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Abstract

A unified WebGIS platform for wildfire simulation and visualization is presented, inte-
grating three coupled physical models: HDWind for wind field computation, PhyFire for
wildfire spread, and PhyNX for smoke plume dispersion. The system includes preprocess-
ing and postprocessing scripts that enable the efficient integration of meteorological and
cartographic data and support the visualization of outputs such as burned areas, wind
and smoke fields, and emission estimates. The platform is deployed through a WebGIS
interface that supports both decoupled and coupled simulations, providing operational
flexibility and reducing computational demands when needed. A real wildfire scenario
is simulated to demonstrate system capabilities. The case study highlights the platform’s
applicability in operational contexts, reinforcing its potential to evolve into an accessible
and user-oriented environmental decision support system for wildfire management.

Keywords: WebGlIS; wildfire simulation; smoke dispersion; wind field modeling; coupled
physical models; geospatial data integration; decision-making support system

1. Introduction

Wildfires have become a growing global crisis, causing significant economic losses,
severe ecosystem degradation, and adverse effects on human health [1,2]. Over the last
decade, the burned area, the fire season length, and the fire severity have increased in
multiple regions [3,4]. According to the Food and Agriculture Organization of the United
Nations [5], wildfires affect approximately 340 million to 370 million hectares of land
worldwide each year. In Europe alone, satellite-based estimates from 2023 indicate that
804,770 hectares were burned [6]. In the case of Spain, the average annual burned area
between 2014 and 2023 was approximately 92,000 hectares, with a peak of 254,980 hectares
in 2022 by multiple large-scale wildfires [7]. The 2025 summer season has been exceptionally
devastating, with preliminary estimates indicating burned areas that far exceed previous
records. The European Commission’s Copernicus Forest Fire Information System (EFFIS)
estimates that 406,100 hectares had been burned in Spain by the end of August 2025.

Moreover, wildfires are a significant source of greenhouse gas emissions, affecting
air quality even thousands of kilometers away [8,9]. Wildfires contribute significantly to
the global carbon cycle, releasing approximately 2 gigatons of carbon into the atmosphere
each year through direct emissions [10]. At a regional level, European wildfires emitted
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approximately 419.24 million tonnes of CO; in 2023 [11]. In particular, Spain contributed
approximately 11.13 million tons of CO, emissions in 2022 [12].

Understanding and forecasting the complex processes of wildfire spread and smoke
plume dispersion are essential for forest fire managers, particularly in making prevention
and preparedness decisions [13-15]. In both cases, accurate simulations rely on numerous
variables, including orography [16], burned area, burning areas [17], fuel consumed [18],
heat release rate [19], smoke plume [20], and rate of spread (ROS) [21], among others.
However, wind has a higher-order impact on the spread and dispersion of both wildfire
and smoke [22-24].

Although the use of mathematical models to describe fire spread is not new [25-27],
advances in computational power, communication technologies, and remote sensing have
significantly enhanced the efficiency and applicability of wildfire modeling [28,29].

There are currently a wide range of mathematical approaches to and implementations
of wildfire models and simulators applicable to forecasting wildfire spread, each based
on different modeling approaches and designed to serve various operational or research
objectives [30,31]. According to Sullivan [32,33], these models can be grouped into different
categories that range from purely physical to purely empirical approaches, encompassing
various intermediate forms. Physical models aim to represent the fundamental physics and
chemistry of fire propagation; quasi-physical models simplify this by focusing primarily
on the physical processes; empirical models rely entirely on statistical correlations derived
from observational data; and quasi-empirical models incorporate a simplified physical
framework as a basis for statistical modeling. Before introducing some of the most widely
used and well-established simulators, it is useful to briefly review how wildfire modeling
has evolved over the past few decades.

The historical evolution of fire propagation models begins with empirical models
developed by engineers collaborating with foresters, which focused more on fire behavior
than on the underlying mechanisms of combustion and heat transfer. These are considered
first-generation models, with the most well-known example being BEHAVE [34], which has
served as the foundation for many subsequent fire behavior models. Second-generation
models sought to incorporate, in a simplified manner, certain aspects of the combustion
process—such as fire intensity, the effect of fuel moisture content, mass loss during combus-
tion, and the rate at which fuel is supplied to flaming combustion, primarily influenced by
wind. This approach bypassed the more complex aspects of wildfire dynamics and relied
on surface weather station data instead of mesoscale weather models, reflecting the limited
computational resources available at the time. FARSITE [35], developed at the USDA Forest
Service, Missoula Fire Sciences Laboratory, and Prometheus [36], from the Canadian Forest
Service, exemplify the evolution from early empirical models to more advanced, spatially
explicit wildfire simulators. Third-generation models incorporate mechanistic combus-
tion frameworks and large-eddy simulations (LESs) to more accurately represent flaming
combustion and fire spread mechanisms [29,37]. These models are typically coupled with
computational fluid dynamics (CFD) or mesoscale atmospheric models to simulate complex
fire—atmosphere interactions, such as those observed in extreme wildfires—often referred to
as sixth-generation fires—that can influence local weather and generate firestorms. Notable
examples include WRF-FIRE [38], ARPS/DEVS-FIRE [39], and ForeFire/Meso-NH [40],
which integrate quasi-physical fire spread and combustion modules within multiscale
weather prediction frameworks. Although these coupled systems provide a more realistic
depiction of dynamic fire-atmosphere feedbacks, their operational use remains limited
due to their substantial computational demands. Despite notable progress in wildland
fire spread modeling, the operational use of these tools remains limited due to high levels
of uncertainty [41]. Existing models are inherently approximate, simplified representa-
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tions of reality. The extreme complexity of wildfire behavior, which arises from the wide
range of spatial scales and the interplay of multiple physical processes such as pyrolysis,
combustion, flow dynamics, and atmospheric interactions, renders accurate simulation a
persistent challenge under practical computational constraints. Furthermore, input data
such as fuels, topography, and meteorological conditions are often uncertain and lack
adequate spatial and temporal resolution. A fourth approach to this problem is to couple
existing models and real-time observations, with the objective of reducing the uncertainties
in both model fidelity and input data by using real-time observations of the wildland fire
dynamics. This approach is called data-driven modeling. Although data-driven modeling
techniques like Kalman filtering [42] enhance model accuracy by integrating observational
data into physical frameworks, a distinct and increasingly prominent approach involves
the application of machine learning, which enables predictive modeling based on pattern
recognition in large-scale datasets, independent of explicit physical assumptions [43—46].

The ultimate goal of wildfire spread modeling, beyond advancing the understanding
of fire dynamics, is to develop practical tools for fire managers that support prevention,
preparedness, and operational decision-making. This requires the integration of realistic yet
computationally efficient models, numerical methods optimized for performance, seamless
coupling with Geographic Information Systems (GISs) for spatial analysis and usability,
and access to accurate, up-to-date cartographic and meteorological data.

The integration of wildfire simulation models into GISs represents a key step in making
fire modeling tools operationally viable. GIS platforms not only allow the spatialization
of input parameters such as fuel types, topography, and weather data, but also enable
intuitive visualization and analysis of simulation outputs. Well-established tools such as
FARSITE [47] and its descendant FlamMap [48] have historically relied on desktop GIS
environments.

With the growing demand for real-time decision support and collaborative tools,
GIS-based wildfire modeling has expanded into WebGIS environments. These web-based
platforms allow for remote access, user-friendly interfaces, and integration with live data
streams such as weather forecasts and satellite imagery. WebGIS systems overcome many
of the limitations of standalone desktop applications by providing greater accessibility
and facilitating interoperability between different data sources and services. A practical
example of a wildfire simulation model integrated within a WebGIS environment is Spark,
developed by CSIRO, which enables users to simulate fire spread scenarios using real-time
meteorological inputs and terrain data [49]. Another notable platform is Firemap, part
of the WIFIRE project [50], which combines high-performance computing with WebGIS
capabilities to support dynamic wildfire modeling. Firemap allows users to run ensemble
simulations, visualize fire behavior under varying conditions, and access real-time environ-
mental data through an interactive web interface, making it a valuable tool for emergency
response and planning.

A critical enabler of this shift to WebGIS has been the adoption of Open Geospatial
Consortium (OGC)-compliant Web Processing Services (WPSs). The WPS architecture
allows simulation models to be exposed as standardized web services, making it possible to
execute wildfire spread and smoke dispersion simulations on remote servers, directly from
a web client. This service-oriented approach not only improves scalability and modularity
but also supports the coupling of multiple models such as wind, fire, and smoke in near real
time. The commercial platform Wildfire Analyst [51] is a prominent example of a WPS-like
architecture, offering cloud-based fire spread simulations accessible via web interfaces for
operational wildfire risk assessment.

Many wildfire simulation models have evolved from relatively simple empirical or
physical formulations to increasingly sophisticated tools that integrate fire—atmosphere
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interactions, smoke dispersion, risk assessment, and user-oriented interfaces for decision
support. Similarly, what began as a simplified physical model for wildfire spread [52],
as noted in Sullivan’s comprehensive review [33], has progressively developed into the
PhyFire model [53], incorporating advances in both model formulation and computational
efficiency. This evolution included the integration of the HDWind wind field simula-
tion model [54] and, more recently, the adaptation of the atmospheric dispersion model
PhyNX [55] to simulate wildfire smoke plume.

Parallel efforts have been made to improve the usability and accessibility of these mod-
els to offer user-friendly interaction and intuitive geovisualization tools. This includes the
development of an ArcGIS add-in [56] and a web-based interface leveraging ArcGIS Server
technology [57]. However, in both cases, the preprocessing of input data was not optimized,
and their accessibility remained limited due to their reliance on commercial GIS software,
which may not be readily available or affordable for all potential users. This limitation has
been addressed in the current implementation, which leverages the functionalities provided
by the Geospatial Data Abstraction Library (GDAL) [58] for efficient data preprocessing.
Additionally, Python scripts are employed for the postprocessing of the simulation results.
This modular design ensures the simulation coupled models are easily adapted to different
GISs and has facilitated its integration into the WebGIS platform presented here. While
the physical modeling framework and numerical implementation have been addressed in
previous publications cited herein, this paper presents the next step in its evolution: the
deployment of the simulation system within a WebGIS architecture to improve accessibility,
facilitate operational use, and support real-time decision-making. The system integrates the
three mentioned coupled physical models: HDWind for simulating wind dynamics under
complex terrain conditions; PhyFire for wildfire spread; and PhyNX for smoke plume
dispersion. These models, implemented in C++ 11 (ISO/IEC 14882:2011 standard) using
the Neptuno++ finite element library [59], operate within a modular structure that allows
seamless integration into geospatial platforms. Together with the supporting preprocessing
and postprocessing scripts, these three models form what will be referred to throughout
this paper as the SINUMCC Simulation Toolset, developed by the Numerical Simulation
and Scientific Computing Research Group (SINUMCC) at the University of Salamanca.
Ensuring that complex simulation models are accessible to institutional users promotes
valuable feedback, helping to align future developments with real-world operational needs.

The originality of this study lies in the integration of three complementary components—a
high-resolution wind model, a physics-based wildfire spread model, and a smoke dispersion
model—within a single WebGIS platform. Unlike previous approaches, the proposed system
is freely accessible and designed to combine scientific rigor with practical usability. This
integration not only advances the state of wildfire simulation research but also provides a
tool directly applicable to operational decision-making in fire management. By enabling both
experts and non-experts to configure and run simulations through an intuitive interface, the
platform bridges the gap between advanced scientific modeling and practical field applica-
tions. Furthermore, its architecture allows rapid visualization and dissemination of results,
thereby supporting stakeholders in prevention, preparedness, and response actions.

This paper is structured as follows. Section 2 provides an overview of the Back-End
and Front-End components that support the integration of wildfire simulation tools within
the WebGlIS platform. Section 3 presents the application of the platform to a real wildfire
scenario, highlighting its versatility and potential for integration into operational wildfire
management contexts. Finally, this paper concludes by summarizing the main findings and
outlining directions for future research.
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2. Materials and Methods

This section presents the integration of the SINUMCC Simulation Toolset, a modular
suite of physical simulation tools composed of the models HDWind, PhyFire, and PhyNX,
along with their associated preprocessing and postprocessing utilities. These components
simulate wind field dynamics, wildfire spread, and smoke dispersion, respectively. The
adaptation of this toolset to an operational WebGIS context required the development of
complementary tools aimed at ensuring computational efficiency, data interoperability, and
ease of interaction through geospatial interfaces, while maintaining the scientific robustness
of the underlying numerical framework.

Section 2.1 presents the overall architecture and hierarchical organization of the inte-
grated system, while Sections 2.2 and 2.3 provide detailed descriptions of the Back-End
and Front-End integration modules, respectively.

2.1. WebGIS Architecture Overview

The architecture of the WebGIS presented in this work follows the typical client-server
design of similar web-based applications, as depicted in Figure 1.
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Figure 1. Client-server scheme. Architecture of the SINUMCC simulation system based on a
client-server model. The client side consists of a web interface for simulation configuration and
result visualization. The server side includes the SINUMCC Web Service, a database, an internal map
server, and the SINUMCC Simulation Toolset, which manages preprocessing, simulation execution,
and postprocessing. The toolset integrates the HDWind, PhyFire, and PhyNX models. A shared data
repository stores configuration files, spatial datasets, and simulation outputs.

The Front-End application runs in the user’s web browser (client machine). It provides
a graphical interface that allows users to manage their simulations. The interface includes a
cartographic viewer with interactive controls to prepare the geographical inputs and configure
the parameters for new wildfire simulations (configuration stage). It also enables users to
explore and assess the results of completed simulations (visualization stage). Further insights
into the use of the Front-End implementation can be found in Appendix A.

On the server side, the Back-End is made up of several services that are in turn config-
ured to work together to offer a complete user experience. These services include a general
governing service (Section 2.2.1), a database system (Section 2.2.2) for the management
of both user-specific data and simulations, as well as information related to the internal
geographical data sources required to perform simulations in different areas, a map server
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(Section 2.2.3), and the SINUMCC Simulation Toolset (Section 2.2.4). A detailed explanation
of the Back-End internal structure can be found in Section 2.2.

2.2. Back-End Modules
2.2.1. Back-End Governing SINUMCC Web Service

The SINUMCC Web Service is a multi-component application that is responsible for
coordinating all the Back-End operations while at the same time also in charge of performing
the communication tasks with the Front-End clients. Therefore, it plays several key roles
within the application’s operational flow: (i) Firstly, it listens for incoming requests from the
Front-End running on the client side, thus serving as a dedicated communication channel,
in addition to the internal map server, between the client and the server. (ii) It also manages
the user database, handling all related operations, such as logging-in validations, listing
the user’s simulations and reviewing their configurations, etc. (iii) In addition, it oversees
the management of workspaces, which are the directories where input and output data
for each simulation are stored. This includes creating the workspaces and generating the
necessary configuration files for the SINUMCC Simulation Toolset. (iv) Finally, the service
is responsible for launching and monitoring simulations once the execution command is
issued.

The communications module is configured to operate at two levels: local intranet
and external Internet access. The first scope is set to listen to the worldwide network
and is intended to receive the calls from the Front-End application running in the web
browsers of the clients. This listening service exposes an Hypertext Transfer Protocol (HTTP
REST) interface that handles Power-On Self-Test (POST) requests to various endpoints
(URLs), allowing clients to perform predefined operations by sending request-specific
parameters in the body, typically as JavaScript Object Notation (JSON) data. Beyond the
typical user session-specific actions in web-based applications, a list of endpoint requests
includes listing the user’s simulations, retrieving the specific simulation configuration
and progress status, obtaining a cartographic representation of results from successful
simulations, configuring and creating new simulations, and deleting existing simulations.

The second scope is restricted to a private network and is designed to allow communi-
cation between the SINUMCC Web Service and the host of the SINUMCC Simulation Toolset.
Here, the SINUMCC Web Service dispatches execution commands to such a host in order
to start simulations within specific workspaces that would have been created previously.
At the same time, simulation progress and status updates will be reported by each of the
simulation instances running on the above-mentioned host via HTTP requests through this
private network scope to another HTTP listening service.

Workspace management is one of the key tasks of the SINUMCC Web Service compo-
nent in the Back-End. Here, it is important to define what a workspace is in the context of
the WebGIS and what its contents are. Essentially, workspaces are folders set to store all
the input files that are needed to run a simulation within the SINUMCC Simulation Toolset
but also to store the results and log files. Additionally, the platform allows users to upload
new geospatial layers after the simulation has been completed, which are stored within the
workspace and can be visualized alongside the simulation results. These folders are named
using the Universally Unique Identifier (UUID) that is assigned to each simulation on the
fly and are stored on a shared network drive to which the host of SINUMCC Simulation
Toolset also has read and write access. The initial contents of a workspace prior to the start
of a simulation include the following: (i) a simulation configuration file, which includes
the paths for the input files and reference geospatial databases, the simulation bounding
box, the model execution settings, and the instructions to perform the progress updates
(i.e., the endpoint URL and the simulation ID to make the proper POST requests); (ii) a
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model parameter file, as specified in Table 1; (iii) a meteorological information input file;
(iv) a fire ignition point input file; and (iv) optionally, other input files such as a firebreaks
file. Further details on the input files required by the simulation models can be found
in Section 2.2.4. A workspace is created once a logged-in client requests the creation of a
new simulation with a set of parameters.

Table 1. Model parameters. The table lists the parameters used in different submodels (column
Model) along with their physical meaning (Parameter), corresponding symbol (Symbol), and units
of measurement (Units). Parameters are grouped into main parameters and fuel type-dependent
parameters.

Main Parameters

Model Parameter Symbol Units

HDWind Buoyancy force coefficient A
HDWind Smoothing function coefficient €
HDWind Regularization term coefficient 0%
PhyFire  Radiation absorption coefficient a m
PhyFire = Convective correction factor B
H

PhyFire  Natural convection coefficient Jsim~2K!
PhyNX  Horizontal dispersion coefficient Ky m? s~}
PhyNX Vertical dispersion coefficient Ky m2 s~ !
Fuel-Type-Dependent Parameters

Model Parameter Symbol Units
HDWind Roughness index 20 m
PhyFire = Heat capacity C JK 1kg!
PhyFire = Maximum initial fuel load My kg m~2
PhyFire = Fuel moisture content M, kg water/kg fuel
PhyFire = Maximum flame temperature Tt max K
PhyFire  Pyrolysis temperature Ty K
PhyFire = Combustion half-life t1/2 s
PhyFire  Flame length independent factor Fy m
PhyFire Flame length wind correction factor F, ml/2g1/2
PhyFire  Flame length slope correction factor Fs -
PhyNX  Emission factor F -

2.2.2. Database

The implemented WebGIS employs a single non-relational database using the Mon-
goDB engine. Here, only a brief description of the structure of the database and its tables is
provided. A users table includes the login and contact information of each user. Simulation
data is structured in a simulations table, which stores basic data such as each simulation
UUID, title description, progress, and owner in separate fields, while general simulation
configuration settings are encoded as JSON and stored in a single string field. Finally, an-
other table named simulationsources is in charge of keeping track of the internal geographic
information sources available for each region or pilot.

Its structure contains a field for a bounding box that represents the simulation area
where there are data available and another field storing the path of the geospatial database,
its reference system, and its type, i.e., whether it is a digital elevation model (DEM), a fuel
presence database, or a vegetation type map. This table is used by the SINUMCC Web Service
module in order to establish the origin of the data sources to generate the cartographic
input files that will be used in the simulations.
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2.2.3. Internal Map Server

The map server is the component responsible for rendering and serving geospatial
data layers to the client application. These maps can be stored either in raster or vector
format but are always provided in a raster format for visualization inside the browser-
based GIS viewer, as will be explained later in Section 2.3. Specifically, three key maps
required for fire and smoke simulation are provided through the Web Map Service (WMS)
protocol: a DEM, a fuel type map classified according to the National Forest Fire Laboratory
(NFFL) system [60], which groups fuels into standard categories based on their physical and
combustion characteristics, and a fuel presence map that identifies areas devoid of vegetation,
which may function as natural firebreaks and, therefore, fire cannot propagate.

2.2.4. SINUMCC Simulation Toolset

The SINUMCC Simulation Toolset provides wildfire simulation capabilities through
a modular architecture. It comprises two main components: the Launcher, a collection of
Python (version 3.11) scripts responsible for managing simulation execution as well as
preprocessing and postprocessing tasks, and the Core, which includes the model binaries—
HDWind for wind field simulation, PhyFire for fire spread modeling, and PhyNX for smoke
dispersion—alongside the finite element library Neptuno++.

¢ Launcher

The Launcher is composed of a collection of Python scripts that provides added func-
tionality aimed to ease the treatment of geospatial information and the integration
of the Core tools in a GIS. Its main task is handling a sequence of operations that are
divided into (i) preprocessing tasks; (ii) simulation execution; and (iii) postprocessing
tasks. Throughout these steps, the Launcher also gathers the progress of each of them
and reports to the main SINUMCC Web Service in the Back-End, allowing the whole
tracking of the simulation from the Front-End.

The devised preprocessing tasks involve cropping and reprojecting the information
found in the global/regional internal geospatial databases used as the three carto-
graphic input sources, the DEM, the fuel type map, and the fuel presence map, as outlined
at the end of this section. These operations are performed according to the instruc-
tions set in the main configuration file, including the simulation bounding box, the
Universal Transverse Mercator (UTM) coordinate system chosen for the simulation in
the specific geographical region, the spatial resolution, and the path to the original
internal datasets. This way, all the input files will be georeferenced using the same
projection system and resolution, thus achieving consistency between the different
raster inputs in a single step. Furthermore, any raster or vector file formats can be used
as global/regional input datasets (except for the DEM, where only raster is allowed)
as long as they are supported by the GDAL library. These tasks are performed by
several Python modules that are called by the Launcher and make intensive use of the
GDAL library bindings.

The Python script allows the set of GIS vector layers of simulation results to be
processed more efficiently. In the simulation stage, the Launcher calls the Core binary
to perform the numerical calculations. In the meantime, the output messages that
reveal the stage along the different steps that the simulation undergoes are reported
through POST requests to the main governing SINUMCC Web Service in the Back-End.
Finally, once the simulation Core finishes the simulation, the Launcher triggers the
postprocessing stage. In order to simplify the access to the simulation results by the
end-user, a postprocessing task is set to gather all the individual files for each graphical
output time step into a single Spatialite database in which each element (features
representing the burning area, the burned area, the wind field, smoke concentration,
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etc.) is labeled with its respective time tag. This allows the Front-End specifications
for the visualization of results to be fulfilled as well as facilitating the downloading of
simulation results in a single file.

Detailed descriptions of the simulation models are beyond the scope of this work;
instead, their roles are briefly outlined, with references to original publications detailing
their formulation and validation.

An overview of the coupling strategy among the three core models is essential prior
to their individual descriptions (see Figure 2). The HDWind module generates two-
dimensional (2D) wind fields at several vertical levels, configured according to the smoke
dispersion settings. The wind field at the lowest level is read by PhyFire to drive wildfire
propagation under realistic atmospheric conditions. Simultaneously, the full vertical wind
profile is used by PhyNX to compute three-dimensional (3D) smoke dispersion. PhyFire
simulates the fire front and burned areas, estimating the amount of fuel consumed over
time. This quantity, combined with calibrated emission factors, serves as the lower bound-
ary condition for PhyNX to estimate smoke emissions. The simulation framework allows
for flexible use: the models can be executed in either coupled or decoupled modes. For in-
stance, wildfire spread may be simulated independently—under uniform wind conditions
or with wind fields from HDWind—without computing smoke dispersion. Conversely,
coupled fire and smoke simulations can be run with or without the wind field generated
by HDWind, depending on data availability. This flexibility significantly reduces compu-
tational cost, given that smoke dispersion entails a fully 3D simulation with considerably
higher resource demands.

r "
[ Meteorological data ] [ Cartographic data ]
Ambient temperature Wind intensity DEM Fuel load
[ Relative humidity } [ & direction } uelloa Fuel type
Spatially A Fuel type dependent paramA\
i o &
wierm | | HDWind® « % C My M, Ty
field SNME -y T, ty, Fy F, F; F, )
N
M (0] G Kh
PhyFire® «su PhyNX®
SINUM® SINUM® K,
J
/Vind field (3[7/ / Burning area / / Burned area/ / Statistics /
\, J

Figure 2. Conceptual diagram of the integrated simulation framework composed of the three coupled
physical models HDWind, PhyFire, and PhyNX. The system reads meteorological and cartographic
input data, including wind intensity and direction, ambient temperature, relative humidity, DEM,
fuel type, and fuel presence. HDWind computes a fully 3D wind field; it computes 2D wind
fields at multiple vertical levels within the configured atmospheric layer and also the vertical wind
component. The lowest-level wind field feeds into PhyFire to simulate fire propagation under realistic
wind conditions, while the whole 3D wind field is used by PhyNX for 3D smoke dispersion. PhyFire
calculates the burning and burned areas and estimates fuel consumption, which defines the lower
boundary condition for PhyNX based on calibrated emission factors. Final outputs include 3D wind
and smoke fields, active fire fronts, burned areas, and summary statistics.

¢  HDWind: High-definition wind field model
The HDWind model is developed to simulate the wind field within an atmospheric

layer situated just above the surface S, where wildfire propagation occurs. This
layer is influenced by surface temperature and local topography, whereas above it,
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these effects are considered negligible. As a result, the 3D domain in which the
Navier-Stokes equations are formulated is assumed to have a substantially smaller
vertical extent compared to its horizontal dimensions. This assumption allows for an
asymptotic approximation of the Navier—Stokes equations, inspired by the principles
underlying shallow water models. The model aims to generate a detailed 3D wind
field over the study area by solving only 2D linear equations. To achieve this, we
assume a linear decrease in air temperature with height and neglect the nonlinear
terms. This approach enables efficient coupling with the 2D fire spread model PhyFire,
thereby minimizing the computational cost of the HDWind-PhyFire integration. The
theoretical framework for the asymptotic simplification of the Navier-Stokes equations
used to derive this model is detailed in [54].

In the proposed model, the 3D wind field is derived from the solution of a 2D potential
problem, which is driven by the meteorological wind specified at the boundary of
the domain. In practice, however, such boundary wind data are unavailable. Instead,
wind speed and direction are typically measured at discrete points within the domain,
such as meteorological stations. To incorporate these observations, the problem is
reformulated so that the input data correspond to pointwise wind measurements
rather than boundary conditions. This is accomplished by posing an optimal control
problem, in which the boundary wind field acts as the control and is adjusted to best
fit the available observational data. The computational strategy adopted to address
this optimal control problem is presented in detail in [61].

PhyFire: Fire spread model

PhygFire is a 2D simplified physical one-phase wildfire spread model incorporating
certain 3D effects. It is based on the principles of energy and mass conservation,
considering radiation and convection as the primary heat transfer mechanisms, while
also accounting for heat loss in the vertical direction due to natural convection. The
single phase represents the solid phase, while the gaseous phase is accounted for
through a parameter influencing the convective term, as well as the flame temperature
and height in the radiation term, both of which are determined using dedicated
submodels. The model also incorporates the effects of fuel continuity and type, along
with fuel moisture content, the latter being represented by a multi-valued operator
in the enthalpy. Additionally, it considers flame tilt caused by wind or terrain slope.
An optional feature allows for the integration of stochastic phenomena such as fire
spotting (see [57]). The associated simplified system of partial differential equations
(PDEs) yields, at each instant and for every point on the surface where fire spread is
modeled, two dimensionless variables, the dimensionless temperature of the solid
fuel (1) and the mass fraction of solid fuel (c), with the third variable in the system
being the dimensionless enthalpy (e).

The first version of this model accounted for local radiation using the Rosseland
approximation and included a reactive term based on Arrhenius’ law (see [52]). Two
major simultaneous improvements were later introduced: first, non-local radiation,
which allowed the incorporation of 3D effects while maintaining the model’s 2D
formulation, and second, a multi-valued operator in the enthalpy to model the effect
of fuel moisture content (FMC) on fire spread. This novel approach to incorporating
FMC effects aligns with the exponential decay in the ROS induced by this factor [62].
The current version of the model integrates the aforementioned submodels for flame
temperature and height, as well as the ability to simulate certain random phenomena.
Full details on the model’s evolution and its current formulation, including references
to the developments mentioned above, can be found in [53]. The PDEs defining the
model are complemented by the appropriate boundary and initial conditions, which
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establish the initial state of the fuel and the ignition point. The problem is solved using
efficient numerical methods based on the finite element method (FEM). The code is
also adapted for parallel computing using OpenMP, significantly reducing simulation
time. The total computation time depends on factors such as the simulation domain
size, time step, and spatial resolution. Notably, simulating one hour of fire spread
under moderate conditions with intermediate resolution on a standard computer takes
less than two minutes.
¢ PhyNX: Atmospheric dispersion model

PhyNX is a multilayer, non-reactive Eulerian model designed for urban-scale air
quality assessments. It simulates convection and diffusion processes, is grounded in
the mass conservation equation, and is specifically adapted to model the dispersion of
smoke plumes originating from wildfires. The model operates within the atmospheric
layer above the fire-affected surface S and is coupled with the wildfire spread model
PhyFire through a boundary condition defined at the surface S. Smoke emissions
from the simulated fire are calculated as a function of the amount of fuel consumed,
modulated by an emission factor that depends on the fuel type. The model also
assumes that smoke losses occur only at the lateral boundary, but not at the upper
boundary, and that there is no deposition on the surface S.

Accurate and stable numerical schemes are essential for solving air dispersion models.
To address this, an Adaptive Finite Element Method (AFEM) incorporating character-
istics in the horizontal plane, combined with Finite Differences in the vertical direction,
has been implemented. This was achieved through operator splitting techniques
and a parallelized algorithm. Operator splitting is a well-established strategy in the
numerical solution of air dispersion problems, as it facilitates the decomposition of
complex systems into more manageable subproblems. Our approach enables the hori-
zontal convective and diffusive terms to be solved concurrently for each horizontal
layer, allowing for increased resolution by refining the number of layers without a
proportional rise in computational cost. The vertical discretization relies on the wind
field provided by the HDWind model, which supplies wind data for each atmospheric
layer. As a result, the method achieves high accuracy while preserving real-time or
faster-than-real-time performance. For further details on the numerical scheme, its
parallel implementation, and the coupling between the atmospheric dispersion model
PhyNX and the wind field model HDWind, see [55].

*  Neptuno++: Finite Element library

Neptuno++ is an adaptive finite element toolbox mainly developed by L. Ferragut
at SINUMCC [59] and implemented in C++. It uses 4TRivara’s refinement and error
control, enabling effective solutions for both stationary and time-dependent problems.
This library has been utilized to validate convergence theories in the AFEM and has
been applied for the numerical simulation of several environmental problems. The
current version of this library provides functionalities for handling geospatial data.

In the context of this work, it is essential to provide a more detailed explanation of the
model components that serve as a link to the WebGIS, specifically the input and output
data, as well as the parameters that can be modified through this interface. Figure 2 also
provides an overview of the input and output data for each model, while Table 1 lists
the parameters associated with each model, distinguishing those that also depend on the
fuel type. All these parameters are configurable through the WebGIS platform, allowing
advanced users to precisely adjust the simulation settings according to specific needs.

Cartographic input data required by the HDWind model include the DEM and the
fuel type map of the simulation area. Furthermore, the PhyFire model additionally requires
a fuel presence map. Moreover, the fuel presence map can be modified through the platform
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to introduce potential changes in fuel distribution—such as the position and width of
new firebreaks—and it defines the initial value of the dimensionless solid fuel variable
in the model. Similarly, the initial value of the dimensionless solid fuel temperature,
which is defined by the location of the ignition source(s), is set through the platform.
Fuel type influences fire behavior through a set of parameters in the fire spread model,
described below. It also determines the surface roughness coefficient, which influences
wind calculations in the HDWind model.

The models also rely on meteorological inputs, including ambient temperature, relative
humidity, and wind direction and intensity. All of these data can be updated hourly through
the platform. Wind-related information, in particular, requires additional explanation. Two
options are available for wind data. The first assumes a uniform wind across the simulation
area, which can be updated hourly during the simulation. This approach uses only the
fire spread model, without coupling it with the HDWind model. The second option
integrates the HDWind and fire spread models and requires georeferenced wind intensity
and direction data at specific locations. These data are used by the HDWind model to
compute a 3D wind field over the simulation area. As previously mentioned, the wind field
in the lower layer is used as input for the fire spread model, while the remaining layers are
used for the smoke dispersion model.

The PhyFire model provides, at each of the graphical output times and at each point on
the surface where fire spread is simulated, two dimensionless variables: the dimensionless
temperature of the solid fuel (1) and the mass fraction of solid fuel (c). These variables are
processed through Boolean operations involving the initial fuel temperature and fuel load
to determine both the areas that have already burned and those that are actively burning.
As a result, the model output is not limited to a line representing the fire front position,
but also includes its depth. Additionally, the model generates key statistics for each of the
graphical output times, including the total burned area (in hectares), the actively burning
area (in hectares), the distance from the ignition point to the most advanced point of the
fire front, and the ROS at that point.

The PhyNX model provides the smoke concentration at each output time step and
at every point within each of the air layers used in the vertical discretizations; both the
total height of the 3D domain of the air layer and the individual layers for which the
smoke output is generated are easily selected through the WebGlIS interface. Initially, the
model is designed to simulate the dispersion of the smoke plume without distinguishing its
components. However, it can be easily adapted to simulate the behavior of the main com-
ponents of wildfire smoke, provided that the emission factors for each of these components
are known.

As previously explained, the physical models are solved within a defined domain that
includes (i) the simulation area, understood as the rectangular region on the surface where
the wildfire occurs; (ii) the simulation time interval, which must be shorter than the time
required for the fire to reach the boundary of the simulation area, thereby ensuring the
validity of homogeneous Dirichlet boundary conditions; and (iii) the height of the air layer
over which smoke dispersion is computed. All of these settings can be easily configured
through the WebGIS platform.

Several numerical parameters also need to be configured, including the horizontal
element size of the 2D finite element mesh defined on the simulation area and the number
of vertical air layers in which wind field and smoke concentrations are computed and
displayed. Additionally, while the time step used for the numerical integration is prede-
fined, the user can select the output time interval for graphical results, which controls the
frequency at which simulation output data are saved and visualized.
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In addition, each model includes a set of parameters with pre-calibrated default values,
which the user can modify through the WebGIS interface. These parameters can be classified
into two categories. On one hand, there are model-specific parameters—for instance, those
associated with the optimal control problem of the HDWind model or with the three heat
transfer mechanisms considered by the PhyFire model (radiation, convection, and vertical
natural convection) or the horizontal and vertical dispersion coefficients used in the PhyNX
model. On the other hand, there are parameters whose values depend on the type of fuel, for
example, the surface roughness parameter in the HDWind model, the emission coefficient
in PhyNX, and up to eight fuel-related parameters in PhyFire, which are conceptually
described in Table 1. Detailed explanations of these pre-calibrated parameter values can
be found in [62,63] and their references. While these values are based on preliminary
calibration efforts, further refinement and validation remain ongoing. These parameters
have been primarily adjusted for Mediterranean vegetation types using data from the
Photo-Guide for Mediterranean Fuels [64], which provides detailed fuel characterizations
essential for accurate fire behavior modeling in such ecosystems. In parallel, ongoing work
is being conducted to adapt these parameters for Central European vegetation, aiming to
improve model applicability across diverse ecological regions. While the full set of model
parameters reflects the complexity of the physical processes involved, default values are
provided within the platform to support general use cases, with the option for expert users
to modify them as needed for advanced analyses or specific fuel scenarios.

2.3. Front-End

The Front-End application consists of a website comprising three modules: a login
page, a user dashboard, and a GIS component that functions as both a simulation results
viewer and a simulation configuration interface. The Front-End is written using the React.js
framework [65], while the GIS viewer runs over the javascript OpenLayers library [66].

Both the login and dashboard components feature a straightforward design and do not
incorporate technically innovative or noteworthy elements, relying instead on conventional
approaches commonly employed in contemporary web applications.

Certain aspects of the GIS viewer deserve a more detailed explanation. The map
viewer provides the possibility to use several publicly available map base sources such
as Bing Aerial [67], Bing Road [67], OpenStreetMap (OSM) [68], ArcGIS Online [69], or
Copernicus Very High-Resolution (VHR) image layers [70]. It also incorporates a layer
manager panel that classifies the data sources in two groups: (i) input layers and (ii) reference
cartography. This latter group includes the DEM, the fuel types, and the fuel presence layers
served through the WMS protocol by the internal cartography map server [56] but also other
DEM data sources as Copernicus [71], the European-level fuel type cartography from
EFFIS [72], or country-specific orthophoto imaging [73]. In the input layers, there is the
simulation area, the initial ignition point, the wind reference point or stations, and the
firebreaks or firefighter actions.

As regards the input layers, these would be populated during the creation of a new
simulation throughout the configuration stage by using a multi-tab configuration panel
and a toolbar interface to access the available features, including the following tools: (i)
access to the general configuration tab in the configuration panel; (ii) a simulation area
selection tool; (iii) access to the meteorological input configuration tab; (iv) setting up the
initial ignition point(s); (v) setting up firebreaks; (vi) setting up meteorological reference
points or stations; and (vii) resetting the configuration.
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Regarding the configuration panel, it holds all the input forms and controls to fully
configure the simulation within the application capabilities. The tabs are as follows: (i) meta-
data, allowing a title, description, and start date for the event to be set; (ii) general options,
which include the time span for the simulation, the frequency of saving results, the precision
of the simulation, and whether the smoke simulation must be enabled or not; (iii) mete-
orology, which allows the configuration of whether the simulation will be run with a
uniform wind or a wind computed through HDWind; (iv) fuels, permitting the manip-
ulation of the different parameters that govern the fire behavior of each of the models;
(v) and (vi) PhyFire- and HDWind-specific model parameters; and (vii) PhyNX-specific
model parameters if it was selected.

The visualization stage incorporates the same tools as the configuration stage. How-
ever, the intention of the configuration of panel and toolbar here is only to review the
simulation configuration settings. Furthermore, the toolbar includes a log that allows view-
ing the output generated by the SINUMCC Simulation Toolset. Since the simulation results
are time-tagged, along with a new group in the layers panel, other floating tools appear in
the map viewer interface: a time slider and photogram controller. The simulation results’
available layers are (i) wind field; (ii) burned area; (iii) burning area; (iv) simulation statis-
tics providing some useful data such as the output time step in hours, the ROS in m/min,
and the extent (ha) of the burned and burning areas; and (v) smoke concentration, if PhyNX
was selected. The activation of the layers, along with the selection of an instant with the
time slider, activates a request to the SINUMCC Web Service to retrieve such cartographic
information, which is in turn sent back to the client in GeoJSON format for visualization.

Additionally, the interface includes a feature accessible through the toolbar that allows
users to upload external geospatial data in formats such as Shapefile, GeoJSON, or KML.
This functionality becomes available once the simulation has been completed. The uploaded
files are then integrated into the workspace and displayed alongside the existing simulation
layers within the WebGIS environment. This capability supports the incorporation of
additional spatial information, such as the actual perimeter of a burned area, enabling
visual comparison between simulation results and real-world data.

3. Results: A Real Case Study

To validate the simulation tool, a real wildfire event was selected and reproduced
using the platform (see Supplementary Materials) based on the available cartographic
and event data, with details provided later in this section. It is important to note that the
simulation was carried out with an awareness of the significant uncertainty associated with
some of the input data.

The selected case corresponds to a wildfire that occurred near the village of El Raso, a
hamlet belonging to the municipality of Candeleda, in the southern part of Avila Province
(central Spain). The fire broke out at 17:41 on 14 August 2021 and originated next to a
road as a result of negligence—specifically, the improper disposal of a cigarette butt. The
fire rapidly spread under critical fire weather conditions, with air temperatures close to
40 °C and relative humidity well below typical thresholds, resulting in an extremely dry
atmosphere highly conducive to fire propagation. Wind data were retrieved from the
NASA POWER database, but due to their coarse spatial resolution (50 km) and the distance
to the fire site, they involve a high degree of uncertainty. To improve the characterization
of local wind conditions, additional information was incorporated from the ERA5-Land
reanalysis dataset [74] and from records of nearby meteorological stations provided by the
Junta de Castilla y Leon.



Fire 2025, 8, 366

15 of 25

The ignition point, the estimated affected area (219.61 ha), and the reported deploy-
ment of firefighting resources, including two helicopters and several ground crews, were
obtained from the open access forest fire database provided by the Junta de Castilla y
Ledn [75]. The final fire perimeter, however, was estimated by the authors using post-fire
satellite imagery and uploaded to the simulation workspace after the simulation was
completed in order to visually compare the results. No data were available regarding
intermediate perimeters or the specific suppression actions carried out during the event.
Additionally, no information was found concerning smoke generation, distribution, or
impact, which limits the scope of the analysis related to smoke dispersion simulation.

The simulation was carried out through the WebGIS platform by selecting a compu-
tational domain of approximately 23 km? and a simulation period of three hours. The
cartographic datasets used in this case study were clipped from the internal map server of
the platform, and their detailed description is provided in reference [56]. Two-point wind
observations were incorporated into the system to reconstruct the local wind field using the
HDWind model. The ignition point was manually located at the observed starting position
of the fire. In addition, the platform’s built-in tools were used to define several firebreaks.
These were introduced both to compensate for limitations in the original fuel presence map,
particularly the absence of secondary roads, and to simulate potential suppression actions
by firefighting crews along the flanks of the fire. Furthermore, some fuel-type-dependent
parameter values were adjusted: specifically, the HFlame parameter was slightly increased
for fuel models 1 and 2, and the MasCom parameter was increased for fuel model 1, as
herbaceous fuels in this area tend to be denser than standard classifications suggest.

Figure 3a shows the simulated fire spread over a three-hour period, including ignition
point, firebreaks, wind vectors, and burned and active burning areas. The grey background
layer corresponds to the actual final fire perimeter, allowing for a visual comparison
between the simulation results and the observed extent of the fire. By summing the burning
area (50.34 ha) and the burned area (93.81 ha), the total affected area reaches 144.15 ha. In
comparison, the observed fire perimeter corresponds to (219.61 ha). Part of this discrepancy
arises because the reported perimeter measurement includes the entire interior area, such
as unburned features (e.g., the lake), whereas the simulation excludes unburned patches
within the fire perimeter. To provide a more objective assessment of model performance,
we calculated similarity indices between the final simulated and observed fire perimeters.
The Jaccard index was 0.603 and the Serensen index 0.752, indicating a moderate-to-high
level of agreement [76] between the two perimeters.

Figure 3b displays the simulation output after two hours, highlighting the estimated
smoke concentration levels in the lowest atmospheric layer, along with the fire’s active and
burned areas, ignition point, and firebreaks. Since no observed smoke data were available
for this fire, the smoke dispersion results should be interpreted as hypothetical. Such data
are rarely available in real wildfire events. The firebreak on the left integrates a road into the
fuel presence map, updating the original data to reflect actual conditions. The remaining
firebreaks simulate suppression actions carried out by firefighting crews along the flanks of
the fire.
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Figure 3. Screenshot visualization outputs from the WebGIS platform corresponding to the simulation
results, with cartographic elements (scale, orientation arrow, and coordinate system) omitted to avoid
misinterpretation. (a) Simulated wind field and burned and burning areas with associated fire spread
statistics and the actual final fire perimeter from the upload file. (b) Smoke concentration at ground
level (0 m). Smoke plume dispersion is governed by the wind field simulated using the HDWind
model.

4. Discussion

This paper presents the development and implementation of an integrated WebGIS-
based simulation tool that couples wind field modeling, wildfire spread, and smoke dis-
persion. The system incorporates three physical models—HDWind, PhyFire, and PhyNX—
coupled through a modular and efficient computational architecture and supported by
a user-oriented WebGIS interface. This integration enables the simulation of complex
wildfire-related processes with a high level of realism, while offering a user-friendly inter-
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face and intuitive geovisualization tools that enhance information support for emergency
management agencies.

This new version represents a significant technical improvement over previous imple-
mentations, such as those based on ArcGIS tools. A key innovation is the integration of the
GDAL library for the automated preprocessing of geospatial data, which significantly en-
hances efficiency and interoperability. In addition, the modular design facilitates seamless
coupling of the physical models and their execution within a unified WebGIS environment.
The platform incorporates a set of custom-designed REST services that act as a web-based
processing interface, enabling flexible and efficient execution of wildfire simulations, and
offers compatibility with some OGC standards, such as WMS and Web Feature Service
(WES), used for data visualization and access. These advancements contribute to greater
computational performance, reduced user workload, and a more streamlined simulation
workflow.

The tool allows for the configuration and execution of simulations with minimal
technical knowledge, making it highly suitable for operational use in risk assessment,
emergency planning, and decision-making processes. The incorporation of pre-calibrated
model parameters, automated preprocessing and postprocessing, and interactive visualiza-
tion features supports a complete workflow from configuration to analysis of simulation
outcomes. In addition, the firebreak design tool provides significant versatility by allowing
users to modify the fuel map directly within the simulation environment. This function-
ality can be used both to update or correct incomplete fuel data, such as missing roads
or vegetation discontinuities, and to incorporate planned suppression measures into the
simulation process. The platform also enables users to download simulation output files
for further analysis with external GIS tools, thereby facilitating integration with existing
workflows and supporting more advanced post-simulation assessments. Additionally,
users can upload external geospatial data files; in the case analyzed, a file containing the
final fire perimeter was uploaded, enabling qualitative comparisons between the simulation
results and the actual fire extent.

The integration of the HDWind, PhyFire, and PhyNX models into a unified simulation
platform has reached a sufficient level of development to support integrated simulation
within the platform, while recognizing the observed limitations in perimeter accuracy. The
inclusion of a historical case study demonstrates the tool’s capability to simulate complex
fire behavior and smoke dispersion under realistic conditions, supporting its applicability
for retrospective analyses and operational decision-making. Furthermore, the system offers
two complementary modes of use: a command line interface that allows advanced users to
refine input data and modeling parameters with greater flexibility and a WebGIS-based
interface designed to facilitate access and interaction for practitioners. This dual approach
enhances both scientific usability and institutional applicability, contributing to the broader
goal of translating advanced wildfire modeling into practical tools for planning, response,
and evaluation.

To contextualize the contributions of the proposed platform, a comparative analysis
is presented in Table 2, focusing on key technical and operational features of several
existing wildfire simulation systems. This analysis highlights the comprehensive scope
of the SINUMCC platform, which offers a balanced combination of physically grounded
modeling, ease of use, and operational adaptability. In contrast to other tools that typically
prioritize either high-resolution simulation capabilities or simplified user interfaces, the
proposed system integrates a quasi-physical modeling approach with an intuitive geospatial
interface. It combines wind field estimation, fire spread, and smoke dispersion in a unified
simulation environment. Additional functionalities such as three-dimensional output
visualization, editable fuel maps, and exportable simulation results enhance its suitability
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for both real-time application and post-event assessment. The modular software design
and the use of dedicated web services facilitate integration with external systems and
future improvements, including the incorporation of real-time meteorological inputs or
expanded analytical outputs. These strengths make the SINUMCC platform a valuable
asset for wildfire modeling, with relevance for scientific investigations, public agencies,
and operational decision-making contexts.

Table 2. Comparison of major WebGIS-based wildfire simulation tools. Summary of selected
wildfire simulation platforms based on core technical and operational features: model type, wind and
fire interaction approach, inclusion of smoke dispersion, support for 3D output, WebGIS integration,
and the ability to edit fuel maps. The column referring to wind-fire interaction distinguishes between
systems with one-way coupling, where wind affects fire behavior without feedback, and two-way
coupling, where fire behavior can also influence local wind conditions.

Comparison of Web-Based Wildfire Simulation Tools

Simulation Tool Model Type Wind-Fire Coupling Smoke Dispersion 3D Capability = WebGIS Support  Fuel Editability

SINUMCC Quasi- 1-w1a y (2-:1vay Yes Yes Yes Yes
physical planned)

FARSITE / Quasi- No No Limited No Limited

FlamMap empirical

WRE- Physical 2-way Yes Yes No No

Fire

ForeFire / Physical 2-way Yes Yes No No

MesoNH

SPARK Quasi- 1-way No Yes Yes Limited
physical

FireMap / Empirical Limited No No Yes (limited) No

WIFIRE

ARPS / Quasi- 2-way No (planned) Yes No No

DEVS-FIRE physical

Wildfire Analyst Quasi- 1-way Limited Yes Yes (WPS-based) Yes

Web empirical

The comparative overview presented in Table 2 illustrates the wide range of ex-
isting wildfire simulation platforms and emphasizes the distinctive characteristics of the
SINUMCC system. Its unified approach to modeling wind, fire, and smoke processes within
a single operational framework is uncommon among current tools. Furthermore, the plat-
form’s design prioritizes both scientific rigor and usability, enabling expert and non-expert
users alike to configure and run simulations with minimal effort. The availability of editable
fuel layers, compatibility with geospatial standards, and integration of three-dimensional
visualization tools position it as a powerful and flexible resource for institutions involved
in prevention, analysis, and emergency response. This comprehensive integration, together
with a modular architecture capable of supporting further enhancements, demonstrates the
maturity and forward-looking potential of the SINUMCC platform.

5. Conclusions

The development of this platform represents a milestone in a long-standing research
effort in the mathematical modeling and numerical simulation of wildfire-related phe-
nomena. These advances have been translated into a functional tool that is accessible
to public administrations and wildfire management services. By integrating advanced
simulation capabilities within an intuitive WebGIS environment, the platform enhances
the efficiency of both data preprocessing and result analysis, while also reducing the
technical barriers traditionally associated with fire modeling. Non-expert users are



Fire 2025, 8, 366

19 of 25

not required to possess technical knowledge of the underlying models; by following
the instructions provided in Appendix A, they can configure and execute simulations
without prior expertise in numerical methods or programming. This makes the tool
suitable for practical use in operational contexts, while also enabling feedback from
practitioners to guide future developments.

The current version of the system allows for the integrated simulation of wind fields,
wildfire spread, and smoke dispersion within a unified geospatial interface. Its level of
maturity has been demonstrated through the simulation of a real wildfire scenario, which
confirms the system’s capacity to replicate key fire dynamics and smoke behavior with
an accuracy consistent with the validation results, as reflected by the calculated similarity
indices between observed and simulated perimeters. This performance supports its use for
retrospective analysis and decision-making processes.

Although the platform already provides a high degree of automation, flexibility, and
model integration, several opportunities for improvement remain. From a modeling
perspective, ongoing work is focused on improving computational efficiency to enable
bidirectional coupling between wind and fire dynamics under realistic time constraints.
The effects of wind field resolution and spatial scale on wildfire propagation, as well as
the influence of surface topography, model simplifications, and the treatment of input and
output variables across temporal and spatial resolutions, are currently being investigated
in our ongoing research. Additional developments include the simulation of specific
smoke constituents to support assessments of air quality and health impacts, along with
extended validation and sensitivity analyses to enhance predictive capability under diverse
environmental conditions. We also plan to incorporate the option of exporting simulation
result maps with traditional cartographic elements (scale, orientation arrow, and coordinate
system), complementing the current user-oriented visualization provided by the platform.

On the platform side, development efforts are directed toward integrating real-time
meteorological data, extending 3D visualization capabilities, and incorporating new geospa-
tial layers such as burned area maps and active fire detections from the European Forest Fire
Information System (EFFIS). Furthermore, the functionality for comparing simulated and
observed perimeters through similarity indices—already available in the local version—will
be incorporated into the WebGlIS interface. These enhancements aim to increase operational
usability and support both retrospective evaluations and real-time wildfire management.

Several public agencies and private entities involved in wildfire response, environ-
mental monitoring, and land management have expressed interest in the platform. Their
feedback will be essential to assess its practical value and to guide continuous development
in alignment with the evolving needs of decision-makers.

Finally, to provide a structured summary on the current limitations of the simulation
platform, Table 3 presents a domain-specific overview of weaknesses and implications by
categorizing these issues into technical, data, and user experience areas.

Table 3. Summary of weaknesses and implications of the simulation platform, grouped into the
technical, data, and user domains.

Area Weaknesses Implications/Ongoing Research
. . . . 1. Limits ability to reproduce fire-atmosphere interactions
Technical One-way coupling (wind — fire — smoke) 2. Full two-way coupling is subject to conditions
Data Limited availability of updated input data 1. Data quality limits simulation accuracy
(fuel, meteorology, topography) 2. Updated fuel map generation from satellite data
User Platform usability depends on Internet connection 1. May limit access in low-connectivity areas

and browser performance 2. Requires stable connection for smooth visualization
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Supplementary Materials: A video demonstrating an example of how to use the WebGIS interface
is provided as supplemental material and can be accessed via https:/ /figshare.com/articles/dataset/
WebGIS_usage_video_for_the_research_paper_entitled_From_Wind_to_Smoke_A_UnifiedWebGIS_
Platform_for_Wildfire_Simulation_and_Visualization /29673542?file=56661632 (accessed on 8 Au-
gust 2025 ). This video illustrates the main functionalities and user interactions described in
the manuscript.
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AFEM Adaptive Finite Element Method
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CSIRO Commonwealth Scientific and Industrial Research Organisation
DEM Digital Elevation Model

EFFIS European Forest Fire Information System

FEM Finite Element Method

FMC Fuel Moisture Content

GDAL Geospatial Data Abstraction Library

GIS Geographic Information Systems

HDWind High-Definition Wind Field Model

HTTP REST Hypertext Transfer Protocol

LESs Large-Eddy Simulations

JSON JavaScript Object Notation

NASA POWER NASA Prediction Of Worldwide Energy Resources
NFFL National Forest Fire Laboratory

OGC Open Geospatial Consortium

OSM OpenStreetMap

PNOA Spanish National Plan for Aerial Orthophotography
ROS Rate of Spread

SINUMCC Numerical Simulation and Scientific Computing Research Group
PhyFire Physical Fire spread model

PhyNX Atmospheric Dispersion Model

POST Power-On Self-Test

USDA United States Department of Agriculture

UTM Universal Transverse Mercator

UuID Universally Unique Identifier

VHR Very High Resolution

WEFS Web Feature Service

WMS Web Map Service

WPS Web Processing Service
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Appendix A. WebGIS Workflow

This appendix provides a practical overview of the operational workflow for the

SINUMCC WebGIS platform, available at https:/ /sinumcc.usal.es (accessed on 8 August
2025 ), which integrates the HDWind, PhyFire, and PhyNX models for simulating wind
fields, wildfire spread, and smoke dispersion. The process can be described in three

main stages:

Configuration stage (Front-End) In this stage, users define the simulation scenario
by specifying the simulation domain, ignition sources, meteorological inputs, and
relevant model parameters. The platform supports both default configurations for
rapid execution and advanced parameterization for tailored analyses, including fuel
map editing and activation of specific physical processes such as fire spotting or
smoke modeling.

Simulation stage (Back-End) Once the configuration is complete, the platform pro-
cesses the input data, executes the coupled models, and performs the necessary
pre- and postprocessing steps. The modular architecture and integrated simula-
tion toolset enable efficient execution while maintaining physical realism in the
modeled processes.

Visualization stage (Front-End) Simulation results are displayed through an interac-
tive WebGlIS interface, offering 2D and 3D visualizations, statistical summaries, and
temporal exploration of model outputs. The platform also supports the integration
of external geospatial datasets with the simulation results, facilitating comparative
analysis and operational decision-making.

1. Configuration stage (Front-End)

| Parameters of PhyFire model

N Y ™\ Ve ~ Vs N
) \ METEO DATA \
SIMULATION AREA :
BASIC DATA EVENT e e s M-V Weather data settings
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date/Description g Al Tl Wind intensity
. Geo-referenced One or more points -
W-Il Options O 5 i Wind direction
Simulation time/Graphic (RS Height
; 5-1 Applied layers PN N
outputs/Horizontal accuracy o] | Temperature
| ) \  DEM/Fuel z /Fuel type ,-},, \ ) \ Humidity )
AN 4 A A ~/ AN 4 N /
/7 N Ve N /- N /- METEO DATA N\
| MODELS CONFIGURATION | ( | M-V Punctual wind data
FUEL CONFIGURATION W-VI HDWind FIREBREAKS One or more points
W-IX Fuels Parameters of HDWind model M-I Locate firebreak Geo-referenced |
Flame temp/Pyrol temp/Flame W-VII PhyFire i ocate firebreaks W-IV Constant meteo data !
lenght/Comb half-life/Max fuel Parameters of PhyFire model "’; \Y/'F"F - Wind intensity '
load/FMC/Heat cap/Heat of W-VIII Options Wid h"e‘”a leasurement Wind direction '
comb/Rugosity Activate smoke simulation idt Height |
| Temperature p K
;) \_Humidity )

2. Simulation stage (Back-End)

SINUMCC Simulation Toolset
PRE-PROCESS PROCESS POST-PROCESS

M-VII Running simulation

M-VIl Launch simulation SHDWind @PhyFire @PhyNX
Not red simulation data summary
Preparing data

M-Vl Join databases by time instant
M-VIII State of progress M-VII Generate video

®
b 4

3. Visualization stage (Front-End)
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s. i O, S-Il Wind fields 53 W-XI Upload data (g'
1l Burning area 193
. : W-XIl Download dat:
S-Il Smoke concentration % -XII Download data

S-Ii Statistics (ROS, ha,..) [J
W-XIll Simulation log record (Y
W-X3Danimation® « > » o al -

Figure Al. General workflow of the SINUMCC WebGIS platform, comprising three main stages:

configuration, simulation, and visualization. The integrated simulation toolset couples wind, fire,

and smoke models, with outputs visualized through interactive maps, statistics, and 3D animations

to support wildfire analysis and decision-making.
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These stages provide a structured yet flexible operational workflow, enabling both
rapid scenario assessment and more detailed analyses, depending on the needs and exper-
tise of the user. The approach ensures that advanced modeling capabilities are accessible
within a user-friendly environment, bridging the gap between scientific modeling and
practical wildfire management.
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