Wildfire Spread Risk Challenge

Subjects: Meteorology & Atmospheric Sciences
Contributor: Jingjing Sun, Wenwen Qi, Yuandong Huang, Chong Xu, Wentao Yang

Wildfires are sudden and destructive natural hazards that pose significant challenges in response and relief efforts.
Wildfires occur annually across the globe, influenced by factors such as climate, combustible materials, and ignition
sources. In recent years, researchers have shown increasing interest in studying wildfires, resulting in a large number of
related studies. These studies cover a variety of topics including wildfire forecasting and forecasting, spatial and temporal
pattern analysis, ecological impact assessment, simulation of wildfire behavior, identification of contributing factors,
development of risk assessment models, management techniques for combustible materials, firefighting decision-making
techniques, and fire protection. burning method. Understanding the factors that influence wildfire spread behavior,
employing modeling methods, and conducting risk assessments are critical for effective wildfire prevention, mitigation, and
emergency response.
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| 1. Introduction

Wildfire is a common natural disaster, characterized by the uncontrolled spread and propagation of fire. These wildfires
exhibit suddenness, high uncertainty, and significant hazards, resulting in the severe loss of forest resources and damage
to natural ecosystems . Notably, in 2020, Australia witnessed the largest recorded forest fire in history, lasting several
months and scorching approximately 11.46 million hectares of forest, causing irreparable ecological damage 22!,
Similarly, in 2019, Muli County, Liangshan Prefecture, Sichuan Province, experienced a forest fire that rapidly spread due
to sudden changes in wind direction and intensity, resulting in the tragic loss of 31 lives &l In another incident in 2020, a
forest fire occurred at the junction of Jingjiu Township and Anha Town, Pijia Mountain Ridge, Xichang City, Liangshan
Prefecture. During the rescue operation, 19 people lost their lives as the fire engulfed an area of 3047.78 hectares =,
These frequent forest fire incidents not only cause substantial economic losses and ecological damage, but also result in
severe human casualties. Analysis reveals that the fundamental reason behind these incidents is a lack of an
understanding of forest fire spread behavior, leading to inadequate predictions of spread speed, intensity, and extent.
Consequently, this has hindered the collection, feedback, and simulation of wildfire spread behavior information, allowing
the fires to reach uncontrollable states. Therefore, it is crucial to comprehensively understand the various aspects of
wildfire spread behavior, conduct in-depth research on the propagation process, collect and simulate fire behavior
information, and assess the impact of environmental factors on fire spread behavior.

| 2. wildfire Spread Behavior and Risk Assessment System

From Figure 1, it can be observed that the overall keywords related to forest fires/wildfires (referred to as “wildfires”
collectively) are divided into four clusters. “Wildfires” are the most central and core term, located in the center of the
network graph. In the red cluster on the left side, “severity”, “vegetation”, “fire regime”, and “diversity” are some of the
typical keywords. In the literature, this cluster mainly represents research in the field of regional ecology, such as studies
related to vegetation after wildfires B, |n the yellow cluster below, “soil”, “rainfall”’, “erosion”, and “organic-matter” are
some representative keywords. The research direction of this cluster primarily focuses on the chemical changes in the
environment (especially soil) after wildfires [BIZIIL0 |t also includes some concurrent disasters, such as rainfall and debris
flows L2 The blue cluster on the right side of the map includes representative keywords such as “impact”, “emission”,
“smoke”, and “air pollution.” The research related to these keywords is mostly focused on the atmospheric environment

field, such as studies on gas emissions and air pollution caused by fires [L3I[14I[15]16]
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Figure 1. The co-occurrence graph of keywords.

From Figure 1, it can be observed that the overall keywords related to forest fires/wildfires (referred to as “wildfires”
collectively) are divided into four clusters. “Wildfires” are the most central and core term, located in the center of the

network graph. In the red cluster on the left side, “severity”, “vegetation”, “fire regime”, and “diversity” are some of the
typical keywords. In the literature, this cluster mainly represents research in the field of regional ecology, such as studies
related to vegetation after wildfires I, |n the yellow cluster below, “soil”, “rainfall”, “erosion”, and “organic-matter” are
some representative keywords. The research direction of this cluster primarily focuses on the chemical changes in the
environment (especially soil) after wildfires I8 |t also includes some concurrent disasters, such as rainfall and debris
flows L2 The blue cluster on the right side of the map includes representative keywords such as “impact”, “emission”,
“smoke”, and “air pollution.” The research related to these keywords is mostly focused on the atmospheric environment

field, such as studies on gas emissions and air pollution caused by fires [L3I[191[15](20]

The green cluster in the upper-right part of the map includes representative keywords such as “spread”, “risk”, “model”,
“behavior”, “climate change”, and “prediction.” The research content associated with these keywords focuses on the study
of wildfire spread behavior and risk assessment [21221123] Based on the above content, it is sufficient to demonstrate that
the research on wildfire spread behavior and risk assessment is closely related and constitutes important aspects of

wildfire research.

Wildfire spread is a highly complex combustion process that occurs as a result of multiple factors acting together 24
Although wildfires exhibit certain patterns, they also display nonlinear and complex characteristics 23, The driving factors
of wildfire spread are generally classified into four categories: meteorological, fuel, topographical, and human factors.
These factors collectively influence the behavior of wildfire spread 28],

2.1. Meteorological Factors

In recent years, many forest ecosystems have undergone changes due to the influence of global climate warming 2. As
a result, the occurrence of wildfires has been influenced, with climate change contributing to an increase in both the
frequency and intensity of wildfires 281, Among the meteorological factors, wind speed and wind direction play crucial roles
in influencing the spread of wildfires. Wind speed significantly affects the duration of a fire, influencing its spread rate and
coverage. Under the combined influence of wind speed and wind direction, the efficiency of heat transfer and the real-time
rate of fire spread are directly impacted 22, Wind accelerates the spread of wildfires through several pathways: (1) Wind
can accelerate the drying of fuel, providing sufficient oxygen and dry fuel within the burning area, which serves as the
medium for the occurrence of wildfires and accelerates their spread. (2) Unburned fuel within the forest can be ignited



more rapidly under the influence of wind, leading to an accelerated spread of wildfires to surrounding areas. Due to it
carrying capacity, wind can transport embers generated during the forest burning process to other unburned areas,
resulting in new ignition points at the periphery of the fire, this phenomenon is known as spotting. Spotting makes it easier
for the wildfire to rapidly expand its range of spread B9[47]. (3) Altering the spatial distribution pattern of fuel can greatly
affect the rate of wildfire spread. For example, increasing fuel density or changing the orientation of flammable materials
can have a significant impact on the spread rate of wildfires 2],

2.2. Combustible Factors

Fuel is the material basis for the occurrence and combustion of wildfires B2, Macroscopically, fuels can be classified into
live fuels and dead fuels based on their vitality 23], Here, live fuels refer to vegetation. As of September 2022, according to
the resource inventory data released by the National Forestry and Grassland Administration, China’s forest coverage rate
has reached 24.02%, with a forest area of 331 million hectares. China’'s grassland area is 392.8 million hectares,
accounting for 40.90% of the total land area. Due to variations in geographical locations, vegetation exhibits variations in
coverage, area, density, structure, and chemical composition. Consequently, different vegetation types have varying
ignition points and burning rates to some extent B4E3 Research has shown that the occurrence of wildfires follows
certain patterns, adhering to typical time patterns determined by environmental conditions and vegetation phenology
cycles. The time span can vary from one day to one year 8. Dead fuel primarily refers to litter or dead vegetation
material B2, Surface litter, with its low density, is the most effective fuel during wildfire combustion. Its impact on fire
occurrence is primarily due to the larger gaps between materials, which provide ample oxygen storage as a crucial
combustion medium.

2.3. Topography Factors

Basic topographic factors that affect wildfire spread include elevation, slope, and aspect. All three factors are considered
static variables B8, The impact of topography on wildfire spread rate can be observed in the following aspects: (1)
Elevation is an important factor influencing wildfire spread. Different ecological conditions exist at different elevations.
Higher elevations are associated with lower temperatures, lower humidity, higher relative humidity, and higher plant
moisture content, which reduces the likelihood of ignition. In contrast, lower elevations have lower plant moisture content
and are more susceptible to burning B249 (2) The impact of slope on wildfires is manifested in its effect on the moisture
content of combustible materials. Different slopes have varying durations of rainfall retention, which in turn affects the
moisture content of combustible materials. Steeper slopes allow less time for rainfall to stay on the slope, resulting in a
quicker drying of combustible materials under the combined influence of temperature and wind after rainfall. This
increases the likelihood of fire occurrence. On the other hand, gentle slopes retain a higher percentage of rainfall, which
increases the moisture content in combustible materials and reduces the probability and potential for wildfires.
Additionally, changes in slope alter the spatial relationship between the burning surface of the wildfire and unburned
combustible materials, thereby influencing the spread rate of the wildfire. Generally, uphill and steep slopes exhibit faster
spread rates, while downhill and gentle slopes exhibit slower spread rates, although the impact is relatively weaker 2142],
(3) The impact of aspect on the spread rate of wildfires refers to the influence of solar exposure. Sun-facing slopes
(southern or western aspects in the Northern Hemisphere) receive stronger solar radiation, resulting in lower humidity and
relatively dry microclimatic conditions.

2.4. Human Factors

The majority of wildfires currently occurring are caused by human factors 3. Human factors have both positive and
negative impacts on wildfires. On one hand, population density directly influences the occurrence of wildfires. Human
activities frequently occur in wildland areas, increasing the likelihood of intentional or accidental ignition sources and,
consequently, elevating the risk of wildfire spread. High population density in wildland areas increases the likelihood of
such ignition sources 44, According to data from the National Bureau of Statistics of China, there was a decrease in the
number of wildfires from 8859 in 2009 to 2034 in 2016. One of the reasons for this decline is the implementation of the
“Forest Fire Prevention Regulations” in 2009, which essentially prohibited outdoor fires [42],

| 3. wildfire Spread Behavior Simulation Application
3.1. Simulation Application Based on Huygens’ Principle

Huygens’ principle 28 on the process of wildfire spread is illustrated in Figure 2. Wildfire spread behavior is a complex
process involving the interaction of multiple factors. Around the fire scene, each control point is considered as an
independent ignition point influenced by external factors such as wind direction, wind speed, and terrain. These factors



affect the rate and direction of fire propagation, thereby determining the spread boundary of the fire scene. Typically, the
spread boundary of a fire scene presents an elliptical shape, forming an elliptical fire perimeter.
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Figure 2. Huygens' principle.
3.1.1. Prometheus

Prometheus was developed in 1999 as a deterministic wildfire growth simulation application. This application integrates
the science of wildfires, computer technology, and mathematics. Based on daily meteorological data, it employs computer
simulation to model the behavior of wildfire spread. The development of this software is built upon the foundation of the
Canadian Wildland Fire Growth System (FBP) ¥4 which is a simulation software developed based on a typical empirical
modeling approach. Prometheus's spatial input data includes slope, aspect, fuel type, weather conditions, etc. Based on
the Huygens principle, it uses the Richards wave propagation model to treat the fire perimeter as a collection of
independent elliptical fires 48],

3.1.2. FARSITE

The FARSITE application was developed at the Missoula Fire Sciences Laboratory of the United States Forest Service
(US-FS). It is a two-dimensional vector simulation system that integrates thermal physics, combustion science, and
experimental theory 28, FARSITE can simulate the spread of various types of fires, such as surface fires, crown fires, and
spotting fires, under different environmental conditions. The simulation results closely resemble the actual fire behavior in
the field, making it widely used worldwide Y. FARSITE requires support from GIS (Geographic Information System) and
RS (Remote Sensing) for spatial input data. The basic data needed for wildfire spread simulation using FARSITE includes
landscape element data, weather data, wind field data, and fuel moisture data. Numerous studies have been conducted
both domestically and internationally using FARSITE for wildfire spread research.

3.1.3. FlamMap

FlamMap is a landscape-level application simulation program that integrates fire behavior modeling, fuel management,
and map visualization. It is capable of simulating potential fire behavior characteristics, such as spread rate, flame length,
and fire intensity. Additionally, it can simulate fire growth and spread, as well as conditional burning probability, under
constant environmental conditions such as weather and fuel moisture. FlamMap combines various aspects of fire
analysis, allowing for a comprehensive assessment and prediction of fire behavior in a given landscape B, Burning
probabilities and fire sizes in FlamMap are calculated using the Minimum Travel Time fire growth algorithm (MTT), which
was developed by Finney B2 and has been widely used in spatial fire behavior modeling studies worldwide (231241,



3.2. Cellular Automata-Based Simulation Modeling

Cellular Automaton (CA) is a dynamic system that can simulate spatial and temporal characteristics. In the process of fire
spread, fuel and terrain conditions are assumed to be uniform within each cell, and fire propagates on a grid-based on
each cell. CA is a grid-based dynamic model that follows certain causal relationships 52, CA is easily integrated with
digital data from Geographic Information Systems (GIS) or other sources to generate applications for specific
environments. Table 2 provides specific information on applications based on the CA framework. Sullivan and Knight et al.
156 developed a hybrid two-dimensional meta-automata model system with convective-wind interactions, which spread
application is based on a meta-automata spread approach and a semi-physical model of thermal convection to simulate
wildfire spread boundaries during wildfire occurrence. The application used in Mutthulakshmi's study 22 was based on the
CA framework, which was improved and optimized to simulate wildfire spread, analyzing the factors that influence fire
spread and determining which factors play a key role in the spread of wildfires Rui 8 constructed an improved model
system that couples a meta-cellular automaton with an existing wildfire model. The system considered the effect of time
step on simulation accuracy to provide optimal time step values with high temporal and spatial consistency. Xu B,
proposed a new fire spread modeling approach, LSSVM-CA, which combines the least squares support vector machine
(LSSVM) with a three-dimensional wildfire CA framework and considers the effect of adjacent winds on fire spread
patterns for analysis. To summarize the cases, the combination of wildfire spread visualization and the application system
developed by meta-automata has become a popular and viable choice in simulating wildfire spread behavior.

| 4. wildfire behavior risk assessment
4.1. Overview of Wildfire Risk Assessment

The wildfire risk assessment method based on wildfire prediction has high accuracy and is greatly affected by weather
forecast factors. They are suitable for medium size ranges. On the other hand, the method of establishing a risk index for
wildfire risk assessment takes into account a variety of factors and is more suitable for macro-level applications. Methods
based on information diffusion theory are more suitable for analyzing small samples due to their inherent characteristics.
In recent years, with the rapid development of scientific and technological capabilities, comprehensive wildfire risk
assessment using "3S" technology and wildfire risk assessment based on deep learning have been widely used.
However, they require strict data accuracy. The accuracy of wildfire risk assessment method and wildfire spread behavior
simulation based on wildfire behavior influencing factors is high.

4.2. Wildfire Risk Assessment Based on Wildfire Spread Behavior
4.2.1.Wildfire Risk Assessment Based on Influencing Factors

From the preceding discussion it is evident that wildfire risk assessments are designed to take into account various factors
including weather, topography, fuel and human factors. Predicting and assessing the main drivers of wildfire spread
provides a scientific basis for dynamic fire management and prevention. An in-depth study of fire drivers provides insight
into the potential paths, speed and intensity of fire spread. This awareness enables resource allocation, firefighting
strategies, early warning systems, and emergency evacuation measures to minimize potential hazards to individuals,
property, and the environment, and to protect the ecological environment and human safety.

4.2.2.Behavior-Based Simulation for Wildfire Risk Assessment

Wildfire risk assessment based on historical fire ignition data combined with fire spread influencing factors or fire spread
models is a highly accurate and precise method. By simulating wildfire spread behavior, it is possible to predict the speed,
direction, and extent of fire propagation, thus quantitatively assessing the level of wildfire risk. Carmel et al. (8% created a
distribution map of wildfires in Mount Carmel, Israel, covering 20 years of historical fire data. They generated Monte Carlo
simulations for fire spread based on these data and used FARSITE software (FlamMap includes FARSITE, currently does
not support separate download) to simulate fire spread for 500 fire points. This approach provided a long-term strategic
plan for fire prevention activities in the area.
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