared the validation report of the Copernicus GLC map and
this paper’s validation results. The authors did not intend that this improves the usability of the map.

Line 688: Please, Try to list some of the insights.
Response: Done by adding them in new line 711: “The FirEUrisk fuel classification system can provide
a number of insights and information for wildfire risk monitoring and assessment at the European scale

including fuel parameters, such as dead and live surface fuel load, Surface to Area VVolume ratio, or surface
fuelbed depth.”

Line 691: Most of the information needed for running propagation models is not present in this work.

Response: Thank you for pointing out this limitation. What we obtained was the fuel information needed
to run fire propagation models, but then, we need to input other data (e.g., weather conditions, topography,
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ignitions, etc) to make the run. We have corrected the sentences in the text to reflect this in new line 716: “The
full surface fuel set information needed to run fire propagation models can be extracted from the crosswalk to
the FBFM, complemented with other canopy fuel parameters (such as crown base height or crown bulk density)
and other necessary input data (e.g., weather conditions, topography, ignitions, etcetera) to run fire spread
models (e.g., FlamMap (Finney, 2006) and FARSITE (Finney, 2004), as embedded in FlamMap 6.2
(https://www.firelab.org/project/flammap). This should be subject of an extension of this paper and could be
based on the calibration of models that estimate canopy fuel parameters using airborne and satellite LIDAR
systems, for which regional airborne LIiDAR would be key to consider the heterogeneity of European fuels
before using the global satellite LiDAR data for the continental scale.”

Line 699: Please, try to better explain how this map help to rate fire danger and risk conditions.

Response: Done by adding in new line 727: “In addition, the FirEurisk fuel map would be useful for
regions that do not have fuel cartography. The mapped fuel types and the fuel parameters obtained from the
crosswalk to FBFM can serve as input for fire propagation models and help rate fire danger and risk conditions.
It is also important to note that the maps of fuel parameters at the European scale are examples of what can be
done, but the crosswalk is intended to be useful for areas where technologies and resources such as LiDAR data
are not available.”

Line 728: It is really unclear how the results of this work meet the unfulfilled fuel mapping needs in
Europe. Conclusions need to be expanded and better define the results of this work.

Response: We agree with the reviewer that the original version of the paper was unclear in this aspect.
We have deeply modified the last paragraph of the conclusions to summarise how this work tries to meet the
actual unfulfilled fuel mapping needs in Europe: “The results of this study constitute the first step towards a
risk-wise landscape and fuel mapping development across Europe, which will help integrated, strategic,
coherent, and comprehensive decision making for fire risk prevention, assessment, and evaluation. The results
have wide applicability because they meet the actual unfulfilled fuel mapping needs in Europe: 1) the
development of a fuel classification system specifically designed for European conditions, which allows not to
rely on external classifications that should be only applied to the regions for which they were developed, 2)
enabling coordination, integrating fuel mapping at different spatial scales and across European regions through
a common fuel legend with hierarchical levels, 3) multipurpose, including prevention, propagation, behaviour,
emissions, and suppression, 4) mapping fuel types not previously considered at European scale that are key for
protecting people and the environment from the devastating effects of fires: forest canopy fuels (key for crown
and extreme fires), wet and peat/semi-peat land fuels (key for emissions) and urban fuels in the Wildland Urban
Interface (key for people’s and socio-economic safety), 5) the generation of an updated European-specific fuel
map, compared to the EFFIS fuel map from year 2000 (European Forest Fire Information System (EFFIS),
2017), and 6) the preliminary surface fuel parameterization for Europe that can be used for estimating fuel
parameters whenever there is no suitable input data available. Overall, the existence of updated land cover
datasets and bioclimatic models for the European territory is limiting, and work is still needed to parameterize
canopy fuels. The results of this work are part of the new FirEUrisk integrated three-part perspective of fire risk,
whose strategy is meant to shift the thinking of wildfire management by looking simultaneously to fire
assessment, reduction, and adaptation from a common scheme.”

Please, find also attached the new version of the manuscript with the changes done.
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