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Abstract

The RUEL MANAGER is a Q\PsIs module that is devoted to fuel modeling, fuel duip and fire
effect assessment. Theksis platform (http://www.inra.fr/capsis) is a softwgsackage designed to
host forestry models, either growth and yield onaiyics models. In theUEL MANAGER, fuel
modeling is based on a description of the physgiraperties of the thin particles (leaves, twigs)
involved in fire propagation. Three-dimensional reee can be built and visualized and different
kinds of objects can be added to represent bo#s temd the undergrowth. Each object contains
different data from particles properties (massdtume ratio, surface to volume ratio of leaves and
twigs) to bulk density 3D distributions. Tree dégtion is based on allometric relationships between
diameter at breast height and leaves or twig bisegdree crown shape models, and horizontal and
vertical biomass distributions. The physical praoiesrof the different species are based on empirica
models or field data downloaded remotely from ajectboriented database. The 3D scene can also
be built from input files with various types of foat. The fuel scenes can be exported in a format
readable by the fire behavior physically-based méteeTEC. This model requires fuel data (bulk
densities, leaf area and fuel moisture contentliazzed in 3D voxels, at a resolution close to 2m.
The RUEL MANAGER also enables to simulate fuel build-up and fuehaggment. Tree growth
models account for the effects of site conditiatand age and competition between trees, as well as
management effects (thinning, pruning). They prtediompetition-induced mortality and the
evolution of tree stem diameter, total height, andweight and width. Fuel treatments can be applied
to all or part of the scene to reduce appropriatieéy local biomass available. Fire effects can be
derived from empirical models. Based on a sceradritre intensity and residence time in the stand,
crown scorch, crown kill and damage to bark aremated for each individual tree using a variety of
published empirical models. These computed damageshen used to assess the tree mortality
probability, based on logistic models. Damages¢evo and bole can be visualized in the 3D frame.
The RUEL MANAGER is a very promising tool for the investigationfaél management scenarios. It



is based on recent technologies for visualizatiod acene manipulation and on recent research
results for fuel and fire effect modeling.

Keywords: Fuel modeling, Stand dynamicsRETEC, Fire effect

1 Introduction

Fuel is a key component of fire environment anceltral parameter for assessing
fire ignition, fire behavior and fire effects. Fuelgether with weather and topography are
determining factors for predicting fire behaviorh@dlerset al., 1983). In that respect,
fuel can be considered, on the short range, asietstal factor for assessing fire risk.

On the long range, fuel build-up is part of the ibasrocesses of ecosystem
dynamics although forest science allocates mucheneffiort on tree growth and yield
models than on undergrowth dynamics studies. Neekss, knowledge about grass and
shrub layers is a fundamental of wildland fire ngeraent, since they contribute to
potential fire behavior and will decide whetherugface fire will develop into a crown fire
(Scott and Reinhardt, 2001). On a dynamical petsmeenvironmental conditions and fire
regime, together with fire effects and post-firsdsics, will explain the role of fire as a
perturbation in changing the ecosystem trajectqbedeet al., 2001).

Wildfire is a human driven phenomenon, at leaghenMediterranean environment
(Regoet al., 2010), and wildfire prevention relies on humaticas as well, since fuel
modification is the main option for changing fireHavior (Fernandes and Botelho, 2003).
Chandlerset al. (1983) describes the strategies for fuel managentte® most used being
load reduction, compactness increase and discatmsiuin horizontal and vertical
distributions. Strategies for wildfire hazard alvaémt need to be assessed including in their
consequences on shifting the fire regime.

With this objective, computer simulations combinmgdels of fuel description, fire
behavior, fire effects and ecosystem dynamics hmeen implemented successfullyg
Fernandes and Botelho, 2003), but an integratedilatron platform able to link the
various models involved in a single tool, is shiissing. The Fire and Fuels Extension
(FFE) to the Forest Vegetation Simulator (FVS) (Rardt and Crookston, 2003) is an
advanced tool to simulate fuel dynamics and padéritie behaviour over time, in the
context of stand development and management. Couplth the Stand Visualisation
System (SVS) (McGaughey, 1997; http://lwww.fs.fetpow/svs/), it is an integrated
solution, but not compatible with the last advanioefire behaviour modelling.

The RUEL MANAGER has been specially designed for interacting withrhensional
physically-based fire propagation models. These etso(Linn et al., 2005; Mellet al.,
2007) include 3D representation of fuels, whichaigritical advance to investigate the
impact of heterogeneous fuel types and transitibesveen fuel types, compared to
previous models such agER®AvVE (Rothermel, 1972). Physically-based fire models require
fuel data that are spatialized in 3D voxels. To liket of our knowledge, no tool was yet
available to build vegetation scene in 3D. Parq@086) has developed a software called
FUEL3D, based on fractal representation of trees. Hewethis tool does not have the
functionality to build large scenes, with differdéael types including the undergrowth.

This paper gives an overview of thedt MANAGER abilities and functionalities. It
presents the main features for building 3D vegatagcenes, for creating 3D spatially
explicit fuel models and for displaying fire impacbn vegetation as a result of the
application of various models of fire effects.



2. FUEL MANAGER Structure
2.1. A Cpsismodule

The Gpsis platform is a software packagettp://www.inra.fr/capsisdesigned to
hosting forest growth and dynamics models (de @glig2007). Such a tool is very
convenient for forestry modelers, managers and aoiuc C\PsIS is designed around a
kernel which provides an organizational data stngc{session, project, scenario, steps) and
also generic data descriptions (stand, tree, etc.).

Under a given project, different simulations can ro@ to investigate several
scenarios of stand evolution. Each simulation hystmntains different steps to describe
stand evolution, human interventions and ecologmsturbations. A simulation always
contains a root step, describing the initial staaiher loaded from file or virtually
generated. A project memorizes the different stefpghe simulation history. A project
manager displays the several scenarios simulated tpven project, and offers tools for
stand manipulation and visualisation (Figure 1)e Tproject manager provides a step
contextual menu containing step management optikeshinning, pruning, fertilization,
plantation, or software features like viewers, giap or export tools in various formats.

The RUEL MANAGER is a Q\pPsis module that is devoted to fuel modelling, fuel
build-up and fire effect assessment. One of thenngaials of this software is to interact
with physically-based fire behavior models (Lecosital., 2010).

2.2. Vegetation scene

Vegetation objects

A vegetation scene is composed of several objecisding a terrain, a grid, and
several vegetation objects. A terrain correspoadké ground of a vegetation stand. A grid
is a set of lines dividing the ground surface iruags. It can be useful for locating
vegetation objects in the vegetation scene.

The vegetation objects represented on a vegetatiene can be used to build a
large variety of landscapes, including zones witfeent fuel types. Vegetation objects
can be either fuel layers or individual plants ltkees or shrubs. A fuel layer is a collection
of individual plants, closely grouped and diffictdtdescribe separately, inviting the user to
summarize them in a unique object. A fuel layeattached to a polygon, which locates the
fuel complex on the vegetation scene. A fuel layan be simple or composed of several
elementary fuel layers. In the last case, it itedahfuel layer set. For example, a Grassland
is generally represented with a simple fuel laysrduse it only contains one layer of grass,
whereas a Mediterranean garrigue is generally septed with a fuel layer set because it
can contain 3 different fuel layerQuercus coccifera, Rosmarinus officinalis and
Brachypodium retosum. Fuel layers are generally used to represent tiaengrowth, but
can be also used to represent canopies.

Each vegetation object is described with its owtritattes and macroscopic
properties. Individual plant attributes include @ps name, position (x,y,z), stem diameter,
total height, crown base height, crown diameteighteof maximum crown diameter,
crown profile, bulk density, leaf area index, fuabistures of the several fuel particle
categories, and some fire effects descriptors. @& fayer set is described as a single
vegetation object, including a list of layers. Edayer has almost the same properties than



an individual plant, but has also additional specdttributes like cover fraction and
characteristic size of clumps.
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Figure 1. The project manager with 3 scenarios nas halepensis Mill. stand separated
by a forestry road (in black). The top part represdahe different steps (in year) in the
different scenarios, starting from a same inittansg (0a), visualized below (top left 3D
viewer). The different scenarios represent (a) @mrahevolution during 6 years, (b) an
undergrowth clearing and tree thinning (5 m betweeswns) on a 100 m wide zone,
followed by 6 years of evolution and (c) an undevgh clearing and tree thinning (5 m
between crowns) on a 100 m wide zone, followed byears of evolution and a fire
(750 kW/m). Post fire damages are displayed orbttm left 3D viewer, as well as some
statistics on the bottom right graph with deaddrgeuped by diameter classes (in red),
compared to initial number of trees (in blue).

The RUEL MANAGER module includes a 3D scene editor. Individual tdaare
represented as individual objects, with a crownpshawvhereas a fuel layer set is
represented by a volume, which section is the moiyattached to the fuel layers and the
height is the maximum height of the layers contdimethe fuel layer set (Figure 2).



Scene editor
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Total cover (%) : 81
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Figure 2. The main window of theUEL MANAGER, containing a 3D visualization of an
Aleppo pine stand with a 10 m wide forest road, ismdontrol panel on the right.

Vegetation scene creation

A scene can be created from text files of variammats containing the description
of fuels in terms of individual plants or fuel lageand can be edited and modified.
Polylines and polygons can be added in the scenelhsis fuel objects (plant, layers) with
the “add” icon. A scene can be built from scratmfly using the “add” icon.

Several creation modes for generating a vegetaaame are currently available
throughout the user interface, respectively frongetation inventories, from field
parameters, from scratch (empty scene) or froneaespreviously saved.

The scene generation through a database invensmy an inventory file which
contains only vegetation objects known IpEEWEB, a web-based object-oriented database
(Krivtsov et al., 2009). The inventory file describes each vegatatibject throughout its
“ID” in the FUELWEB database, and location. This option requires an@cton with the
remote database sinspecies, height andcrown dimensions are read for each fuel in the
database before generating the scene. The invefii®wlso contains a line describing the
dimensions of the terrain. Using this option to grate a vegetation scene will make
possible the creation of export files necessarymtothe fire propagation model.

The next two loaders doesn’t require any accesbddUELWEB database as the
vegetation object doesn’t contain the vegetatiojeaib’ID” of the database. Individual
plants biomasses are generated by allometric oaktiips. A detailed inventory file can be
loaded as well which describes each vegetationcolijedetails throughout its species,
crown dimensions and location. The “Popcov” subamst enable to generate automatically
several tree or shrub populations by using sonta artd inter populations spatial rules and
constraints. As described by Goreaadal. (2002), spatial rules use namely Gibbs
parameter. The “From field parameters” option i®fukto generate automatically a
vegetation scene, given some indications descrildngtructure and composition. It may
contain a list of dominant tree species (with sfpetieights and DBH classes) and a list of
fuel layer sets including their respective fueldes/for the description of the undergrowth
(height, cover, bulk density, moisture content ...).

It is planned to extend the import formats by inohg SVS files, namely.



3D scene editor

The 3D scene editor was designed to visualize diidhe vegetation scene (Figure
2). The main window of the editor is divided in@veral functionally independent zones: a
3D view panel of the scene (left), a menu bar,@ bar and a real time control panel
(right). The view on the scene can be modified gidime first top three icons (“orbit”,
“translate” and “zoom”) and the mouse. General progs of the scene are displayed in the
control panel, including cover fraction, phytovolemf the undergrowth and fuel load.

Any item (terrain, grid and vegetation objects) tbé vegetation scene can be
visualized in different ways thanks to several eyeds. As renderers areAksIS
extensions, th&UEL MANAGER module needs only to match extensions to be ables¢
them. So, “Bounding Boxes”, “Lollipops” and “Grid'enderers are used as they were
released in @rsis it implies to adapt some functionalities to theEE MANAGER
requirements. On the contrary, the “Pattern Sketaleaderer was especially developed for
the FUEL MANAGER purposes. This renderer permits to visually défgrate categories of
vegetation objects using various geometric shapé®e crowns. A colour setting enables
further details in vegetation classification digpl&endering mode can be modified in the
control panel and the attributes of the selectadtglcan be seen with the “Edition” tab.

Any vegetation object can be edited and modifieeleBal planting processes or
methods to display vegetation objects on the s@eeavailable including interacting
planting using the mouse, planting along a linenapows or some random patterns.

Special attention has been paid to the robustness efficiency of scene
manipulation, because 3D visualization is a costthnology and items displayed on the
vegetation scene can be very numerous. First, eaded mode based on skeleton of tree
crown is used by default during view manipulatiées{ mode). Second, the rendering of
trees is degraded when tree number is high, sostieate manipulation is maintained. The
quality of this representation can be temporarydased for more accurate visualization.
The RUEL MANAGER was also designed to support heavy scenes witifisant numbers of
trees. The whole plot of the International CrowreRViodelling Experiment (Alexandet
al., 2004) has been represented and manipulated waite than a million of trees.

3. Fuel modelling
3.1. Detailed 3D structure of fuel objects

Each fuel object (individual plant or layer) can lssociated to a detailed
representation of its 3D structure, so that it barexported to any kind of fire model that
uses an explicit 3D representation of the fuels®tructure is based on a description of the
vegetation object in small voxels. By small, we maanificantly smaller than the object
size (generally one tenth), so that the object 8Dcture is reasonably well described.
Voxel size depends on the method used to fill theels (data base samples derived from
cube method, allometric tree models ...). The vl the 3D matrix of a fuel object
contain different local properties, including fuglume (i), live and dead fuel biomasses
(kg), surface area (fhand live and dead fuel water mass (kg).

3.2. Fire Paradox database manager (individual plardduel layers)

The cube method is a fuel description method pregpdsy Coheret al. (2002) to
model the spatial distribution of fuel particles esquired by physically based fire



propagation models. Individual shrubs or fuel layare modeled using a limited set of
voxels sampled in the field where fuel particles sorted by class sizes and measured in
biomass and for assessing their main thermal, a&nand physical properties. Fuel
sampling is generally carried out on elementaryel®of 25 cm side. Field description
includes an assessment of plant geometry and aisitiebution of voxel types within the
plant shape (Krivtsowt al., 2009). This fuel modeling method is specially [@dd to
shrubs smaller than 3 meters in height.

Data related to fuel description are stored tbel®WEB database, whicBtructure
with particle as a central class has been chosehealsest strategy to encompass the fuel
data high heterogeneity in scales and organizatomades (Krivtsovet al., 2009). The
database has the potential to store and procesegdieeange of fuels data. The database is
part of the European Fuel Knowledge Platform imm@ated by the IRE PARADOX
European project and located on the European Fbrstute server in Joensuu, Finland.
The RUEL MANAGER is remotely connected to thes®WEB databasesia an automatic
Internet connection. A set of dialog windows haveer implemented on theuEL
MANAGER to manage the interactions with theeEWEB databaseFUEL MANAGER being a
fully integrated tool, interactions are consideredboth ways (i) for extracting fuel
information from the database in order to disptagni the vegetation scene, but also (ii) for
storing new plants or updating any fuel informatiorthe database. Fuel information may
be related either to a measured plant corresporidiagreal plant measured in the field, or
to a virtual plant, created with thesEL. MANAGER. A virtual plant may differ from a real
one either by its shape, by the distribution ofelexfuel samples) within its shape, or by
the values of one or several fuel parametegs fnean of several samples).

Extracting fuel information from the FUELWEB database

Each vegetation object of the scene can be assddiaia detailed representation of
its 3D fuel structure, so that it can be expor@any fire model that uses an explicit 3D
representation of the fuel. When selecting theé'Raradox database” option in the dialog
windows for planting new individual plants or fualers on the vegetation scene, a list of
available vegetation objects is displayed with seelection criteria (Figure 3).
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[Height (m)
[[] crown Diameter (m) :
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Figure 3. A fuel plant list extracted from thedt WEB database for selecting
plants to be managed by thedt MANAGER.

Updating fuel information stored in the WEBFUEL database

The complete process for storing new individualngdaor fuel layers in the
WEBFUEL database or updating any fuel information can perated from the $EL
MANAGER using a series of dedicated dialog windows. Bélgithe main steps are (i) the



description of the general information about thengled plant (species, location, site
conditions and history, ...), (ii) the description thie elementary samples related to that
plant (positions of the voxel types in the coluparticle biomasses), (iii) the description of
the 2D shape of the sample plant and finally (ng gieneration of the plant 3D shape with
voxel types distributed within it. The 3D shape d@ngenerated either by copying voxel
types from a sample or a 2D shape, or by usindaioo algorithm from 2D to 3D. In this
last case, the shape will be composed of voxelsdifferent, with biomass values
depending on the voxel distance to the centre efrttation axe. The full process for
managing information stored in the BAFUEL database is described in Leconateal.
(2010) and includes the adaptation of the aboveridbesi method for fuel layers.

3.3. Allometric approach for trees

Allometric models can be used to fill the 3D matixfuel objects of some species.
These models are generally based on a dendronptjerty of the tree, such as the
diameter at breast height or the tree total heigbtcompute fuel volume, fuel surface and
water mass in each voxel, it requires three categasf information, respectively (i) a
model for the crown envelope, (i) a model for fuebss in the envelope, and (iii)
additional properties such as moisture content| flemsity and area to volume ratio
(Alexanderet al., 2004; Mitsopoulos and Dimitrakopoulos, 2007).

Allometric approach includes the branching modesctv describe the fuel on each
branch instead of describing it in each crown. Bhamg models (see for example Meredieu
et al., 1998) are often built aiming at taking into aacbthe defects induced by branches
(position, size, number, and condition - sound ot n of knots) in wood quality
assessment, especially in relation to tree andistanditions. Statistical models are used to
determine the branch distribution in each treehefdtand, depending on the stand history,
including management. Then the fuel propertiesaoshebranch are assessed based on the
same kind of relationships as described for treesat the scale of branches, to assess the
3D matrix of the tree.

3.4. Undergrowth models for fuel layers and fuel layetiss

Undergrowth vegetation is generally described fablayer, composed of different
fuel families with different properties. Based ame field data, some models has been
derived to provide bulk density of a species asngtion of height (Cassageeal., 2009).

Some predefined models of fuel layer sets havelssn defined, to assist the user
that does not have the details of the fuel comgksscriptions. These models are based on a
classification defined by Jappietal. (2010).

4. Stand evolution and inter vention

Among the various management options, the usercbaonse (i) to compute an
evolution of the stand from a given step for a giveimber of years(ii) to compute an
intervention (pruning, thinning, clearing, etc.)aperturbation like a fire event diii) to
export the current step in a given format.

In the case of an evolution, the model calculatdsequent steps after the starting
step. These new steps will have different dateshéncase of an intervention, the user has
to parameterize it. A new step (with a “*” indiaagi it is the result of an intervention) is



added after the chosen step, carrying the staed iatervention (Figure 1). Growth model
for Pinus halepensis stands anduercus coccifera garrigue are currently available in the
software.

Fire managers mostly use thinning and pruning,aa®gy fuel treatment. Among
the variety of thinning possibilities available @aPsis it is possible to simulate a thinning
that respaces stems or crowns. Pruning is alsdablai Generally, interventions are
applied to a group of trees or to a spatial locatishich can be defined with a variety of
criteria. For example, the fuel-break presented-mure 1 was build with a respacing of
crowns at 3 m starting from an initial stand dgneft800 stem/ha.

Fire perturbation is a specific case of intervemta;n the vegetation stand. This
functionality enables to calculate the fire impamtsthe vegetation objects and namely on
trees. Two main options are available, respectiusing the outcomes of theRETEC fire
propagation model or using some published empirioadels relating fire behaviour
parameters to fire effects on trees. The exporbopequires exporting first the vegetation
scene in order to run aRETEC simulation (see below). The result of a fire sdreaterms
of fire effects can be computed, as a function iffexent parameters (intensity and
residence time, rate of spread and residence #tag, It results in a new step or scenario
in stand life. The option implementing empirical ciets enables to assess the fire severity
parameters of each tree (crown scorch/kill heightd asolume, cambium damage
probability, mortality probability, etc). The usean select through combo boxes the
empirical model he wants for crown damage (van \Veagri977; Saveland and
Neuenschwander, 1989; Finney and Martin, 1992; Metla and Johnson, 2006), cambium
damage (Peterson and Ryan, 1986; Bova and Dickira®b) and mortality probability
(Peterson and Ryan, 1986; Ryan and Amman, 1994).

The fire effects derived from these empirical medmn be used in stand scenarios.
This damage to crown and bole can be visualizethen3D editor and some data (tree
mortality per diameter class, etc.) can be extthfegure 1).

An important purpose of theUEL MANAGER is to export the vegetation scenes to
fire models to assess the fire behavior. The dtallescriptions of fuel objects in their 3D
matrix are fine enough to be used for any fire nhadataining a physical description of
the fuel. However, very few fire models are abletake into account explicitly 3D fuel
description, FRETEC and WEDS being among the few available.

FIRETEC is a coupled 3D atmospheric transport/wildfire d@ebr model being
developed initially at Los Alamos National Lab and-developed by INRA. It uses
descriptions of fuel in 3D voxels with a mesh sikese to 2 m (homogeneous horizontally,
but stretched vertically). Four input files are uigd, describing bulk density, fuel
thickness, moisture mass and fuel height in cedllivoxels of the mesh.

An export option has been developed (Figure 5prder to build the files for the
FIRETEC model. The IRETEC matrix is generated, according to the dimensiothefportion
of the scene that should be exported, mesh sizestatthing parameters. Then the 3D
matrices of all vegetation objects representechendcene are built and merged into the
FIRETEC matrix. In each voxel of thel®ETEC matrix, the required properties are computed,
according to different options, and are at the pndted in the BRTRAN binary format
required by RRETEC.



Export Firetec Monofuel
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Figure 5. Graphical interface of the exportReeTec. The left column is dedicated to
FIRETEC mesh computation. The right column contains theoop available for export
(inclusion of a topography, resolution of the 3Dtrcas of fuel objects) and file names.

5. Discussion and conclusion

The RUEL MANAGER is an innovative application dedicated to playoke rat the
interface with physically based fire propagationdels. Beyond the theoretical interest
provided by the use of physics principles and aphesc science tools, these models can
use 3D detailed description of the fuel. This isriical advance to investigate the impact
of heterogeneous fuel types and transitions betgsrtypes. This is especially important
in the context of prevention, for designing fuekaments and for investigating fuel
management scenarios. An export te#b4 (Mell et al., 2007), another well-known 3D
physically-based fire model is in project. In thergpective of model outputs comparison,
an export to BHAVE (Rothermel, 1972) could be implemented as well.

On the other hand, the outputs of physically bafsed propagation models are
promising in terms of fire effects assessment. Effects can be directly appraised and
visualised with the BEL MANAGER, using physical and biological models to compute
conduction in bark, convection and radiation invanp and cellular mortality of cambium
and buds.

The FUEL MANAGER is a comprehensive and promising tool which cotegléhe link
between fuel modelling, fire behaviour and fireeefs. It is based on recent technologies
for visualization and scene manipulation and oremécesearch results for fuel and fire
effect modelling. The @rsis license policy makes it possible to share it amang
community of modellers and end-users, so that al gategration of new abilities (export
to other fire models) and new species will be gaesiTheFUEL MANAGER is available for
download atttp:/fireintuition.efi.int/products.fire
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