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Dr. Marko Princevac, Chairperson 

 

 

 

 

Wildfires are common phenomena and most recently they are occurring at record 

breaking scale and intensity.  In addition, the rapid expansion of human populations closer 

to the wildland has placed people and structures at risk when wildfires occur.  In Southern 

California, wildfires are primarily fueled by chaparral shrubs.  The chaparral fires are 

typically classified as crown fires, a dual layer type of wildfire composed of an elevated 

live fuel layer, known as crown layer, and a layer of dead fuel located above ground, called 

the surface fuel layer. Since the fire spread is typically most severe once it reaches the live 

crown fuels, understanding the conditions for the flame transition process from surface to 

crown is paramount. The work here aims to produce greater understanding of the processes 

via which chaparral crown fires ignite, transition and spread.  To this purpose, a wind tunnel 

scale study was designed to assess the impact of wind speed and surface-crown fuel layer 

distance on fire behavior. It will be shown how different experimental parameters affect 

transition conditions, spread behavior and flame geometry. The regional scale study 

explores wildfire behavior and examines ways to deploy laboratory findings with the 
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plethora of existing satellite data to derive data driven models of fire behavior. An effort 

to present fire science to the elementary school age students via physics-based video game 

will also be explained. 
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1 Introduction 

 

 Like many other Mediterranean climate zones around the world, Southern 

California is a naturally fire-prone region where fire and people have co-inhabited the 

landscape for thousands of years (Pyne 1982). The natural propensity to wildfire in 

Southern California is shaped by the regional terrain, strong Foehn type winds locally 

known as Santa Ana winds, highly flammable fuels, dry ambient conditions and the 

presence of homes near the wildland (Rothermel and Philpot 1973). In recent years, 

population increase pushing human settlements closer to the wildland has prompted the 

expansion of the wildland urban interface (WUI), that is, the space where humans and their 

settlements intermix with wildland fuels (Teie and Weatherford 2000; USDA and USDI 

2001). As the WUI continues to grow, people and property are increasingly at risk in the 

event of a wildfire (Radeloff et al. 2005).  

 Because of the scale and frequency with which wildfires occur, most Southern 

Californians suffer the direct or indirect effects of wildfire activity. For the sector in closer 

proximity to wildfire, the wildfires become serious threats to life and property, while for 

population sectors living further away, wildfire emissions pose immediate and long-term 

health effects. This is because exposure to wildfire emissions, CO, CO2, particulate matter 

(PM) and volatiles (Langmann et al. 2009), has been correlated with premature death 

(Johnston et al. 2012), respiratory problems including asthma, pulmonary disease and 

increased risk to cardiovascular health (Reid et al. 2016).  

 The Southern California wildfire problem is not only one of fire-human 

dimensions, but one closely tied to environmental effects. Although it is not within the 
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scope of this work to discuss potential ties between climate change and wildfire activity, it 

is important to mention such argument such as to premise the importance of this work for 

the future of wildfire behavior assessments for the region. Specifically, most fire forecasts, 

whether they include anthropogenic climate change as a leading factor for increased global 

fire activity or not, do predict continued increases in Southern California wildfire 

frequency, magnitude and intensity. In this sense, understanding wildfire behavior is 

necessary to not only protect people but also to plan for a changing environment and 

climate.  

1.1 Problem Statement 

 

Because of the risks to people, property and the environment, the ability to predict 

wildfire behavior is an essential task for wildfire management. Determining the conditions 

under which a fire occurs and spreads, facilitates land management through more precise 

pre-scribed burning, assists stakeholders and policy makers as they plan for fire ignition 

mitigation and guides first responders as they strategize for disaster control. For this, fire 

behavior simulations are necessary technological allies. Comprehensive mathematical 

models are the primary building blocks of wildfire simulation models. A plethora of fire 

behavior models exist, some are used for near or real time fire spread modeling while others 

are used for long term wildfire forecasting. For a comprehensive review of available fire 

behavior models see Sullivan et al.(2009). 

Many of the models used operationally are suitable for use by fire managers but are 

limited to surface fuels in rangelands and forests. For instance, Rothermel and Philpot 

(1973) sought to adapt the Rothermel model for fire spread to predict fire behavior in 
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chaparral fire systems. Although they integrated a dynamic fuel model for live and dead 

fuel loading fraction, they maintained the surface fuel assumption used in the original 

development of the Rothermel model. Albini (1967) proposed a physical model for 

predicting fire spread in brush. Although his modeled assumed two fuel layers, one for 

dead fuels and one for twigs and branches, these fuel layers were packed in a continuous 

fuel bed of uniform height, hence assuming a heterogeneous yet surface fuel bed 

construction.  

Surface fire modeling of chaparral fires poses a problem for wildfire forecasting in 

Southern California as fires there develop as dual layer ‘crown fires’ not surface fires. 

Thus, most operational models currently in use do not accurately predict wildfire behavior 

for the region.  Research on fundamental Southern California wildfire behavior is required 

to produce mathematical models and simulation tools necessary for accurate wildfire 

prediction. Specifically, it is important that studies focus on examining how key weather 

and fuel parameters shape wildfire behavior in Southern California chaparral fires.  

Recent studies examining chaparral crown fire spread have characterized surface 

fuel layer ignition and spread as well as crown layer ignition (Morvan and Dupuy 2004; 

Weise et al. 2005; Morvan 2007; Lozano 2011; Tachajapong et al. 2014, 2016). However, 

none have fully characterized crown fuel layer ignition and spread behavior in chaparral 

crown fire systems. Comprehensive physical descriptions of chaparral crown fire behavior 

descriptions would allow for more accurate predictions of chaparral crown fire behavior 

including crown layer ignition, rate of spread, and fire intensity. Thus, the work here aims 

to expand the current body of knowledge on chaparral crown fire behavior with the goal of 
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contributing to the improvement of behavior models. Moreover, because the public is 

becoming increasingly affected by wildfires, an additional aim here is to develop methods 

of science communication to educate the public on wildfire behavior.  

1.2 Background 

 

1.2.1 Crown fire behavior 

 

Wildland fires are generally classified into three categories: ground fires, surface fires, 

crown fires. Ground fires are those which burn ground fuels such as organic soils (peat), 

roots and buried logs, surface fires typically burn through above ground dead fuels and 

debris, crown fires burn through canopy fuels such as tree tops and shrubs (Byram 1959). 

Figure 1.1 illustrates the different fuel layers in coniferous fuels and shrub fuels.  

 
 

Figure 1.1: Fuel layer types (a) typical coniferous fuels (b) typical shrub fuels. 
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Crown fires are dual layer fires which usually involve both the surface fuel layer 

and the crown fuel layer. In this fire system, the surface fuel layer will typically be ignited 

first because in most cases, it is composed of easily ignitable dry or dead fuels. Once the 

surface fuel is fully ignited, the flame may spread and eventually transition to the crown 

fuel, in a process by which a surface fire ignites the crown fuel bed (Van Wagner 1977).  

Once the fire transitions, both the surface and crown fires may continue burning and 

spreading. Most, although not all, crown fires depend on the surface fire for supply of 

energy for their fire spread process. In the following sections, a background on crown fuel 

layer ignition, wildland fire spread, crown fire spread, and chaparral crown fire behavior 

are provided.  

1.2.2 Transition 

 

Crown fire transition from surface to crown fuels is a pre-requisite for crown fire spread in 

most crown fires. Transition can be formally defined as the process in which a spreading 

surface fire moves vertically to ignite elevated fuels (Weise, Cobian-Iñiguez, et al. 2018). 

If the transition process is successful, a crown fire will develop. The occurrence of 

successful crown ignition and spread can lead to increases in the rate of spread, flame 

length and heat output conditions (Alexander and Cruz 2011). 

 When transition occurs, a fire is likely to intensify (Alexander and Cruz 2011) as live 

fuels in the elevated fuel layer possess greater energy density. The classical model of 

transition is the one proposed by Van Wagner (1977) based on coniferous fuels. The model 

is now described in an abbreviated fashion.  At its essence, the Van Wagner model is based 

on fundamental principles of wildland fuel ignition properties. Thus, consider the general 
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criteria for wildland fuel ignition in which ignition is achieved upon reaching some critical 

fuel temperature (Babrauskas 2003).  In the case of crown fuels, the temperature can be 

expressed as a function of surface fuel bed and crown fuel bed properties (Thomas 1963),  

∆𝑇 ~ 
𝐼

2
3⁄

𝑧
, (1.1) 

where ∆𝑇 is the temperature difference between the fuel temperature and the ambient 

temperature measured at a height 𝑧, usually the crown base height, and 𝐼 is the intensity of 

the surface fuel flame. Fire intensity, I, is commonly described through the Byram 

definition, IB, (Byram 1959) which defines fire intensity as a function of the heat of 

combustion, H, weight of available fuel, w, and the rate of fire spread, R, as follows,  

𝐼𝐵 = 𝐻𝑅𝑊. (1.2) 

As can be seen from Eq. (1.1), fuel temperature in the crown is directly proportional to 

surface fire intensity, thus, crown fire ignition potential may be derived directly from 

surface fire intensity instead of fuel temperature. To derive the final form of the expression 

for crown fuel ignition as a function of surface fire intensity a new parameter must be 

defined, heat of ignition, defined by,  

ℎ = 460 + 26𝑚 (1.3) 

where m is the fuel moisture content. Because fuel moisture affects ignition conditions in 

wildland fuels, the temperature gradient, ∆𝑇, varies with h. By considering a reference 

heat of ignition ho, Van Wagner added an intermediate step to express the temperature 

difference in the crown where, 

∆𝑇
ℎ

ℎ𝑜
= 𝐼

2
3⁄ 𝑧 (1.4) 
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If ∆𝑇/ho is replaced by an empirical constant C, and Eq. (1.4) is solved for I, then the 

final form of the expression for the critical fire intensity required for crown fire ignition 

is,  

𝐼𝑐 = (𝐶ℎ𝑧)
3

2⁄ . (1.5) 

If the surface fire intensity is re-named, Is, the transition criteria becomes, 

𝐼𝑆 ≥  𝐼𝐶 , (1.6) 

that is, ignition of the crown fuels will occur if the surface fire intensity is equal to or 

greater than the critical fire intensity as defined by Eq. (1.6). Although the Van Wagner 

criteria for crown fire initiation, given by Eqs. (1.5) and (1.6), is not the only model of 

crown fire ignition, it is perhaps the most intuitive for its strong basis on fundamental fire 

ignition behavior. 

   To further elaborate on the body of literature on transition behavior, several other 

works in the subject are now described. Much of the work and fundamental knowledge on 

crown fire behavior, including that by Van Wagner, has been developed by studying 

wildfire conditions in coniferous fuels. A classical approach is exemplified by the work of 

Grishin and Perminov (1990) in which transition is characterized experimentally and a 

theoretical model for transition based on heat and mass transport in an idealized control 

volume was developed. Xanthopoulos et al. (1991) derived an empirical model for crown 

fire initiation. Cruz et al. (2006a). proposed a model of crown fuel layer ignition based on 

fundamental heat transfer. They evaluated model performance through comparison with 

other models and experimental data (Cruz et al. 2006b). It was found that the vertical 

distance between the surface and crown fuel layer as well as characteristics which drive 
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surface fire burning zone conditions were the primary factors affecting successful 

crowning. Other models of crowning behavior include that proposed by worked developed 

by Porterie et al. (2010). 

As can be deduced from the models of crown fuel ignition, the criteria for successful 

transition of a surface fire to the crown fuel layer is highly dependent on surface fuel 

condition, thus in order to comprehensively describe crown fire behavior, a more detailed 

description of surface fire behavior is required. The following section provides an overview 

of surface fire behavior and established theory.  

1.2.3 Spread behavior 

 

Rate of fire spread has been widely studied for its significance not only in fire intensity, 

such as when used to define Byram fire intensity, Eq. (1.2), but also as a descriptor of fire 

growth potential. In terms of bulk properties, rate of spread is governed by characteristics 

of the atmosphere, the fuel bed, fuel particles and topography (Fons 1946). It is worth 

noting that in many works fuel bed and fuel particle properties may by grouped in a single 

parameter classification simply called fuels. Rate of spread can be defined using a simple 

energy balance and control volume approach in which a control volume of unburned fuel 

travels through a fuel bed, where the energy for propagation is described as the net energy 

flux to and from the control volume (Frandsen 1971). This is illustrated in Figure 1.2 where 

control volume V travels at a speed R through the fuel bed. Heat transfer to the system is 

through the familiar convective, radiative or conductive heat transfer and can flow into the 

system as with heating or out of the system as with cooling.  
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 A commonly used model of fire spread is the Rothermel model which describes rate of 

spread as a function of weather, topography and fuel parameters (Rothermel 1972). 

Radiation based models of fire spread include those proposed by both Albini et al. and 

Butler et al. (Albini 1985; Butler et al. 2004). More details on fire spread models are given 

in Section 4.2.  
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Figure 1.2: Representation of a control volume of fuel propagating through a fuel 

bed (a) front view (b) cross-sectional side view (c) zoomed in view of control volume 

of fuel with fire intensity labeled (illustration adapted from Frandsen 1971 Figure 

2). 

 

𝐼𝑥 𝐼𝑥+𝑑𝑥 

𝐼𝑦 

𝐼𝑦+𝑑𝑦 
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1.2.4 Crown Spread 

 

 In addition to crowning, crown fire spread has also been assessed through an array 

of approaches. As in their study of transition, Grishin et al. (1987), proposed a model for 

crown fire spread based on mass, energy and momentum conservation principles. Results 

from their work highlighted the influence of wind for successful spread. Many other works 

have explored crown fire spread in coniferous and boreal forests (Albini and Stocks 1986; 

Butler et al. 2004; Taylor et al. 2004; Cruz et al. 2005; Alexander and Cruz 2006, 2012a, 

2013a; Cruz and Alexander 2013a). A good review of studies on crown spread can be found 

in Pastor et al. (2003).  

1.2.5 Categories of crown fire  

 

Van Wagner (1977) identified three general categories of crown fire: active, passive 

and independent. The basis of the Van Wagner model includes specification on the degree 

of dependence the crown layer has on the surface layer for supply of energy and fuel mass. 

In passive crown fire, the surface fire intensity required to initiate crowning is reached. 

However, the spread rate is less than the minimum necessary to maintain successful crown 

spread and thus the crown and surface layers remains dependent. In active crown fire, 

surface intensity and spread rate exceed minimum required values for crowning and crown 

spread. Supply of fuel mass flow is done by the crown itself, nevertheless the crown 

requires the surface layer for delivery of horizontal heat flux. In this category, crown and 

surface typically travel together. Lastly, in independent crown fires, surface intensity, 

spread rate, fuel mass flow and horizontal heat flux all reach a critical state. The crown fire 
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is thus independent of the surface layer and can provide itself with sufficient energy for 

spread.   

1.2.6 Chaparral fire  

 

Some studies have addressed crown fire behavior for the specific case of shrub or 

chaparral ecosystems. The unique shrub characteristics dictating crown fuel layer ignition 

and spread have been investigated in these works from various perspectives.  As with 

crown fire studies focusing on coniferous forests, in shrub crown fire studies, 

characterization of surface fuel layer properties is important for its potential role in 

supplying the critical thermal energy flux required for crown fuel layer ignition and 

subsequent flame spread. A numerical study examining conditions for successful ignition 

of the crown layer in shrub fuels found that decreasing surface fuel loading may lead to a 

reduction in transition potential (Morvan 2007). Moreover, numerical and experimental 

works have analyzed surface fuel layer conditions favorable to successful transition and 

spread in shrub species. Lozano (2011) and Padhi et al. (2012) investigated the influence 

of horizontal crown separation distance on transition and spread.   

In addition to surface fuel layer structure, other fuel parameters including fuel moisture 

content have been shown to influence crown fire behavior. Works analyzing differences in 

fire spread behavior between live and dead fuels are vast. A good review of major works 

addressing the influence of fuel moisture content on crown fire spread in coniferous forests 

and shrublands can be found in Alexander and Cruz (2013b). For shrub and chaparral 

ecosystems specifically, some studies have focused on characterizing fires in live and dead 

fuels for different species. For southern California chaparral, a laboratory scale study of 
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burn characteristics showed differences between live and dead fuels for mass loss rate, 

flame height and heat release rate (Sun et al. 2006).  

Wildfires in southern California are often paired with strong Foehn type winds known 

locally as Santa Ana winds (Westerling et al. 2004). Thus, understanding the behavior of 

wind driven fires is key to comprehensive understanding of wildfire dynamics in the 

region. Many studies have assessed flame geometry and various aspects of fire spread 

behavior for wind driven fires (Nelson and Adkins 1986; Wolff et al. 1991; Porterie et al. 

2000; Morandini et al. 2001; Viegas 2004; Zhou, Mahalingam, et al. 2005; Carrier et al. 

2007; Nelson et al. 2015; Rossa et al. 2015). Furthermore, most classical surface fire spread 

models integrate an element of wind influence on fire spread (Fons 1946; Frandsen 1971; 

Rothermel 1972). Several recent works have addressed wind effects to the specific case of 

chaparral fire behavior. Weise et al. (2005), studied the effect of wind, slope, moisture 

content and fuel characteristics in fire spread through live chaparral fuels. A regression 

model was obtained from experimental data and included wind velocity, slope percent, 

moisture content, fuel loading, species and air temperature. Their analysis showed that 

amongst those variables considered, wind most significantly affected fire spread success.  

Tachajapong et al. (2014) considered the influence of wind in their investigations of 

chaparral crown fire behavior in live fuels. They analyzed flame height, surface fire 

evolution and the effect of wind on crowning and observed that crowning potential was 

positively correlated to increasing wind speed along with a correlation between wind speed 

and surface fire behavior. Although surface fire behavior and crown ignition were 

examined, they did not characterize crown fire spread. Li et al. (2017) studied fire behavior 
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in individual live shrubs. They found that both wind speed and ignition location affected 

the time at maximum mass loss while only wind speed affected flame geometry.  

1.2.7 Regional scale modeling 

 

Physical and semi-empirical models of chaparral fire behavior encompassing the 

principles of crown fire behavior described above provide necessary framework for 

prediction of fire behavior in chaparral ecosystems. When they integrate enough detail on 

regional topography, fuel conditions and weather, they can reliably forecast fire behavior 

at a regional scale. In addition, to physics based and empirical models, recent advances in 

remote sensing technologies can also provide good predictions of regional wildfire 

behavior. Furthermore, as satellite data has become more readily available and increasingly 

reliable, many groups have derived wildfire metrics from remote sensing data.  

Amongst these, Chuvieco et al. (2010) proposed a system to assess fire behavior by 

evaluating fire risk and fire vulnerability based on remote sensing inputs and GIS 

technologies. Fire related input parameters included live fuel moisture, landscape 

characteristics and ignition source type. Other efforts to characterize wildfire potential 

were presented by Jurdao et al. (2012). They developed national scale fire ignition 

probability models based on live fuel moisture content data obtained from satellite 

observations. A national to local scale Fire Potential Index (FPI) expressing fire potential 

as a function of satellite and surface observations was derived by Burgan et al (1998). The 

FPI model is a data driven model correlating known fire drivers and fuel maps to calculate 

fire potential. Fuel moisture is integrated in the FPI model as part of a so-called greenness 

(RG) parameter which is obtained from satellite derived normalized vegetation indices. 
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Hess et al. (2019) derived a regional fire danger model for the Kenai peninsula of Alaska 

where they quantified the effects of vegetation change on increases in local fire risk. 

Arganaraz et al. (2016) derived live fuel moisture content from MODIS data for the 

Southern Gran Chaco area in Argentina. They performed statistical modeling to compute 

spectral indices from surface reflectance band readings. Similarly, Stow et al. (2006) 

developed regional live fuel moisture (LFM) maps from MODIS surface reflectance data 

product (MOD09 A1) observations for San Diego County.  

1.2.8 Wildfire education and outreach 

 

As wildfire activity increases in California, there is an accelerated public awareness of 

wildfires. The media is flooded with coverage of wildfires and their aftermath every fire 

season. As the public becomes increasingly familiar with wildfire activity, the need for 

education and outreach becomes a priority for the scientific community. In the U.S. perhaps 

the most well-known wildfire education program is the one spearheaded by the fictional 

character ‘Smokey the Bear’ who is part of a governmental initiative founded in the 1940’s 

to educate the public on fire prevention (https://www.smokeybear.com/en). Since Smokey 

the Bear’s first appearances, many other wildfire education and outreach approaches have 

emerged. Ballard et al. (2012) surveyed 50 wildfire education programs targeted at children 

and young people ages 5-20. They identified five main instructional formats: classroom 

visits, use of kits (hands-on activities), field trips, project-based service learning and 

informational booths. Furthermore, they identified six instructional strategies: inquiry 

based, role-play, lecture, outdoor activities, community engagement and hands-on 

activities. Their work showed that current approaches to wildfire education for children 
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and youth is diverse as it utilized informal and formal formats and emphasizes scientific 

approaches. They conclude that there is plenty of opportunity for growth in the field of 

wildfire education and identify interdisciplinary approaches that lead to problem solving 

through scientific and community-based inquiry as important next steps in the future of 

wildfire education.  

One such interdisciplinary approach which encourages problem solving and scientific 

inquiry is the use of interactive tools such as video games. Developing a video game for 

wildfire education would require an interdisciplinary team of wildfire experts, game 

developers and educators and it could represent the next generation of educational tools for 

environmental education.  

1.3 Objectives 

 

As can be observed from the works cited, and many others which focus on chaparral 

fire behavior (Zhou, Mahalingam, et al. 2005; Santoni et al. 2006; Dahale et al. 2013; 

Weise, Fletcher, et al. 2018), the current body of work on chaparral crown fire examines 

some ignition and spread characteristics, but mechanisms of spread in both layers have not 

been thoroughly studied in a controlled laboratory setting. The work here examines 

chaparral fire as a dual layer fire in order to capture the dynamic exchange of energy 

between the fuel layers. It considers the crown fuel layer as a continuous fuel layer as 

opposed to the discrete fuel bed approach designed by Lozano (2011). The purpose of the 

work presented here is to expand the current body of knowledge on chaparral crown fire 

behavior with the goal of contributing to the improvement of behavior models.  Specific 

research objectives are now listed. 
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1. Wind tunnel scale 

(a) To quantify the effect of crown base height and wind on flame height and 

mass loss rate in order to obtain better understanding on the degree of 

thermal interaction between the fuel beds.  

(b) To examine crown flame geometry and to survey the applicability of semi-

empirical models of flame geometry to chaparral fires modeled as dual-

layer crown fires. 

2. Regional Scale 

(a) To integrate satellite observational data in the development and 

improvement of wildfire models. 

(b) To present a framework for the development of a data driven model of fire 

intensity forecasting for Southern California wildfires. 

3. Science communication  

(a) To develop an interactive tool to teach elementary school children 

fundamentals of wildfire behavior. 

(b) To apply versions of established models of fire spread and fuel moisture in 

the generation of a simplified fire spread simulation to be applied as part of 

the interactive educational tool.  

1.4 Major contributions 

 

 This section briefly summarizes the major contributions of the work here. 

• A major contribution of this work is the modeling of chaparral fire as crown fires 

which maximizes the potential of capturing the dynamic exchange of energy 
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between the surface and crown fuel layer. A phenomenon not observable when 

modeling chaparral fires as surface fires, as has been widely done before this work. 

One of the primary vehicles towards making this contribution was the development 

of instrumentation necessary to quantify crown fuel layer fuel consumption, 

methodology not available prior to this work. 

• Semi-empirical models of flame height were validated for use in chaparral fires 

modeled as crown fires and new proof of concept semi-empirical power law 

correlations of flame tilt as a function of flame tilt were proposed.  

• A framework for deriving a satellite-based data driven model for regional scale 

modeling of chaparral fire in Southern California was proposed. Data layers were 

chosen because of their unique significance to Southern California chaparral crown 

fire behavior. A regional fuel moisture model based on (vegetative) surface 

reflectance data. 

• A web based interactive tool was developed to teach elementary school age students 

fundamentals of wildfire behavior. A simplified version of the Rothermel model 

was applied to simulate fire spread and several fuel moisture models were tested. 

The interactive tool was packaged alongside a visual glossary of fire terms and has 

been delivered as part of a guided lesson.  

In addition, because of the great deal of public attention on California wildfires, the 

work presented here garnered quite a bit of attention throughout its development. Thus, 

part of the contribution of the work here was to inform the public on the science behind 

wildfires. Media appearances and coverage done to this purpose are as follows: 



 19 

• National Geographic:  

https://video.nationalgeographic.com/video/news/00000155-978e-df34-ab75-

d78ff3750000 

• The Guardian: 

 https://www.theguardian.com/us-news/2015/nov/08/university-of-california-

riverside-forest-fire-wildfire-lab-research 

• UCR News Today: Understanding the Physical Phenomena in Recent SoCal 

Wildfires:  

https://ucrtoday.ucr.edu/51071 

• Discovery Channel, Canada: 

http://review.bellmedia.ca/view/1194145538 

1.5 Dissertation Structure 

 

 This dissertation is divided into six chapters and two appendices. Chapter 1 (the 

current chapter) serves as a general introduction to the work presented and includes overall 

background, summarizes the dissertation objectives and lists the contributions of the work. 

Chapter 2 presents the complete experimental protocol used to conduct the wind tunnel 

scale experiments on chaparral crown fire behavior presented in this work. Chapter 3 is a 

description and analysis of results of the wind tunnel scale study. It includes an expanded 

description of the literature on crown fire and chaparral crown fire behavior. Presented in 

this chapter are experimental findings on transition behavior, surface and crown fuel layer 

consumption and flame height. Furthermore, once experimental results are analyzed, semi-

empirical models of flame geometry are tested for application to chaparral fires modeled 
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as crown fires and new power law models of flame tilt are proposed. The work is placed 

into context by providing an overview of power-law and Froude number flame modeling. 

Chapter 5 uses basic principles build upon in previous section to explain wildfire spread in 

the development of a web-based tool to teach elementary school students about wildfire. 

Chapter 6 transitions from the wind tunnel scale to the regional scale to explore the use of 

satellite data in the development of data driven models of fire behavior in the Southern 

California region. An algorithm for data processing and preparation is presented. Chapter 

6 summarizes major findings from this dissertation. Appendix 1 includes the full 

experimental protocol for the wind tunnel experiments presented in the dissertation. The 

instrumentation designed for the measurement of crown fuel mass loss (fuel consumption) 

is thoroughly described.  
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2 Wind Tunnel Experiments to Study Chaparral Crown Fires1 

 

2.1 Introduction 

 

In 2016 the state of California experienced a total of 6,986 wildland fires, 

consuming 564,835 acres (California), costing millions of dollars in damage and risking 

the wellness of hundreds of people. Because of the regional mediterranean climate, a major 

fuel source for these fires are chaparral vegetation communities (Minnich 1983). Fire 

spread in chaparral can be considered a crown fire since the main fuel that burns is elevated 

(Tachajapong et al. 2014). Co-existing with the predominantly live crown layer, is the dead 

surface fuel layer, which consists of cast foliage, branches and herbaceous plants which 

grow under and between the individual shrubs. Fire will more easily initiate in the dead 

surface fuel layer. Once the surface fire ignites, the fire may transition to the crown layer 

where the energy released by the fire increases dramatically.  

While chaparral fires have typically been modelled as a fire spreading in deep 

surface fuels (Rothermel and Philpot 1973), there has been limited study on the transition 

and spread in the two fuel layers. Crown characteristics in chaparral including foliage 

particle shape differ from boreal coniferous forest where most of the research has occurred. 

Numerous laboratory and field scale studies have investigated various aspects of wildfire 

dynamics (Fons 1946; Byram 1959; Van Wagner 1977; Weise et al. 2005; Cruz et al. 

2006b; a; Lozano 2011; Tachajapong et al. 2014; Li et al. 2017). Field scale studies have 

the advantage of a more direct representation of aspects of the natural environment such as 

 
1 Reprinted from Cobian-Iñiguez, J., Aminfar, AH., Chong, J., Burke, G., Zuniga, A., Weise, D.R. and 
Princevac, M. Wind Tunnel Experiments to Study Chaparral Crown Fires. J. Vis. Exp. (129), e56591, 
doi: 10.3791/56591 (2017). 
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slope and fuel composition as the fuel can be burned on site. However, a disadvantage of 

field experiments is the lack of control over some parameters including wind. Controlling 

wind is especially important for chaparral crown fires occurring in regions such as Southern 

California where foehn type winds, known as Santa Ana winds, are typical drivers of fire 

events. Because a major motivator for the methodology described here is to study the effect 

of wind and other controlled parameters on chaparral fire spread, this study was performed 

in a laboratory scale wind tunnel. The reader is directed to the work by Silvani et al. (2009) 

for field measurements of temperature in chaparral fires similar to the ones presented here. 

For field measurements on the effect of wind on fire spread please see Morandi et al.(2006).  

Within the realm of laboratory experiments, several studies have examined the 

influence of parameters such as wind and fuel properties on chaparral crown fire behavior. 

Lozano (2011) examined characteristics of crown fire initiation in the presence of two 

discrete crown fuel beds. In Tachajapong et al.(2014), discrete surface and crown layers 

were burned inside a wind tunnel and the surface fire was characterized. Only crown fire 

initiation was fully described leaving full analysis of spread for future work. Li et al.(2017) 

reported on the propagation of a flame though single chaparral shrubs. In related work, 

Cruz et al. (2006a) (2006b), developed a model to predict the ignition of coniferous foliage 

above a spreading surface fire. Burn characteristics of chaparral fuels have been explored 

in experimental studies of bulk fuels and individual leaves (Dupuy et al. 2003; Engstrom 

et al. 2004; Sun et al. 2006; Fletcher et al. 2007). Dupuy et al.(2003) studied the burning 

characteristics of Pinus pinaster needles and excelsior by burning the fuels in cylindrical 

baskets. They observed that in these fuels, flame height was related to heat release rate via 
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a two-fifths power law as has been reported previously in the literature (Thomas et al. 1961; 

Zukoski 1986). Sun et al.(2006), burned chaparral fuels in similar cylindrical baskets to 

analyze the burning characteristics of three chaparral fuels: chamise (Adenostoma 

fasciculatum), ceanothus (Ceanothus crassifolius) and manzanita (Arctostaphylos 

glandulosa). 

Motivated by results from the aforementioned laboratory studies, our purpose here 

was to characterize spread in both surface and shrub crown layers. Furthermore, we aim to 

clarify some of the key characteristics that dictate the degree of surface-crown layer 

interaction. To this purpose, we developed a laboratory experimental methodology to study 

the vertical transition of a fire burning in a wildland surface fuel to a fire spreading in an 

elevated shrub fuel. In these types of fires, translation of the fire to the shrub crown, known 

as crowning, may be followed by sustained spread under the right conditions. In general, 

chaparral fire behavior is dictated by topography, weather and fuel Finney (2013). It has 

been shown that wind affects energy release rate in the fuels (Van Wagner 1977; Mendes-

Lopes et al. 2003; Weise et al. 2005; Tachajapong et al. 2014). 

Fire spread in porous fuels can be viewed as a series of transitions or thresholds 

that must be crossed to be successful (Williams 1977). Energetically, a fuel particle ignites 

if the amount of heat that it receives results in a mixture of gases that successfully react 

with oxygen. The resulting flame spreads if the heat from the burning particle ignites an 

adjacent fuel particle. The fire spreads across the ground if it is able to cross gaps between 

combustible fuel elements. If the flame of a surface fire is able to propagate vertically into 
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the crown of shrubs and trees, a significant change in fire behavior, including increased 

heat release rates, is often observed due to more available fuel.   

It is important to note that thermal energy dynamics in wildland fires encompass 

several scales, from the very large scale, such in mega-fires which often require 

climatological modeling, to the small scale requiring chemical scale kinetic modeling. 

Here, we deal with laboratory wind tunnel scale behavior modeling, for chemical scale 

cellulose combustion studies, the reader is referred to works such as Sullivan et al.(2012) 

Since 2001, the authors here have conducted a variety of experiments examining some of 

the laboratory scale energy thresholds (Weise et al. 2005; Zhou, Weise, et al. 2005; 

Tachajapong et al. 2008, 2016; Pickett et al. 2009; Cobian-Iñiguez et al. 2015)  with 

emphasis on live fuels associated with chaparral. While outdoors measurements of fire 

would probably provide more lifelike results, the controlled environment of the wind tunnel 

allow for delineation of the impact of various parameters. Several parameters influencing 

the spread in chaparral fuels have been experimentally analyzed by quantifying the 

probability of fire spread success in elevated fuel beds (Weise et al. 2005).  

The current experimental study involves a methodology developed to study 

chaparral crown fire spread by modeling surface fuels and crown fuels inside the test 

section of a low speed wind tunnel. The surface fuel is modeled with excelsior (dried 

shredded wood). The surface fuel bed is placed on the ground level of the wind tunnel over 

a standard scale (See Figure 2.1). Representing the crown fuel bed, a fuel bed with chamise 

was placed over the surface fuel bed by suspending the fuel from a platform mounted on 

the wind tunnel frame (See Figure 2.1). Both fuel beds are instrumented for temperature 
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and mass loss measurements; flame geometry is obtained from video recordings of 

experiments. Parameters measured include mass loss rate, fuel moisture content and 

relative humidity of the air. Parameters controlled were wind presence, distance between 

surface fuel bed and crown fuel bed and presence of surface fuel.  

 

 

Figure 2.1: Wind tunnel experimental setup. Locations of the crown fuel bed, the 

surface fuel bed, and the tunnel fan have been labeled for convenience. The surface 

fuel bed is placed on the ground level of the wind tunnel over a standard scale. 

Representing the crown fuel bed, a fuel bed with chamise was placed over the surface 

fuel bed by suspending the fuel from a platform mounted on the wind tunnel frame. 
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Experiments focused on understanding the behavior of chaparral crown fires, 

particularly ignition, mechanisms of flame propagation and spread, flame front velocities, 

and fuel consumption rates. To study the interaction between a surface fire and a crown 

fire, six configurations of surface and crown fuel beds with and without applied wind flow, 

have been burned in the wind tunnel: crown fuel only with and without wind (2), crown 

and surface fuel beds separated by two distances with and without wind (4). Table 2.1 

summarizes the experimental configurations with the 6 experimental classes. In the table, 

the surface fuel bed parameter denotes whether surface fuel was present during the 

experiment, the wind parameter refers to the presence of wind and crown height refers to 

the distance between the bottom of the crown fuel bed and the bottom of the surface fuel 

bed.  Fuel moisture was measured for each experiment but not controlled, average fuel 

moisture content was 48%, whereas the minimum and maximum values were 18% to 68%, 

respectively.  

 

Class Surface Fuel Bed Wind Crown Height 

A Absent No wind 60 or 70 cm 

B Absent 1 ms-1 60 or 70 cm 

C Present No wind 60 cm 

D Present No wind 70 cm 

E Present 1 ms-1 60 cm 

F Present 1 ms-1 70 cm 

 

Table 2.1: Experiment configurations 

An electronic scale measured surface fuel mass and we developed a custom mass 

loss system for the crown layer. The system consisted of individual load cells connected to 

each corner of the suspended fuel bed. Consumer-grade video cameras recorded the visual 
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flames; image processing of the visual data using a custom script generated flame 

characteristic including height and angle. A program was developed to convert video 

frames from RGB (red/green/blue) coding to black and white through a process of light 

intensity thresholding. The edge of the flame was obtained from the black and white video 

frames. Maximum flame height was defined as the highest point of the flame edge, 

instantaneous flame heights were also obtained. In an image, flame height was measured 

from the base of the fuel bed to the maximum vertical point of the flame. Harvesting the 

live fuel locally and conducting the experimental burns within 24 hours minimized 

moisture loss. A thermocouple array recorded fuel bed temperature in the wind stream-

wise direction enabling the calculation of spread rate, Figure 2.1 shows a diagram of the 

fuel bed setup along with the thermocouple arrangement. Details of the experimental 

protocol follow. 

2.2 Protocol 

 

As several steps in the following protocol involve activities that have the potential to cause 

injury, ensure that the proper personal protective equipment (PPE) is used following 

established safety protocols including fire grade lab coats and goggles. 

1. Crown fuel bed load cell instrumentation setup 

a. Modify 4 C-clamps by attaching dual spring gate carabiners (see Table of 

Materials) through the pin hole at the clamp’s screw end. (see Figure 2.2). 

The carabiners will be used to suspend the crown fuel bed. 
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b. Modify 4 C-clamps by attaching dual spring gate carabiners (see Table of 

Materials) through the pin hole at the clamp’s screw end. (see Figure 2.2). 

The carabiners will be used to suspend the crown fuel bed. 

c. Using different set of C- clamps, affix each load strain gauge cell to the top 

portion of the wind tunnel frame. (see Figure 2.2) 

d. Attach modified C-clamps to the free end of the strain gage cells, with the 

carabineers hanging down.  

e. Attach chains to the platform for the crown fuel bed 

f. To suspend the crown fuel bed platform from the wind tunnel frame, 

connect each of the crown fuel bed chains to a carabiner.  

g. Once each of the four load cells are fully mounted and connected to the fuel 

bed, connect their wires to the Wheatstone bridge which will be used for 

data acquisition.  

h. Cover the load cells with fire insulating material such as the kind used for 

fire shelters.  
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Figure 2.2: Wind tunnel crown fuel bed load cell instrumentation. (a) Wind tunnel 

front view (b) Modified C-clamp with carabiner and crown fuel bed chain which 

supports the crown fuel bed. (c) Load cell attached to the wind tunnel frame using a 

C-clamp. 

 

2. Load cell calibration 

NOTE: The signal produced by the load cells is converted to an equivalent mass 

through Eq. (2.1) where V is the signal, typically in millivolts, A and B are constant 

to be determined through calibration and m represents the mass in grams.  

𝑚 =  𝐴 ∙ 𝑉 + 𝐵 (2.1) 

All the parameters in Eq (2.1) are obtained through the custom instrument control 

interface developed for the crown mass instrumentation in this protocol. When first 

using the system, precision weights are used to calibrate the load cell signal. 

Calibration constants A and B will be obtained based on the signal produced when 
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measuring the load of these precision weights. The constant A is calculated from 

Eq. (2.2) where mt is a the mass of trial precision weight, aw is the signal produced 

with the weight loaded on the load cell whereas aw,o corresponds to the signal 

produced when no weight is applied on the load cell.   

𝐴 =  
𝑚𝑡

𝑎𝑤 − 𝑎𝑤,𝑜
(2.2) 

a. To obtain the calibration constant A, hook precision weights (a good range 

would be 200 – 500 g) to the first load cell. The mass of the precision 

weights corresponds to parameter mt  in Eq. (2.2).   

b. Set the load cell gain to 128 (See Figure 2.3b, i.1) 

c. Read the signal output from the instrument interface (See Figure 2.3b, i2), 

this is parameter aw in Eq. (2.2). 

d. Unhook the weight and read the new value displayed in the instrument 

interface (Figure 2b, i2), this is parameter aw,o 

e. Calculate A based on parameters mt, aw, aw,o obtained in steps II.1) – II.4) 

f. In the controller interface, fill in the “ChX-M” value for each sensor with 

the A value obtained in the previous step.  

g. To find the offset value, B, remove all weights, read the value in the 

‘Outputs Calibrated (g)’ box (See Figure 3(c), i2. multiply this value by -1. 

The resulting number is B, type this number in the “Addition” Ch0-A box 

(See Figure 2.3(c), i.3).  

h. Repeat steps II.3) – II.8) for each load cell, the system is now completely 

calibrated. The fuel beds may now be loaded with the fuels.  



 31 

 

Figure 2.3: Instrument control interface data input steps for load cell calibration. (a) 

Bridge initial setup window with gain setup and enable box (b) Window for first stage 

of load cell calibration (c) Window for second stage of load cell calibration (d) 

Window for last stage of load cell calibration, file is saved here and data logging was 

started. 

 

3. Preparation of chaparral and excelsior fuel beds 

NOTE: Each experiment uses 2 kg of live chamise and 0.5 kg of excelsior (shredded 

aspen wood). 

a. From the pile of fuel collected for burning, collect several 1-pint bottles of 

fuel (3-4 bottles). Follow the procedures delineated by Countryman and 

Dean (1979) to oven dry samples and obtain fuel moisture content. 
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b. Trim individual branches from a bundle of recently harvested chamise to 

remove dead material and branch material greater than ¼ inch diameter. 

Place the remaining live fuel material in the container for weighting.  

c. Select 2 kg of the trimmed chamise and 0.5 kg of excelsior using an 

electronic scale. 

d. Load 2 kg of trimmed chamise onto the platform hanging from the load cells 

to create the elevated fuel bed. Evenly spread the chamise branches over the 

entire platform to produce a uniform fuel bed.  

e. Pull apart (fluff) the compacted excelsior to decrease its bulk density so it 

will burn readily. Place 0.5 kg of excelsior onto the surface fuel bed 

platform on the wind tunnel floor insuring that the bulk density is as uniform 

as possible. This is accomplished by placing a known amount of excelsior 

over a known area to a constant depth.  

4. Thermocouple arrangement 

NOTE: K-Type thermocouples are used to measure temperature of both fuel beds. 

Data is collected through a data acquisition system controlled with a custom 

graphical user interface (see table of materials for controller design software). The 

thermocouples recommended for use are 24 AWG (American Wire Gauge) 

thermocouple with a response time of 0.9 seconds.  

a. Connect an array of sixteen 24 AWG thermocouples (conductor diameter 

0.51054 mm) to a data logger (Response time 0.9 seconds).  
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b. Insert 6 thermocouples into the crown fuel layer. Place each thermocouple 

20 cm apart and avoid contact of thermocouples with branches. See Figure 

2.4. 

c. Insert 10 thermocouples into the surface fuel layer. Place each 

thermocouple 10 cm apart and avoid contact of thermocouples with 

branches. See Figure 2.4. 

 

Figure 2.4: Diagram of surface and crown fuel beds with thermocouple array 

location. Here 6 thermocouples were inserted into the crown fuel layer 20 cm apart 

from each other. 10 thermocouples were inserted into the surface fuel layer 10 cm 

apart.  

d. Activate data logging by clicking the “Start” button in the Thermocouple 

control interface. 

5. Image acquisition setup 
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a. Mount the visual reference target that has red marks spaced every 10 cm 

above the wind tunnel window. This target will serve as a reference to 

determine flame height from the experiment video. Sample flame heights 

are presented in Figure 2.5. 

 

Figure 2.5: Photograph of sample flame heights from a typical experiment. The blue 

visual target with red marking serves as a reference to determine flame height from 

the experiment video. 

 

b. Setup for photographic data collection. Focusing on the wind tunnel test 

area, adjust the camera focus as to capture the entire vertical reference target 

as well as the fuel bed area.  

c. Setup for video camera data collection. Mount the video camera with a 

universal camera wall mount on the wall in order to provide a full view of 

the wind tunnel test section.  
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6. Flow setup 

NOTE: The wind tunnel is equipped with a variable speed fan. The air flow in the 

wind tunnel has been previously calibrated to the fan speed. To achieve the desired 

wind velocity, the fan rotational speed (in Hz) is selected. In the present 

experiments, no wind and 1 m s-1 wind flows cases were studied. 

a. Set the fan speed to 1 m s-1 on the speed controller. 

b. Turn on the fan to ensure that it is functioning properly. 

c. Turn off the fan. It is now ready for use.  

NOTE: The Burn Building is designed to conduct fire experiments safely while 

evacuating smoke from the working space. Notify local fire authorities that 

experiments are being conducted to eliminate the occurrence of false alarms. 

d. Close all doors in the building to ensure that the roof vents are the only 

possible exit for smoke evacuation. 

e. Turn on the air supply fans to bring in fresh air from outside the building at 

floor level. 

f. Turn on the exhaust fans to evacuate smoke through the roof vents.  This 

will establish a low velocity, high volume air flow from outside the building 

that rises vertically due to the slight pressure difference and the roof 

openings. 

g. Using a wet-bulb hygrometer, measure the relative humidity and 

temperature of the ambient air. This should be done prior to each 

experiment.  
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7. Ignition (To be implemented simultaneously with Step 8) 

NOTE: The ignition process should be conducted as follows by the ignition crew 

member. For increased safety it is recommended that a second crew member remain 

near the test area during ignition.  

a. When instructed to ‘ignite’, soak the leading edge of the excelsior surface 

fuel bed with denatured ethyl alcohol. Place the alcohol bottle away from 

the ignition zone and using a butane torch, ignite the end of the surface fuel 

bed in a line parallel to leading edge of the fuel bed. Be observant as the 

alcohol-soaked fuel will readily ignite. 

b. Once the fuel bed has been ignited, step out of the test section and close the 

tunnel door.  

c. If wind is required for the experiment, turn on the wind tunnel fan. 

8. Initiate experimental run. 

NOTE: Upon verifying the experiment is correctly setup, the cameras should be 

started. 

a. Turn on the video camera to record. 

b. Speak aloud the experiment number/code, the date and experimental 

configuration so the microphone on the video camera records this 

information.  

c. Instruct the computer crew to begin data logging by ticking the “Enable data 

logging” option in the instrument control interface, see Figure 2.3(d), i. 

Instruct the ignition person to ignite the fuel. Once the ignition crew 
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member exits the wind tunnel, instruct the wind crew member to start the 

wind tunnel fan. This will be the start experiment where time t = 0. 

 

2.3 Representative Results 

 

Crown and surface flame height data were obtained from the video data. Typical flame 

height trend for experiments is presented in Figure 2.5. Flame height behavior followed 

that found in Sun et al. (Sun et al. 2006). 

 

Figure 2.5: Estimated crown flame height. Here U = 1 m/s, surface-crown separation 

d = 70 cm. This corresponds to a representative Class E experiment. Flame height is 

obtained by processing images from the experiment video. 

The evolution of flame height in Figure 2.5 was chosen because it shows typical 

flame height behavior for experiments with wind. In these types of experiments, the flames 

start small, get large close to the middle of the fuel bed then will decay with time as it gets 

closer to the end of the fuel bed. The experiment in the figure is Case F (Wind at 1m/s and 
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distance between crown and surface fuel at 70 cm) in this case, the wind helps the flame to 

tilt. Because of the flame tilt, radiative heat transfer of the flame to the fuel bed is enhanced, 

Albini (1985). As the flame travels through the fuel bed it will pre-heat the fuel ahead of 

it, mid fuel bed seems to be an optimum location where sufficient preheating has occurred 

to create a large flame. The end of the fuel bed is also pre-heated, however, enough time 

lapses before flaming is achieved there that convective cooling will have removed 

sufficient energy to reduce the size of the flame.  

Fuel consumption rates were obtained for entire extent of both fuel beds. The 

evolution of mass loss for selected experiments is presented. The non-dimensional 

parameter M is ratio of instantaneous mass m and the initial mass m0. Dimensionless time 

Time is the ratio of the experimental time t and the total burn time tf, where total burn time 

is defined as the time when flaming ignition has stopped. The evolution of mass loss 

throughout experiments followed expected behavior.  Three general regions were identified 

from the characteristics of the mass loss curve: ignition, flaming and smoldering, see Figure 

2.6. This was a Case F experiment (Wind at 1m/s, distance between surface and crown at 

70cm). The fuel moisture content was 45.19%, relative humidity was 66% and the total 

burn time was 2 minutes 37 seconds. Overall mass loss and mass loss rate trends matched 

those presented by Rothermel (1972) and Freeborn et al.(2008).  
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Figure 2.6: Depicted is a representative Class F experiment, where U = 1 m/s and 

surface-crown separation d = 70 cm. Combustion regions are labeled in the plot 

(ignition, flaming and smoldering). The generalized trend with these three regions 

was observed for most experiments 

 

To illustrate mass loss trends for both the surface and crown layers obtained from 

experiments described through this methodology, the results for four experiments is 

presented in Figure 8. The burn time for each experiment in Figure 2.7 is presented in Table 

2. As can be observed, wind enhanced the rate of mass loss and the total burn time.  
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Figure 2.7: Data are shown for experiments with wind at 1 m/s and without wind, as 

well as the two surface-crown distances tested: d = 60, 70 cm. Mass loss data here 

are obtained from the digital scale used for the surface fuel bed.  

Table 2– Total burn time for representative mass loss curves in Figure 7.    
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Gas phase temperatures were measured for both fuel beds using sixteen 

thermocouples within the fuel beds. Thermocouples are labeled T0 - T15, Figure 2.8 

depicts the thermocouple arrangement. Thermocouples T0 – T09 were placed inside the 

surface fuel bed, T10 – T15 were placed inside the crown fuel bed. Crown fuel bed 

temperatures for a selected experiment are presented in Figure 2.9.  

 

Figure 2.8: Fuel bed gas temperatures crown fuel bed. Thermocouple arrangement 

is indicated in Figure 4. Shown is a Class B experiment without surface fuel bed and 

a wind speed of 1 m/s. 

It is important to note that if the thermocouples are not properly inserted in the fuel 

bed temperature readings will be inaccurate. For instance, upon examining temperature 

readings in the experiment represented by Figure 2.9, it was noted that temperatures for 

one of the crown fuel bed thermocouples (T15) was below normal for burning conditions. 

These temperatures were closer to ambient conditions than to gas phase temperatures of 
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burning chamise. Thus, it was inferred that in this case, thermocouple T15 remained 

outside the fuel bed through the experiment. 

 

Figure 2.9: Temperature readings resulting from improper placing of 

thermocouples. Thermocouple arrangement is indicated in Figure 4. Depicted are 

data for crown fuel bed temperature where the thermocouples were improperly 

placed as is apparent by the abnormally low temperatures 

 

2.4 Discussion 

 

To ensure accuracy in the measurements there are several critical steps. The calibration 

of the load cells measuring crown mass loss is perhaps the most critical step. The ability to 

measure the elevated fuel mass throughout the experiment was one of the main advantages 

of the technique presented here. Previous studies addressing chaparral fire have focused on 

either only crown fire initiation or only on surface spread but not crown spread. Such 

studies have quantified the possibility of ignition in the crown layer and have left study of 
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spread for future work (Tachajapong et al. 2016). Our work methodology allows for 

measurement of mass loss, temperature distribution and flame geometry for both layers 

involved in shrub crown fire ignition and spread.  

Calibrating the crown mass loss instrument is perhaps the step in the protocol that 

requires the most time. This is because at the end of each experiment day the crown fuel 

bed must be unmounted, slight movement in the configuration may cause alteration in the 

mass readings. Hence, calibration must be done at the beginning of each experiment day. 

For future experiments, a more permanent configuration would be ideal. In this future 

configuration, the individual load cells would be affixed to the experimental setup. In 

addition to the calibration step, another critical step in the protocol is the preparation of the 

fuels. The intent of the entire experimental program is to develop a better understanding of 

combustion in live fuels for the purpose of improving our ability to predict prescribed fire 

behavior. While live branches up to ½ inch (1.27 cm) can be consumed in the flame front 

of a high intensity prescribed burn in chaparral (see Green (1981)), larger diameter fuels 

are typically not burned in the flame front. Laboratory burns using chaparral fuels have 

focused on using fuels that would generally be consumed by a prescribed burn’s spreading 

flame front (see Cohen and Bradshaw (1986), Weise et al.(2016)). Major chaparral species 

include chamise (Adenostoma fasciculatum), other chaparral fuels include manzanita 

(Arctostaphylos glandulosa) and hoaryleaf ceanothus (Ceanothus crassifolius). Here 

chamise was the fuel chosen because it is the most flammable of these species . The 

protocol can be modified to include other species as long as the branch size is maintained 

below ¼ inch. 
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In general, and regardless of the species chosen as fuel, branches should be trimmed 

such that all branch diameters are < ¼ inch (0.63 cm) in order to maintain uniformity. Not 

performing this step or performing it incorrectly would negatively affect reproducibility of 

the results. Over trimming the branches may also be disadvantageous because fuel beds 

with very small branch sizes tend to have greater packing density and hence also burn 

differently. In the procedure described here, following Omodan (2015), the packing density 

was maintained at an average of 9.2 kg/m3.  

It is worth noting that because of the scale of this experiment a crew of 4 or more 

people is required to ensure efficiency during the experiment. Having a person in charge 

of the crew with the protocol visible at all times is important to ensure all steps are followed 

correctly. This person is in charge of the safety of the crew as well as the coordinating the 

experiment. It is important that this person and the rest of the crew pay attention to their 

safety and that of the environment which means having visibility of fire extinguisher, 

ensuring exhaust vents are on and the doors are closed during the experiment.  

Additionally, it would be advantageous to synchronize all the instruments with a 

single trigger button. This would make data analysis and processing more efficient. Finally, 

a natural progression after the technique here is mastered would be integrate some of the 

remaining wind tunnel capabilities such as temperature control which has been shown in 

other studies to be another important factor to consider. This would enable a wider range 

of control of environmental conditions. The results presented here are from experiments 

conducted during the summer months when fuels are typically drier; this period also 

corresponds to a portion of the year when wildland fires occur. If, however, large range of 
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seasons are to be analyzed during one experimental period the wind tunnel temperature 

control may be employed. Similarly, variation of fuel moisture content would provide 

insight on the influence of this parameter on chaparral crown fire transition and spread. In 

designing an expanded study to include fuel moisture content and bulk density as controlled 

parameters, error analysis such as the one provided by Mulvaney et al. (2016) would aide 

in designing a methodology with experimental uniformity.   
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3 Chaparral fires as crown fires: an experimental study of transition and spread2  

 

3.1 Introduction 

 

3.1.1 Fire in the chaparral 

 

The occurrence of large fires has increased significantly in many regions around the world. 

One region particularly impacted by wildfires is southern California, where the terrain, 

highly flammable fuels, dry ambient conditions and fast foehn type winds (known locally 

as Santa Ana winds) generate conditions highly favorable to wildfire (Rothermel and 

Philpot 1973). Thus, fuel and weather conditions exist such that in the event of an ignition 

event, the potential for wildfire is high. In the southern California case, growing wildfire 

potential and fast population growth have occurred in parallel. This coupled growth has 

prompted changes to the so-called wildland urban interface, that is, the region separating 

the wildland from urban settlements.  The growth of the wildland urban interface coupled 

with increased fire risk, places people and their property closer to fire. Because of the 

growing threat, the ability to accurately predict fire behavior has become paramount. This 

is contingent on thorough understanding of physical mechanisms driving fire spread and 

intensity. Because wildfire behavior is shaped by its environment, it is important to define 

the key conditions shaping fire behavior in a regional landscape and climate.  

In Mediterranean climates, chaparral fires typically burn as crown fires (Barro and 

Conard 1991), a category of fire consisting of two fuel layers, an above ground surface fuel 

 
2 Portions of this chapter have been reprinted from Cobian-Iñiguez, J., Aminfar, A., Weise, D.R., 
Princevac, M. On the Use of Semi-Empirical Flame Property Models for Spreading Chaparral Crown 
Fire Applications. Frontiers in Mechanical Engineering, Thermal and Mass Transport, 2019. 
Accepted. 
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layer and an elevated fuel layer known as a crown layer. In chaparral crown fires, fires 

typically start in the easily ignitable surface fuels and spread in the crown fuel layer (Weise 

and Biging 1996; Fernandes et al. 2000; Tachajapong et al. 2014). Before a fire can spread 

in the crown, the fire must move vertically from the surface fuels to ignite crown fuels, a 

process defined as transition (Weise, Cobian-Iñiguez, et al. 2018). Once the fire transitions, 

the fire intensity and growth escalate. Because these are dual layer fires, it has been argued 

that energy exchange between the surface fuel layer and the crown fuel layer defines the 

crown fire behavior.  

Little is known of the exact mechanisms which produce effective transition and 

spread in chaparral crown fires. Transition and spread in crown fire, involves a dynamic 

energy exchange between the surface and crown fuel layers. Spread in the crown fuel layer 

may require energy to be supplied from the surface fuel layer, as in passive or dependent 

crown fires; or may rely on the crown fuel layer alone to maintain successful spread, as in 

independent fires (Van Wagner 1977). In the case of crown fire spread where energy is 

partially or solely supplied by the crown fuel layer, identifying the mechanism through 

which energy is exchanged from the crown flame to unburned fuel is necessary to better 

understand mechanisms for successful crown fire spread. Hence, assessing flame 

properties in the crown fuel layer, particularly flame geometry, may be a key step in 

generating a rigorous characterization of chaparral crown fire behavior.  

3.1.2 Crown fire behavior  

 

Much of the work and fundamental knowledge on crown fire behavior, including that 

by Van Wagner, has been developed by studying wildfire conditions in coniferous fuels. 
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A classical approach is exemplified by the work of Grishin and Perminov (1990) in which 

transition is characterized experimentally and a theoretical model for transition based on 

heat and mass transport in an idealized control volume was developed. They identified 

conditions for transition in young pine wood fuels. In yet another model for crowning, Cruz 

et al. (2006a). proposed a model of crown fuel layer ignition based on fundamental heat 

transfer. They evaluated model performance through comparison with other models and 

experimental data (Cruz et al. 2006b). It was found that the vertical distance between the 

surface and crown fuel layer as well as characteristics which drive surface fire burning 

zone conditions were the primary factors affecting successful crowning. Other models of 

crowning behavior include that proposed by worked developed by Porterie et al. (2010) 

In addition to crowning, crown fire spread has also been assessed through an array of 

approaches. Much like in their study of transition, Grishin et al. (1987), proposed a model 

for crown fire spread based on mass, energy and momentum conservation principles. 

Results from their work highlighted the influence of wind for successful spread. Many 

other works have explore crown fire spread in coniferous and boreal forests (Albini and 

Stocks 1986; Butler et al. 2004; Taylor et al. 2004; Cruz et al. 2005; Alexander and Cruz 

2006). A good review of studies on crown spread can be found in Pastor et al. (2003).  

Some studies have addressed crown fire behavior for the specific case of shrub or 

chaparral ecosystems. The unique shrub characteristics dictating crown fuel layer ignition 

and spread have been investigated in these works from various perspectives.  As with 

crown fire studies focusing on coniferous forests, in shrub crown fire studies, 

characterization of surface fuel layer properties is important for its potential role in 
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supplying the critical thermal energy flux required for crown fuel layer ignition and 

subsequent flame spread. A numerical study examining conditions for successful ignition 

of the crown layer in shrub fuels found that decreasing surface fuel loading may lead to a 

reduction in transition potential (Morvan 2007). Moreover, numerical and experimental 

works have analyzed surface fuel layer conditions favorable to successful transition and 

spread in shrub species. Lozano (2011) and Padhi et al. (2012) investigated the influence 

of horizontal crown separation distance on transition and spread.   

Fuel moisture content has been the focus of many studies as it has been shown to 

influence crown fire behavior. Works analyzing differences in fire spread behavior 

between live and dead fuels are vast. A good review of major works addressing the 

influence of fuel moisture content on crown fire spread in coniferous forests and shrublands 

can be found in Alexander and Cruz (2013b). Several studies have focused on the effect of 

fuel conditions, live and dead fuels, on fire behavior in chaparral and shrub ecosystem. For 

southern California chaparral, a laboratory scale study of burn characteristics showed 

differences between live and dead fuels for mass loss rate, flame height and heat release 

rate (Sun et al. 2006). The ignition temperature of live chaparral leaves was studied by 

Engstrom et al. (2004). While in similar work, Fletcher et al. (2007) examined the effects 

of moisture content on ignition conditions in chaparral leaves.  

Wildfires in southern California are often paired with strong Foehn type winds known 

locally as Santa Ana winds (Westerling et al. 2004). Thus, understanding the behavior of 

wind driven fires is key to comprehensive understanding of wildfire dynamics in the 

region. Many studies have assessed flame geometry and various aspects of fire spread 
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behavior for wind driven fires (Nelson and Adkins 1986; Wolff et al. 1991; Porterie et al. 

2000; Morandini et al. 2001; Viegas 2004; Zhou, Mahalingam, et al. 2005; Carrier et al. 

2007; Nelson et al. 2015; Rossa et al. 2015; Rossa and Fernandes 2018). Furthermore, 

most classical surface fire spread models integrate an element of wind influence on fire 

spread (Fons 1946; Frandsen 1971; Rothermel 1972). Several recent works have addressed 

wind effects to the specific case of chaparral fire behavior. Weise et al. (2005), studied the 

effect of wind, slope, moisture content and fuel characteristics in fire spread through live 

chaparral fuels. A regression model was obtained from experimental data and included 

wind velocity, slope percent, moisture content, fuel loading, species and air temperature. 

Their analysis showed that amongst those variables considered, wind most significantly 

affected fire spread success.  

Tachajapong et al. (2014) considered the influence of wind in their investigations of 

chaparral crown fire behavior in live fuels. They analyzed flame height, surface fire 

evolution and the effect of wind on crowning and observed that crowning potential was 

positively correlated to increasing wind speed along with a correlation between wind speed 

and surface fire behavior. Although surface fire behavior and crown ignition were 

examined, they did not characterize crown fire spread. Li et al. (2017) studied fire behavior 

in individual live shrubs. They found that both wind speed and ignition location affected 

the time at maximum mass loss while only wind speed affected flame geometry.  

3.1.3 Flame geometry 

 

Comprehensive understanding of fire ignition and spread behavior is key in 

developing accurate models of chaparral crown fire behavior. In addition, examination of 



 51 

flame geometry can produce valuable insight into the behavior of these types of fires. One 

of the reasons for this is the influence of flame shape on heat transfer. Specifically, flame 

geometry has been shown to influence flame spread through radiative heat transfer (Albini 

1985). Thus, numerous groups have focused on assessing flame geometry properties as 

they relate to fire spread. It is pertinent then to present a brief review of studies examining 

flame geometry characteristics for wildland fuels; this now follows.  

Byram (1959) conducted foundational work to characterize combustion and fire 

behavior in forest fuels. The Byram intensity which defines heat release rate per unit time 

per unit length, is perhaps the most widely accepted expression for fire intensity. Byram 

proposed early correlations relating flame length to fire intensity. Since the first 

formulation, numerous groups have derived semi-empirical expression of flame length as 

a function of fire intensity for various fuels. Thomas proposed correlations relating flame 

height to fuel supply rate and burner dimensions in conditions without wind (Thomas et al. 

1961) and with wind (Thomas 1963). In work by Nelson (1980) theoretical formulations 

for flame length, height, tip velocity and tilt angle as a function of Byram intensity were 

examined for Southern fuels. In addition to theoretical modeling, the work presents results 

from semi-empirical power-law modeling of flame length and tip velocity as a function of 

Byram intensity.  

Steward (1970) derived mathematical expressions relating mass flow rate to flame 

height. Zukoski et al. (1980) examined entrainment characteristics in methane diffusion 

flames and proposed power-law correlations of flame height as a function of heat release 

rate and burner diameter. Similarly, Heskestad (Heskestad 1983, 1984) related flame height 
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to heat release rate and burner diameter. Other recent studies of flame conditions and flame 

spread include those by Gan et al. (2017) and Zhou et al. (2018). Fernandes et al. (2009) 

derived empirical correlations of flame length and flame height for head and back wildfires. 

They expressed flame length and height of head fires as a function of Byram intensity and 

fuel loading. For back-fires, both flame length and height were expressed as a function of 

Byram intensity.  Alexander and Cruz (2012b) surveyed expressions of flame length 

presented as function of fire intensity. Alexander and Cruz (2012b) identify the 

significance of flame length to crown fuel layer ignition behavior and highlight power-law 

expressions relating Byram intensity to flame length for various fuels. Fernandes et al. 

(2000) derived a power-law expression relating Byram intensity for flame length in 

shrublands such as the work by Other recent studies of flame conditions and flame spread 

include those by Gan et al. (2017) and Zhou et al. (2018). 

Works focusing on flame geometry for shrub and chaparral fuels include 

computational evaluation of flame properties such as the one by Padhi et al. (2016) in 

which flame geometry in a stationary shrub fire was considered. Moreover, a numerical 

analysis of flame tilt angle and height, in a spreading shrub fire was presented by Morvan, 

2007. Recent work by Weise et al. (2018) compared predictions from flame models to 

results from experimental circular and line fire configurations of chaparral fire. Model 

predictions of flame height and flame tilt angle, were compared against experimental 

values in work by Nelson et al. (2012). Laboratory scale work by Weise et al. (1996) 

evaluated the effect of wind and slope on flame properties. Importantly, the previous 

experimental studies did not include a dual layer, crown fire configuration.  
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3.1.4 Study aims  

 

As can be observed from the works cited, and many others which focus on chaparral 

fire behavior (Zhou, Mahalingam, et al. 2005; Santoni et al. 2006; Dahale et al. 2013), the 

current body of work on chaparral crown fire examines some ignition and spread 

characteristics, but mechanisms of spread in both layers have not been thoroughly studied 

in a controlled laboratory setting.  Guided by this fact, our purpose here is to characterize 

fire spread in both surface and crown layers of live chaparral shrubs. We aim to quantify 

the effect of crown base height and wind on flame height and mass loss rate as these are 

indicators of heat output for each fuel layer. By examining fuel bed consumption 

independently for each fuel bed, it is possible to obtain a better understanding on the degree 

of thermal interaction between the fuel beds. Following similar studies, including the ones 

listed above, we take a laboratory scale approach in which we utilized a specialized wind 

tunnel to reproduce conditions in chaparral fires in a controlled environment. In contrast to 

Tachajapong et al. (2014), we model chaparral fires as dual layer fires within this 

specialized wind tunnel equipped to measure fuel consumption in both the surface fuel 

layer and the crown fuel layer. Moreover we simulate a continuous canopy (crown) fuel 

layer as opposed to modeling individual brush which was done by Li et al. (2017) or 

discrete crown fuel layers which was the approach by Lozano (2011). The following 

section details the experimental procedure.  

Furthermore, results from the works reviewed above include semi-empirical 

correlations which show promise in predicting fire spread behavior. However, few of these 

semi-empirical models have been produced through the study of chaparral fire modeled as 
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crown fire, as done when modeling chaparral fire with distinct fuel layers for surface and 

crown fuels. Thus, an additional aim here is to examine crown flame geometry and to 

survey the applicability of semi-empirical models of flame geometry to chaparral fires 

modeled as dual-layer crown fires. To the knowledge of the authors, no prior work has 

attempted to use established models of semi-empirical fire spread for chaparral fuels 

modeled with distinct layers for the surface and crown fuel beds. We consider that 

modeling chaparral fires with a dual layer configuration will more precisely replicate 

spread behavior as it can capture the dynamic energy exchange between the surface and 

crown fires. To this purpose, this work compares models of flame geometry to observations 

of flame data obtained from wind tunnel experiments in which the surface and crown fuel 

beds were modeled as separate fuel beds. Data from experiments with wind-blown spread 

are examined.  

 

3.2 Methods 

 

3.2.1 Experimental 

 

Experiments were conducted in a wind tunnel located at the USDA Forest Service Pacific 

Southwest Research Station fire laboratory in Riverside, California. The wind tunnel study 

area was composed of two distinct fuel beds representing the dead fuel surface layer and 

the live fuel crown layer. The surface fuel layer was constructed on the wind tunnel floor 

and a platform mounted on the top of the tunnel frame contained the crown fuel bed see 

Figure 3.1. 
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Figure 3.1: Photograph with wind tunnel configuration. Crown base height (CBH), 

flame height (H) and experimental configuration are labeled (top).  Schematic of 

wind tunnel with major dimensions labeled (bottom). 

 

Thermal and physical properties of excelsior relevant to our analysis include fuel bulk 

density, fuel particle density, surface-to-volume ratio and heat of char combustion were 

assumed to be 3.13 kg m-3, 400kg m-3, 400m-1 and 32.37 MJ kg-1 respectively (Susott 

1982). A total of 0.5 kg of excelsior was used for each experiment requiring a surface fuel 
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bed. The crown fuel layer was modeled using live chamise (Adenostoma fasciculatum) 

shrubs. Chamise is a heterogeneous fuel consisting of branches and foliage (Countryman 

and Philpot 1970). Thermal and physical properties are specific for each of these 

components. For the foliage, fuel bulk density, fuel particle density, surface-to-volume 

ratio and heat of char combustion were assumed to be 500 kg m-3, 8000 m-1, 31.35 MJ kg-

1, respectively (Susott 1982). The same properties for the chamise branches were assumed 

to be 600 kg m-3, 1143 m-1, 31.35 MJ kg -1, respectively (Ragland et al. 1991). All 

experiments utilized 2 kg of chamise. Because chamise is a live fuel which will lose water 

once the fuels are cut from the plant, it was harvested no more than 24 hours prior to an 

experiment and stored in a cool, dark place to minimize moisture loss. We trimmed and 

disposed of branches larger than 0.64 cm in diameter. Thus the fuel bed consisted of live 

branches and foliage less than 0.63 cm. Fuel moisture content (dry mass basis) was 

determined by drying samples in a forced convection to a constant mass (Countryman and 

Dean 1979).  

Mass loss weight was measured for both the surface and crown fuel layers. Crown 

fuel mass, 𝑚𝑐𝑟𝑜𝑤𝑛, refers to the instantaneous mass of the crown fuel layer whereas, surface 

fuel mass, 𝑚𝑠𝑢𝑟𝑓𝑎𝑐𝑒, refers to the mass of the surface fuel layer. The initial crown fuel 

mass, 𝑚𝑐𝑟𝑜𝑤𝑛,𝑜 was 2,000 g whereas the initial surface fuel mass, 𝑚𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑜, was 500 g.  

Surface mass loss was measured using a Satorius CPA 34001S scale placed under the 

surface fuel bed platform. A specialized instrumentation was designed and fabricated in 

house to measure crown fuel mass loss. We suspended the crown fuel bed from four load 

cells, one located at every corner of the fuel bed platform. A Wheatstone bridge was used 
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as part of the data acquisition, data pre-processing and storage was performed through a 

custom LabView program. Full details on crown mass instrumentation can be found in 

Cobian-Iñiguez et al. (2017) and for brevity and focus of this manuscript are not repeated 

here. 

 

 

Figure 3.2: Wind tunnel test section showing flame height and crown base height. 

 

Ambient temperature and relative humidity were measured prior to each 

experiment using a wet bulb hygrometer. Seven treatment combinations were used to 
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quantify the effect of wind and surface-crown base height (see Figure 3.2) on chaparral 

crown fire ignition and spread. Following Van Wagner et al. (1977) terminology, crown 

base height (CBH) was the distance between the surface fuel layer and the crown fuel layer. 

The experimental treatments are summarized in Table 3.1. CBH values were chosen to 

achieve intermittent and continuous flame regions at the crown following Omodan (2015). 

Note that although Classes A and B were present in the original experimental matrix they 

were not considered early on in this study; they have only been included in the table for 

completeness. Each experiment was repeated 4 – 6 times on average. Of these treatments, 

only experiments that exhibited sustained ignition and spread in the crown fuel layer were 

used in analysis of crown flame height and crown mass loss rate. 

Class  Surface Fuel Bed  Wind  

(ms-1) 

Crown Base Height 

(cm) 

A Absent No Wind 60 or 70  

B Absent 1  60 or 70  

C Present No Wind 60  

D Present No Wind 70  

E Present 1  60  

F Present 1  70 

 

 

Table 3.1: Table of experimental treatments describing conditions in each 

experimental classification.  

 

Fires were started by igniting the surface fuel bed (excelsior) using a butane torch 

and ethyl alcohol as lighter fluid. Wind was activated simultaneously with surface fuel bed 

ignition. Once ignited, the excelsior fuel bed developed a flame and the fire spread. The 

surface fire spread under the crown fuel thus preheating it to the point of ignition, at this 
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point the fire transition to the crown fuel layer. Thereafter, a flame developed in the crown 

fuel layer and the fire in the crown fuel layer was allowed to spread until extinction.  

3.2.2 Flame geometry measuring techniques 

 

Before explaining the properties that were measured using the image processing 

techniques here, it is necessary to note some basics of flame geometry. In microgravity, 

experiments have shown and demonstrated that a laminar diffusive flame has a spherical 

shape. When gravity is applied, a good approximation is to assume that gravity forces will 

stretch the spherical shape of the flame like a candle and the resulting shape will be an 

ellipsoidal. Following the same logic, when analyzing the shape of a turbulent diffusive 

flame, an ellipsoidal (in case of 2D projection ellipse) can be used as a reference for flame 

characteristics such as flame length and flame tilt.  

 Flame geometry was obtained from video recordings obtained using a Sony 

Handicam at 30 frames per second. We used two different algorithms for video data 

processing: one for flame height, H, see Figure 3.2, and another one for flame tilt angle, 𝜃𝑓 

, and flame length, 𝐿𝑓, see Figure 4.2 (h). The flame height algorithm was generated in 

MATLAB. The script was designed to convert raw red-green-blue (RGB) images to black 

and white images through thresholding in order to isolate the flame and generate a flame 

perimeter image. Flame height was obtained from the flame perimeter image. Video data 

was resampled from 30 Hz to 1 Hz. Once the data was re-sampled, flame height was 

obtained at 1 s intervals. The resulting data was used to obtain one absolute maximum 

flame height value for each experiment. Complete flame height dataset included both the 

surface and crown flame. Therefore, for the purposes of the analysis shown here, the 
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surface flame height was cropped out. Computationally, this was done by identifying the 

vertical location of the crown fuel bed in a sample image of the experimental setup. The 

pixel value at this location was extracted and selected as a threshold. A script was 

developed to filter out values falling under the threshold thus isolating the crown fuel bed.   

 An algorithm based on computer vision was developed to obtain flame tilt angle 

and flame length from experiment video. The use of this methodology is motivated by 

advancements in computer vision over the past decade through which image processing for 

fire imaging has improved. Edge detection has been used to identify flame edge contours 

e.g. Gupta and Gaidhane 2014. The fundamental parameters that can be obtained from 

visual images are flame height, flame tilt and flame length. The algorithm and process used 

here to obtain such parameters are followed. At first, images are preprocessed to obtain 

edges of the flame. To do so, first, a homography and prospective transformation is applied 

to the raw image. The transformation corrects the prospective of the images. Later, the 

RGB channeled imaged is converted to hue-saturation-value images (HSV) format and the 

value channel (V) is extracted from the image. Subsequently, a threshold value is selected 

to convert the images to a binary image. Once the image is converted to binary, the flame 

edge, or perimeter is obtained using an edge detection algorithm, Sobel edge detection.  

After obtaining the flame edge, the binary or edge images (Figure 3.3d-e) are 

labelled and segmented into discrete flames (Figure 3.3f) (in case of both surface and crown 

fuel flames) distinct from each other and the background. This step essentially establishes 

what are known in image processing as regions. The regions, the crown flame and surface 

flame, region 1 and region 2, are now the computational objects of interest. Once the 
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regions are established, the image features, flame length and orientation, are computed. 

This is done by calculating the moments of the region as described by Burger and Burge 

(2008). Calculations of the second moment return orientation and major axis of the region. 

The coordinates and dimensions of the major axis and orientation are used to produce an 

ellipsoid using the OpenCV (Bradski 2000) library in Python. This produces an ellipsoid 

which envelops the flame and has a major axis equal to the flame length and an orientation 

equal to the flame tilt angle. The last processing step leading up to the generation of the 

ellipsoid is visualized in Figure 3.3(g). For the purposes of the study here, only region 1, 

the crown flame was analyzed. 
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Figure 3.3: Flame tilt computer vision algorithm and schematic. (top row from the 

left)(a) raw image (b) homographic transformation (c) value channel extraction, 

(middle row, from the left) (d) binary image (e) edge image, (bottom row from the 

left) (h) schematic with flame length and flame tilt angle labeled (g) ellipsoid 

generated from the processed image overlapped in RGB raw image  (f) labeled edge 

image. 
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3.2.3 Modeling Techniques 

 

Data obtained experimentally was compared to predictions from existing semi-empirical 

models to be described in this section. The goal was to assess whether currently available 

models accurately describe the chaparral crown fire system modeled. We followed a 

similar procedure to Weise et al. (2018) in our comparison of experimental data to semi-

empirical models with the distinction that in our experiments, the chaparral fires were 

modeled as dual layer fires as opposed to the single layer configurations used in Weise et 

al. (2018). Flame geometry properties were defined according to naming and measuring 

conventions described by Figure 3.1 and Figure 3.3. Predicted flame height was calculated 

from heat release rate ( Q ). Theoretical heat release rate was obtained from mass loss rate 

according to Eq. (3.1) 

�̇� = ℎ (
𝑑𝑚

𝑑𝑡
) , (3.1) 

where h represented the low heat of combustion (for chamise h = 14.71 KJ/g). Following 

Zukoski et al. (1980), we modeled flame height using a semi-empirical power-law 

correlations of the forms in Eqs. (3.2) and (3.3), 

𝐻𝑚𝑎𝑥 = 0.2�̇�𝑚𝑎𝑥

2
5  , (3.2) 

where 𝐻𝑚𝑎𝑥 and �̇�𝑚𝑎𝑥  represented maximum flame height and maximum heat release rate 

respectively. The second approach was to use the power-law correlation proposed by Sun 

et al. (2006) for dead chaparral fuels burned during the Fall months 

𝐻𝑚𝑎𝑥 = 0.17�̇�𝑚𝑎𝑥
0.43  . (3.3) 



 64 

We obtained maximum heat release rate using the two methods proposed by Sun et al. 

(2006) which, for consistency, we name following their convention such that in Method 1, 

maximum heat release rate is defined as the heat loss rate occurring at the time of maximum 

mass loss rate (�̇�𝑚𝑎𝑥,𝑀𝑒𝑡ℎ𝑜𝑑 1~ �̇�(𝑡�̇�𝑚𝑎𝑥
)). In Method 2, maximum heat release rate is 

defined as the heat loss rate occurring at the time of maximum flame heat 

�̇�𝑚𝑎𝑥,𝑀𝑒𝑡ℎ𝑜𝑑 2~�̇�(𝑡𝑓𝑙𝑎𝑚𝑒 ℎ𝑒𝑖𝑔ℎ𝑡,𝑚𝑎𝑥). In addition to flame height, we estimated flame tilt 

from power law and log-log correlations.  

Next, we obtained predicted flame tilt values. Predicted flame tilt as a function of Froude 

number, a dimensionless measure of the relative importance of buoyant and inertial forces 

Williams (1985), was compared to experimental data.  The general form for Froude number 

is given by, 

𝐹𝑟 =  
𝑈2

𝑔𝐷
, (3.4) 

where U is the gas velocity, g is the gravitational constant and D is the characteristic length 

(Drysdale 2011). To correlate Froude number to flame tilt angle, some have used flame 

height, 𝐻, as a characteristic length (Albini 1981) while others have used flame length, 𝐿𝑓, 

(Putnam 1965). In the approach here the latter was used, hence the resulting Froude number 

expression used was of the final form given by Eq. (3.5) 

𝐹𝑟 =  
𝑈2

𝑔𝐿𝑓
. (3.5) 

The empirical correlation between flame tilt angle, 𝜃𝑓, and Froude number, Fr, was of the 

form given by Eq. (3.6) (Albini 1981; Nelson and Adkins 1986; Weise and Biging 1996), 
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tan(𝜃𝑓) =  𝛼𝐹𝑟𝛽 . (3.6) 

         

In Eq. (3.5), 𝜃𝑓 is the flame tilt angle as measured from the vertical as presented in Figure 

2b. The coefficient 𝛼 and power dependence 𝛽 can be estimated following the regression 

analysis in Weise et al. (1996). Coefficients to fit Eq. (3.6) to the data from chaparral crown 

fire experiments were obtained through regression analysis.  

3.2.4 Error Analysis 

 

Once predicted values were obtained a series of model performance steps were followed. 

Fox (1980) identified two general measures of model performance: difference measures 

and correlation measures. Difference measures quantify differences between observed and 

predicted values, whereas correlation measures quantify the agreement between predicted 

and observed values (Fox 1980). These error analysis schemes have been previously used 

in analyzing results from wildland fire behavior studies (Cruz and Alexander 2013b). 

Perhaps the most elemental form of difference is simply the difference between observed 

and predicted values or 

𝑑 =  (𝑃𝑖 − 𝑂𝑖), (3.7) 

where we have adopted notation from Willmott (1982) to represent observed values by 𝑂 

and predicted values by 𝑃. If 𝑁 is the number of samples, then the mean bias of the error 

(MBE), the mean absolute error (MAE) and the root mean square error (RMSE) can be 

given as  

𝑀𝐵𝐸 =  𝑁−1 ∑(𝑃𝑖 − 𝑂𝑖)

𝑁

𝑖=1

, (3.8) 
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𝑀𝐴𝐸 =  𝑁−1 ∑|𝑃𝑖 − 𝑂𝑖|

𝑁

𝑖=1

, (3.9) 

𝑅𝑀𝑆𝐸 = [𝑁−1 ∑(𝑃𝑖 − 𝑂𝑖)
2

𝑁

𝑖=1

]

0.5

 . (3.10) 

Willmott (1982) qualified RMSE and MAE as the best measures of model performance and 

claimed that MBE is not a sufficient measure of error as it is simply an expression of the 

difference between mean values. Here we included RMSE and MAE as the primary 

measures of difference. MBE was used as a supplemental measure as it provided a sense of 

over prediction or under prediction of experimental results. Moreover, we calculated the 

normalized root mean square error (NRMSE) by normalizing RMSE with the mean of the 

observed values 

𝑁𝑅𝑀𝑆𝐸 = (
𝑅𝑀𝑆𝐸

�̅�
) ∙ 100. (3.11) 

In this way we aimed to provide RMSE as a percentage error. The mean absolute percent 

error (MAPE), Eq. (3.12), was also measured and it provides an additional form of 

percentage error 

𝑀𝐴𝑃𝐸 =  𝑁−1 [∑ (
𝑃𝑖 − 𝑂𝑖

𝑂𝑖
)

𝑁

𝑖=1

] ∙ 100. (3.12) 

According to Cruz et al. (Cruz and Alexander 2013b), percentage error as measured by 

MAPE is optimized as it nears zero and an acceptable range for good values is 10%.  
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3.3 Results and discussions 

 

3.3.1 Experimental results 

 

In this section, we first present time to transition followed by the analysis of flame heights, 

mass loss rate energy release and fuel moisture effects are analyzed last. Before presenting 

the analysis of results the lists of experiments are presented with information on ambient 

and fuel conditions for each experiment as well as experimental category (see Table 3.1) 

and test number. Experiments where wind was not present (Class C and D) are described 

in Table 3.2 while experiments where wind was present (Class E and F) are presented in 

Table 3.3.    
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Test No. 

Test 

Category 

Test 

Duration 

RH 

(%) 

Fuel Moisture 

(%) 

Test 34 C 04:12:22 22 46.3 

Test 35 C 12:03:17 18 46.3 

Test 36 C 12:05:30 22 35.3 

Test 37 C 12:03:55 13 35.3 

Test 38 C 12:05:12 23 35.3 

Test 39 C 04:17:00 11 51.1 

Test 40 C 03:30:00 10 51.1 

Test 41 C 05:21:00 9 51.1 

Test 42 C 02:30:00 9 51.1 

Test 43 C 04:17:00 9 51.1 

Test 51 D 06:25:00 62 60.3 

Test 52 D 06:04:00 68 60.3 

Test 53 D 06:17:00 62 60.3 

Test 54 D 04:11:00 61 60.3 

Test 55 D 06:03:00 46 68.7 

Test 56 D 03:42:00 44 68.7 

Test 57 D 04:06:00 46 68.7 

Test 58 D 03:06:00 60 68.7 

Test 59 D 03:06:00 38 58.3 

Test 60 D 03:36:00 43 58.3 

Test 61 D 03:15:00 43 58.3 

Test 62 D 04:36:00 46 58.3 

Test 63 D 04:03:00 44 58.3 

Test 12 D 03:47:13 49 62.1 

 

Table 3.2: List of no-wind experiments. Tests 44 - 50 were not analyzed because of 

missing data or instrument malfunction. 
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Test No. 

Test 

Category 

Test 

 Duration 

RH 

(%) 

Fuel Moisture 

(%) 

Test 4 E 02:37:73 57 50.4 

Test 5 E 02:43:11 48 50.4 

Test  6 E 02:20:69 51 50.4 

Test 7 E 02:35:74 41 50.4 

Test 8 E 01:45:01 59 18.2 

Test 9 E 02:47:05 62 18.2 

Test 10 E 02:51:46 59 18.2 

Test 11 E 02:23:91 62 18.2 

Test 13 F 02:23:10 46 62.1 

Test 14 F 02:14:83 54 62.1 

Test 15 F 01:36:09 46 62.1 

Test 16 F 02:13:00 37 30.37 

Test 17 F 02:40:00 42 30.37 

Test 18 F 02:51:09 52 53.9 

Test 19 F -- 40 53.9 

Test 20 F 02:20:51 44 53.9 

Test 21 F 03:25.66 28 53.9 

Test 22 F 02:37:43 66 45.2 

Test 23 F 02:28.88 63 45.2 

Test 24 E 02:27.29 60 45.2 

 

Table 3.3: List of experiments with wind. Tests 1 – 3 were not analyzed because of 

missing data or instrument error. Test 12 was a class D experiment presented in 

Table 3.2. 
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3.3.2 Time to transition 

 

A transition was considered successful if it led to sustained ignition followed by flame 

spread through the crown fuel bed. Transition behavior was gathered from experiment 

videos. Instances where transition did not lead to sustained ignition and fire spread 

thereafter were considered unsuccessful and were not recorded. For most experimental 

classifications, only single transition moment was observed. Only for the classification of 

experiments with a wind flow of 1 m s-1 and a CBH of 70 cm, class D, 25% of experiment 

treatments in that category exhibited multiple ignition points.  

The recorded times to first transition for all experiments in classifications C – F are 

summarized in Figure 3.4.  In cases without wind, on average, decreasing CBH increased 

time to transition. The opposite was true for the cases with wind. Hence, for cases without 

wind, placing the crown fuel layer closer to the heat source, surface flame, did not favor 

transition. This could signify that mechanisms such as transition through direct flame 

contact were not enhanced as the fuel beds became closer.  However, possible explanation 

for the observed transition behavior involves changes to efficiency in the energy delivery 

through convective heat transfer and perhaps due to plume dynamics caused by the changes 

in CBH. Similar effects were observed in our analysis of crown consumption during spread, 

a more thorough discussion of mass and energy flow is presented later in this section.  

When comparing transition behavior for cases at the same separation distance, it 

was found that for cases where separation distance was 60 cm, on average, the presence of 

wind decreased the time to transition, whereas in the cases with a separation distance of 70 

cm, the presence of wind increased the time to transition. That is, in cases without wind, 
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transition was more efficient when the crown fuel layer was further away from the surface 

fuel heat source, in this case, convective pre-heating of the crown fuel layer base may have 

played an important role in achieving crown fuel layer ignition. The same may not apply 

for cases with wind.  

 

Figure 3.4: Time to fist sustained surface-crown transition for experiments listed in 

Tables 3.2 and 3.3, where diamonds represent outliers in the data. 

 

3.3.3 Flame height 

 

Multiple replicas of each experimental classification were conducted. Class C consisted of 

n = 10 replicas, Class D of n = 14 replicas, Class E with n = 9 and Class F with 12 (see 

Table 3.2 and Table 3.3. However, not all experiments were used for the analysis presented 



 72 

here. Instead experiments conducted on the same and hence with fuels with the same fuel 

moisture content were chosen as representative samples for each experimental class. In this 

way, fuel moisture content is maintained constant for each experimental set. The 

experiments chosen for analysis are presented in Table 3.4 where the experiment labeling 

convention is maintained for the analysis of experimental flame height, mass loss and mass 

loss rate.  

Test No. 

Test  

Label 

Test 

Duration 

RH 

(%) 

Fuel Moisture 

(%) 

Test 39 C1 04:17:00 11 51.1 

Test 40 C2 03:30:00 10 51.1 

Test 42 C3 02:30:00 9 51.1 

Test 51 D1 06:25:00 62 60.3 

Test 52 D2 06:04:00 68 60.3 

Test 53 D3 06:17:00 62 60.3 

Test 9 E1 02:47:05 62 18.2 

Test 10 E2 02:51:46 59 18.2 

Test 11 E3 02:23:91 62 18.2 

Test 13 F1 02:23:10 46 62.1 

Test 14 F2 02:14:83 54 62.1 

Test 15 F3 01:36:09 46 62.1 

 

Table 3.4: List of experiments used for analysis with experimental conditions.  

In Figure 3.5 and Figure 3.6, we show flame height measurements for experiments in each 

experimental category considered here. Fuel moisture content in each category did not 

change between experiments as we compiled flame height results for burns conducted on 

the same day for each class. Several features identified in these flame height measurements 

are worth highlighting. To begin with, we quantified effects of wind and CBH distance on 

maximum flame height by measuring the time at maximum flame height for each 
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experiment. We found that in experiments with wind the time at maximum flame height 

generally occurred closer to the time of ignition (surface fuel bed ignition).   

For instance, maximum flame height was reached at an average time of 51 s after 

ignition for cases with wind and a CBH of 70 cm, the average time at maximum flame 

height increased to 125 s for cases without wind for the same CBH. Similarly, experiments 

with a surface-crown fuel bed separation of 60 cm, exhibited an average time at maximum 

flame height of 95 s for cases without wind and 46 s for cases with wind. These trends are 

visually distinguishable in the flame height profiles where experiments without wind, see 

Figure 3.5(a) and (b), attain maximum flame heights later in the burn than did those with 

wind, Figure 3.6(a) and (b).  

The effects of CBH and wind on maximum flame height value for each 

experimental condition are also visible in Figure 3.5 and Figure 3.6.  For cases with wind, 

maximum flame height decreased by an average of 70% when increasing CBH. For cases 

without wind, maximum flame height increased by 15 % when increasing CBH. For the 

higher bound of CBH, 70 cm, the maximum flame height was an average of 184 cm for 

cases without wind and 119 cm for cases with wind, 43% decrease in flame height when 

wind was added. For the lower bound of CBH, 60 cm, the maximum flame height was an 

average of 159 cm for cases without wind and 248 cm for cases with wind; a 44% increase 

caused by wind. These results indicate that for the conditions tested, adding wind effected 

maximum and changing affected maximum flame height.   
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Figure 3.5: Time evolution of crown flame height in experiments with CBH = 60. 

Wind conditions represented are: (a) No wind (b) 𝑼 ̅̅̅= 1 m/s. Initial time, t = 0, is set 

as the time at transition to the crown layer for each experiment. 
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Figure 3.6: Time evolution of crown flame height in experiments with CBH = 70 cm. 

Wind conditions represented are:  (a) No wind (b) 𝑼 ̅̅̅= 1 m/s. Initial time, t = 0, is set 

as the time at transition to the crown layer for each experiment. 
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3.3.4 Mass loss rate 

 

The rate of fuel consumption was measured for all experiments and is presented in Figure 

3.7. Mass loss profiles provided a trend of fuel consumption and were used to calculate 

mass loss rate.  

 

 

 

Figure 3.7: Non-dimensional mass loss profiles (clockwise from the top left corner) 

(a) crown fuel bed experiments class C and D (b) crown fuel bed experiments class E 

and F (c) surface fuel bed experiments class E and F (d) surface fuel bed 

experiments class C and D. 

Results for crown fuel layer mass loss rates are presented in Figure 3.8 where individual 

experiments are included alongside the average for each experiment classification. On 

average, wind speed affected the maximum mass loss rate and the time at which maximum 
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mass loss rate occurred. For cases with the lower bound for CBH, 60 cm, adding wind 

speed increased the average mass loss rate from 22.6 g s-1 to 36.6 g s-1. For this same 

category of experiments, on average, the time at which maximum mass loss rate was 

achieved decreased from 72 s after ignition for cases without wind to 48 s in cases with 

wind. In addition, for the category of experiments with the higher bound for CBH, 70 cm, 

adding wind increased the average mass loss rate from 14.6 g s-1 to 30.7 g s-1. The time to 

maximum mass loss rate decreased from 67 s for cases without wind to 36 s for cases with 

wind. This analysis showed that for both CBH values tested, the maximum mass loss rate 

increased 50-70% when wind was added. Time to maximum mass loss rate decreased on 

average by 40-60% when wind was added. These results indicate that, when CBH is kept 

constant, mass loss rate will increase in the presence of wind while time to maximum mass 

loss rate will decrease.  

 The effects of the CBH were similarly perused, and it was found that for both the 

wind and no-wind cases, the maximum mass loss rate decreased 15 – 40%; when CBH was 

increased. Time to maximum mass loss rate decreased 8 – 30% when CBH increased.   

Specifically, under wind conditions increasing the CBH from 60 cm to 70 cm decreased 

the maximum mass loss rate, from 36 g s-1 to 30 g s-1 and decreased the time to maximum 

mass loss rate, from 48 s to 35 s. Under the no-wind condition, increasing the CBH 

decreased the maximum mass loss rate from 22 g s-1 to 14 g s-1 and the time to maximum 

mass loss rate from 72 s to 67 s. The change in mass loss rate with time was compared to 

the change in flame height with time for all experiment classifications.  
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Figure 3.8: Crown fuel bed layer mass loss rate for cases (a) without wind (b) with 

wind. 



 79 

 

 

Figure 3.9: Surface fuel bed mass loss rate for cases (a) without wind (b) with wind. 
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Our results indicate that increasing the CBH decreases the mass loss for both wind 

and no- wind conditions. This could be a consequence of the influence of energy delivery 

from the surface to the crown fuel layer, as the crown fuel consumption process seems to 

be slowing down as the fuel beds become more separated. However, as can be observed by 

the surface fuel layer mass loss rate profiles in Figure 3.9, CBH did not significantly affect 

maximum mass loss rate for neither the wind nor the no-wind condition in the surface fuel 

layer. Hence the surface fuel layer consumption and the consequential energy production 

via combustion were not dramatically affected with CBH change. With this in mind, 

changes in the crown fuel consumption under changing CBH are not due to changes in 

energy production in the surface fuel layer but rather by energy delivery.  This energy 

delivery in the crown fuel layer could be through enhanced convective and radiative heat 

transfer from the crown flame itself to the unburned crown fuel or enhanced convection 

from the surface.  

3.3.5 Fuel Moisture Effects 

 

In this section we present results from representative experiments which exemplify these 

fuel moisture effects. Figure 3.10 shows results for two experiments performed under no-

wind conditions and the lower bound CBH, 60 cm.  In the first experiment, Figure 3.10(a), 

where fuels had an FMC value of 51.3% flames reached a maximum height of 178 cm and 

a maximum fuel consumption rate of 23.36 g s-1. In the second experiment, Figure 3.10(b), 

at FMC of 35.3%, the flame heights reached maximum values of 242 cm and the fuel 

consumption rate was 20.47 g s-1.  
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Figure 3.10: Progression of crown mass loss rate and flame height for experiments 

with no wind and CBH = 60 cm  (Case C) (a) Test 39 FMC: 51.3% (a) Test 36 - 

FMC: 35.3%. 

 

A similar trend was identified under this same lower bound CBH but under wind 

conditions. Two experiments are presented on with an FMC value of 45.19%, Figure 3.11 

(a) and another one with a value of 18.21%, Figure 3.11(b). In the first case, FMC of 
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45.19%, the maximum flame height was 222 cm and the maximum mass loss rate was 31 

g s-1. In the second case, FMC of 18.21%, the maximum flame height was 246 cm and the 

maximum mass loss rate was 34 g s-1. A comparable trend was recognized for the upper 

bound CBH setup, 70 cm, under wind conditions, Figure 3.11. Where for the higher FMC, 

62.1%, the maximum flame height was 121 cm and the maximum mass loss rate was 30 g 

s-1. For the lower FMC, 53.91%, the flame height reached a maximum value of 241 cm and 

the maximum mass loss rate was 46 g s-1. As can be observed, in general, drier fuels 

exhibited higher flame heights. Changes to mass loss rate due to FMC varied between 

experimental classes. For the parameters considered and under the environmental and fuel 

conditions tested we observed that fuel moisture content (FMC) affected flame height and 

to some extent, maximum mass loss rate. This behavior was observed under wind and no-

wind conditions as well as for the lower bound and upper bound surface-crown fuel bed 

distances. 
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Figure 3.11: Progression of crown mass loss rate and flame height for experiments 

with wind and CBH = 60 cm (Case E) (a) Test 24 – FMC: 45.19% (b) Test 09 - 

FMC: 18.21%. 
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Figure 3.12: Progression of crown mass loss rate and flame height for experiments 

with wind and CBH = 70 cm (Case F) (a) Test 13 – FMC: 62.1% (b) Test 20 – FMC: 

53.91%. 
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3.3.6 Semi-empirical modeling results 

 

The effect of wind and crown base height on flame height was examined for all 

experimental categories. A total of 18 experiments were considered for flame height 

analysis. Flame tilt was primarily observed in wind driven flame spread, experiment classes 

1 and 2. For this stage of the study presented here, we focused only on the effect of wind 

on flame tilt, therefore we focused only on one experimental class for the flame tilt analysis, 

class 4. Two experiments conducted on the same day were examined. This enabled greater 

uniformity in fuel conditions as fuels burned for both experiments were collected on the 

same day under the same ambient conditions. Experiment A (experiment burn time = 171 

seconds, RH = 52%, FMC = 53.91%) was the first experiment analyzed, Experiment B 

(experiment burn time = 385 seconds, RH = 28%, FMC = 53.91%) was the second.  

Results of model validation with experimental data are presented in this section. For 

flame height analysis, experiments from all classes were considered, whereas for flame 

tilt angle analysis, only the experiments from class four were considered. 

Data from experiments with and without wind with two crown base heights values 

(CBH1 = 60 cm and CBH2 = 70 cm) were considered for the analysis. Power law 

relationships as described by Eqs. (3.2) and (3.3) were used to estimate maximum flame 

heights from maximum heat release rates for each experiment. Results for the maximum 

flame height for each experiment are presented against theoretical flame heights in Figure 

3.3 where each data point represent one experiment. Testing of the model for fall (autumn) 

fuels in Sun et al. (2006) did not show significant differences in results when comparing 

the model in Eq. (3.2) and that for Fall fuels in Eq. (3.3) which could be argued was to be 
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expected due to the moderate differences between expressions. When comparing observed 

values to theoretical values using Method 1 to estimate maximum heat release rate (Figure 

3.13a), it was observed that just under 70% of experiments were over-estimated by the 

model. Theoretical values estimated using method 2, over 75% of experiments considered 

were under-estimated (Figure 3.13b). Comparison of observed and predicted values 

showed that for Method 1, only 10% of experiments fell outside 70% of accuracy (Figure 

3.14a). In the case of power law predictions using method 2, 17% of experiments fell 

outside the bounds of 70% of accuracy (Figure 3.14b). 
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Figure 3.13: Maximum flame height per experiments as a function of heat release 

rate plotted against two-fifths power law and Sun et al. power law for chaparral 

fuels burned in fall season. Maximum heat flux estimated using: (a) Method 1, �̇�𝒎𝒂𝒙 

obtained from �̇�𝒎𝒂𝒙 (�̇�𝒎𝒂𝒙,𝑴𝒆𝒕𝒉𝒐𝒅 𝟏~ �̇�(𝒕�̇�𝒎𝒂𝒙
)) (b) Method 2, �̇�𝒎𝒂𝒙 obtained from 

�̇�(𝒕𝑯𝒎𝒂𝒙
) �̇�𝒎𝒂𝒙,𝑴𝒆𝒕𝒉𝒐𝒅 𝟐~�̇�(𝒕𝒇𝒍𝒂𝒎𝒆 𝒉𝒆𝒊𝒈𝒉𝒕,𝒎𝒂𝒙) (n = 18). 
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Figure 3.14: Comparison between predicted and observed flame height values using 

(a) two-fifths power law and �̇�𝒎𝒂𝒙 obtained from �̇�𝒎𝒂𝒙 (method 1 of Sun et al. 

(2006)) (b) two-fifths power law and �̇�𝒎𝒂𝒙 obtained from �̇�(𝒕𝑯𝒎𝒂𝒙
) (method 2 of 

Sun et al. (2006)) (n = 18). 
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Model statistics resulting from the power-law predictions of maximum flame height using 

method 1 and method 2 are shown in Table 3.5. When using method 1, the power law 

correlation exhibited an MAE of 0.1303 (MAPE = 8.61%) with a MBE of 0.1303 when 

compared against observed values. For method 2 predictions, the power law correlation 

exhibited a lower of MAE 0.1627 (MAPE = 6.83%) as compared to method 1 predictions. 

A negative MBE was calculated for method 2, -0.1627. RMSE was higher for method 2, 

RMSE = 0.2098 (20.4209 %) than for method 1, RMSE = 0.3218 (NRMSE = 16.0380 %). 

 

Model tan𝜃   �̅� RMSE NRMSE MAE MBE MAPE (%) 

(method 1) 2.007 0.3218 16.0380 0.1303 0.1303 8.61 

(method 2) 2.007 0.4098 20.4209 0.1627 -0.1627 6.83 

 

Table 3.5: Error statistics for maximum flame height power-law correlations using 

method 1, �̇�𝒎𝒂𝒙 obtained from �̇�𝒎𝒂𝒙 and method 2, �̇�𝒎𝒂𝒙 obtained from �̇�(𝒕𝑯𝒎𝒂𝒙
) 

(n = 18). 

 

Experimental flame tilt angle was obtained from videos by using the computer 

vision algorithm described in the Methods section. The analysis here represents flame tilts 

in wind-blown flames. Only configurations with 𝐶𝐵𝐻2 are included.  We explored 

derivation of new semi-empirical correlations applicable for flame tilt angles in chaparral 

crown fire.  Two experiments of wind-blown flames with 𝐶𝐵𝐻2 were analyzed. Power law 

regression coefficients were obtained from linear regression performed on a log-log plot 

computed using the Python scipy stats linear regression library. In the first experiment 

analyzed, hereby called experiment A, the power-law relationship obtained was, 

𝑡𝑎𝑛𝜃𝑓 = 11𝐹𝑟4.6, 𝑅2 = 0.85 (3.13) 
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Observations compared against the power-law given by Eq. (3.13) are presented in Figure 

3.15a. A log-log plot of the data with the corresponding correlation is presented in Figure 

3.15c. A linear regression was performed on the log-log plot in order to obtain the required 

coefficients.  

 

Figure 3.15: Experiment A, (a) Power-law fit (b) Predicted vs Observed values 

based on power law fit (c) log-log fit (d) Predicted vs Observed values based on log-

log fit. 
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The curve shown in Figure 3.15(a) shows reasonable agreement between the power-law fit 

given by Eq. (3.13) and observed data (R2 = 0.85). Moreover, observed-vs-predicted 

analysis showed that only 10% of flame tilt samples considered fell outside of the 70% 

accuracy bounds when using this modeling method, see Figure 3.15(b). A sound degree of 

agreement was consequentially also observed for the log-log analysis, Figure 3.15(b) - (c).   

In the second experiment analyzed, hereby called experiment B, the power-law relationship 

obtained was, 

𝑡𝑎𝑛𝜃𝑓 = 10𝐹𝑟4, 𝑅2 = 0.84 (3.14)

    

Observations compared against the power-law given by Eq. (3.14) are presented in Figure 

3.16a. A log-log plot of the data with the corresponding correlation is presented in Figure 

3.16c. Similarly, to Experiment A, a linear regression on the log-log plot was used to obtain 

the required coefficients for modeling. 
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Figure 3.16: Experiment B (a) Power-law fit (b) Predicted vs Observed values based 

on power law fit (c) log-log fit (d) Predicted vs Observed values based on log-log fit. 

 

The power-law correlation represented in Figure 3.16, shows a reasonable correlation 

between observed values for Experiment B and Eq. (3.14) (R2 = 0.84). Evaluation of 

observed-vs-predicted values showed that only 30% of flame tilt samples considered fell 

outside the model 70% accuracy bounds. Reasonable agreement was also observed in the 

log-log analysis.  
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 Model statistics resulting from the power-law fit on Experiment A and Experiment 

B are shown in Table 3.6. For Experiment A, MAE of 0.023 (MAPE = 2.12 %) and an MBE 

of -0.023 were calculated, hence the model exhibits underprediction of the observed values. 

For Experiment B, MAE of 0.054 (MAPE = 2.29%) and an MBE of -0.054 were calculated, 

hence similarly to the model in Experiment B, underpredicting observed values. In 

addition, RMSE was optimized for the model in Experiment A, where RMSE was 0.14 

(NRMSE = 25.23%) as compared to the RMSE for Experiment B which was 0.22 (NRMSE 

= 36.72).  

Model tan𝜃   �̅� RMSE NRMSE MAE MBE MAPE (%) 

Experiment A 0.56 0.14 25.23 0.023 -0.023 2.12 

Experiment B 0.59 0.22 36.72 0.054 -0.054 2.29 

 

Table 3.6: Error statistics of flame tilt angle tanθ as a function of Eq. (3.13) for 

Experiment A and Eq. (3.14) for Experiment B. 

 

3.4 Discussion 

 

We suggest that some of the identified transition and spread behavior can be attributed 

to different surface-crown energy exchange properties through convection as well as 

enhanced radiation due to changes in crown flame geometry. Per the works of Nelson et 

al. (2012), Finney et al. (2015) and Maynard et al. (2016) which have highlighted the role 

of buoyant plume dynamics in driving fire behavior, we hypothesize that buoyant plume 

emerging from the surface fuel may be shaping energy transport from the surface to the 

crown. Furthermore, it has been found that in these types of crown fire configurations, 

vortex formation may occur as a consequence of shear force caused by rising gases (Lozano 
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et al. 2008, 2010; 2011). In this type of system, vortices can aide in mixing and in transport 

of thermal energy. Thus, it may be worth exploring whether for our configurations the 

vortex size and location was indeed aiding in the pre-heating of the crown fuel layer. To 

investigate the flow dynamics, methods such as PIV or Schlieren (Richard and Raffel 2001) 

could be applied to our future experiments for flow visualization and quantification.  

Through measurements of fuel consumption for both fuel layers we were able to show 

that both wind and CBH affected the crown fuel consumption. We also showed that the 

CBH did not significantly affect surface fuel consumption. Finally, we suggest that 

quantification of surface fuel layer thermal energy delivery through convection and 

radiative heat transfer from the crown fuel layer should be important future steps for the 

investigation of chaparral fires as crown fires.  

A discussion of results for flame height and flame tilt is now presented. Flame height 

results are discussed in terms of model choice and method of heat release rate calculation. 

In terms of model choice, we evaluated the use of the two-fifths power law given in Eq. 

(3.2), and the power law derived for dead Fall fuels proposed by Sun et al. (2006) given in 

Eq. (3.3). Both power laws express flame height in terms of heat release rate. Our results 

indicate good agreement between flame height values observed experimentally and 

predicted flame height. Little variation between the two empirical models, Eqs. (3.2) and 

(3.3), was observed as exemplified by the almost coinciding curves in Figure 3.3. This 

suggests the validity of the Fall fuels model, Eq. (3.3), proposed by Sun et al. (2006) for 

experiments conducted in fire season for chaparral fires modeled as elevated canopy fuels.  
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In terms of heat release calculation method, results showed some variation with 

respect to flame height obtained from power-law correlations of heat release rate using the 

time at maximum mass loss rate, Method 1 (�̇�𝑚𝑎𝑥,𝑀𝑒𝑡ℎ𝑜𝑑 1~ �̇�(𝑡�̇�𝑚𝑎𝑥
)), and the time at 

maximum flame height as a reference, Method 2 (�̇�𝑚𝑎𝑥,𝑀𝑒𝑡ℎ𝑜𝑑 2~�̇�(𝑡𝑓𝑙𝑎𝑚𝑒 ℎ𝑒𝑖𝑔ℎ𝑡,𝑚𝑎𝑥). 

When using Method 1, only 10% of experiments fell outside the 70% error bounds, 

whereas this number increased to 17% when using Method 2. Error analysis also reflected 

slightly larger error measures for Method 2. RMSE was larger for Method 2 than for 

Method 1. MBE exhibited a negative value only for Method 2, thus potentially hinting at 

the underprediction of the observed values. 

Next, we discuss flame tilt results in terms of two representative experiments 

analyzed. Overall, we found that for the experiments considered, power-law correlations 

derived had reasonable accuracy, as exhibited by the calculated R2 coefficient of over 0.80 

for both experiments. Moreover, over two thirds of samples fell inside the 70% accuracy 

bounds. Comparison of predicted flame tilt values to values observed experimentally 

resulted in negative MBE values for Experiment A and Experiment B which could indicate 

that models obtained for both experiments underrepresented the data. Moving on to MAPE, 

this measure of error varied by under 1.0 % between the two models. Perhaps the largest 

variation between statistical error measures of predicted flame tilt was found when 

assessing RMSE which for Experiment A had a normalized value of 25.23% while for 

Experiment B this number increased to 36.72%. The difference in RMSE may indicate that 

model derived using the dataset from Experiment A yielded a closer fit to observed values.   
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From the analysis presented here, it can be argued that like in other fire spread 

applications, power-law semi-empirical models may be used to represent fire spreading in 

the crown fuel layer of chaparral crown fires. The relatively low variation in error between 

the two models derived here indicate that with further optimization and by considering an 

expanded dataset, a unified power-law correlation of flame tilt as a function of Froude 

number could be derived for flames in chaparral crown fires. In assessing results on flame 

tilt, it was also observed that when estimating flame tilt angle as a function of Froude 

number in the form given by Eq. (3.6), wind speed did not change and hence, the only 

varying parameter was flame length or flame height.  

Moreover, our results exhibited what could be considered small Froude numbers Fr 

<< 1. The small values points to the dominance of buoyancy forces in governing flame 

structure. Establishing this feature of fire behavior for the fire system modeled here is 

significant as it provides information on the modes of heat transfer governing fire spread 

behavior. This is important as in recent years a great deal of attention has been invested to 

studying the role of convective and radiative heat transfer in wildland fire behavior. Recent 

studies examining this aspect of wildfire behavior include those by Finney et al. (2015), 

Morvan  and Frangieh (Morvan and Frangieh 2018), and Maynard et al. (Maynard et al. 

2016). Results from our work may thus follow others in indicating the role of buoyancy 

forces driving flame structure and consequently fire behavior. Particular to the work here 

is a diagnosis on chaparral crown fire fuel beds which illustrates the influence of buoyancy 

forces on the specific case of crown fire spread and flame behavior in the chaparral.  
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3.5 Conclusions 

 

A wind tunnel study of chaparral crown fire behavior was designed to investigate transition 

and fire spread behavior. Chamise chaparral was used as a crown fuel while excelsior was 

used to simulate dead fuels in the surface fuel layer. The influence of wind, crown base 

height and fuel moisture on flame height and mass loss rate were examined. In our analysis 

of transition conditions, we found that for cases without wind, decreasing CBH increased 

the time to transition. Whereas for cases with wind, increasing CBH decreased time to 

transition. Wind shortened the time to transition and increased maximum flame height for 

CBH = 60 cm. The opposite was true for CBH = 70 cm. Maximum mass loss rate in the 

crown increased when adding wind for both CBH values.  

The experimental results presented are representative of a limited number of 

experiments reflecting a reduced set of exploratory variables. Thus, we recognize that the 

results are limited to our experimental conditions, but they can be considered representative 

of the chaparral crown fire behavior modeled. Additionally, we note that environmental 

parameters as well as fuel moisture content were measured but not controlled. The 

experiments were conducted during the southern California fire season under ambient 

conditions. During fire season, which takes place in the summer-fall time, fire conditions 

are characterized by high ambient temperatures and low relative humidity. Thus, the results 

presented, can be considered applicable for such conditions. Future studies may focus on 

exploring other seasonal cycles with controlled environmental conditions as well as fuel 

moisture content.   
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The semi-empirical modelling work here aimed to serve as proof of concept on the 

applicability of certain established models of flame properties to spreading chaparral crown 

fires. Predictions of flame geometry, particularly flame height and flame tilt angle, were 

compared to observed values obtained from wind tunnel experiments. Maximum flame 

height was predicted as a function of maximum heat release rate using power law 

correlations. Additionally, following Sun et al. (2006), we used two methods to calculate 

maximum heat release rate. Method 1 where maximum heat release is defined at the time 

of maximum mass loss rate (�̇�𝑚𝑎𝑥,𝑀𝑒𝑡ℎ𝑜𝑑 1~ �̇�(𝑡�̇�𝑚𝑎𝑥
)) and Method 2 where maximum 

heat release rate is defined at the time of maximum flame heat 

�̇�𝑚𝑎𝑥,𝑀𝑒𝑡ℎ𝑜𝑑 2~�̇�(𝑡𝑓𝑙𝑎𝑚𝑒 ℎ𝑒𝑖𝑔ℎ𝑡,𝑚𝑎𝑥). A good degree of agreement was found between the 

two-fifths power law correlation of maximum flame height as a function of maximum heat 

release rate. Similar agreement was found when considering the power-law derived for Fall 

fuels proposed by Sun et al. (2006).  

Error and statistical analysis reflected the positive agreement between predicted and 

observed values and highlighted some nuances in the predictive potential of the models. 

Particularly, it was found that Method 1 and Method 2 for maximum heat release estimation 

showed similar results, but that Method 2 resulted in some degree of underprediction of 

observed values. However, most other measures of error showed reasonable agreement 

with observed data. For this reason, it may be concluded that for the conditions tested here, 

it was shown that the two-fifths power law may in fact be used to predict flame height from 

maximum heat release rate in chaparral crown fire spread. Fundamental work in studies 

including that of Thomas (1963) have successfully applied two-fifths power law correlation 
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to spreading natural fires (without wind). More recent studies have successfully applied of 

these correlations in chamise chaparral burns in pool fire configurations. Despite the fact 

that the study here was not conducted for pool fire configurations but instead investigated 

spread fire, the wind conditions tested (1 m/s) are potentially fit for ensuring that for the 

conditions tested and the fuels considered, the two fifths power law correlation relating 

flame height to heat release rate does not fail. In future work it would be worth examining 

whether increasing wind speed would effect any changes in the applicability of this type of 

correlation. Additionally, here we considered wind-driven and non-wind driven flames as 

well as two experimental CBH configurations in our assessment of flame height prediction, 

future work should examine differences in model agreement between the different 

experimental conditions.   

We derived two sample power-law correlations from selected experiments. Error 

analysis of flame tilt angle predictions obtained from these new power-law correlations 

showed good agreement between observed and predicted values. The findings in our study 

lead to the conclusion that in fact, new semi-empirical power-law correlations may be used 

to express flame height in spreading crown fires as a function of heat release rate. Finally, 

the results presented here were obtained from selected experiments and as such are 

representative of the particular conditions tested. We recognize that the models tested and 

derived here may be limited to the operational conditions assessed and described in the 

methodologies section of this work. Nonetheless, they represent important steps towards 

the derivation of new flame property models for chaparral crown fire applications.  
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4 GridFire: an online interactive tool for science education3 

 

4.1 Introduction 

 

GridFire is an interactive web-based game designed to teach elementary school students 

the importance of weather in wildfire spread. Games have been proven to be an effective 

tool to teach and improve learning by (Gros 2007): allowing students to learn actively by 

providing constant feedback based on in-game decisions , providing contextual elements 

that support and enhance presented information on complex matters  (Cordova and Lepper 

1996; Mayo 2009; Ricci et al. 2009). GridFire, inspired by J. H. Conway’s Game of Life 

(Gardner 1970), uses data from the 2013 Cedar Fire in San Diego, one of the largest 

wildfires in California history. 

 The learning experience was divided into three stages, following a tacit model of 

learning inherent in most studies of instructional games (Garris and Driskell 2002): 1. 

Input; 2. Process and Game Cycle; and 3. Learning Outcome. This structure allows the 

player to actively construct knowledge; the approach shares commonalities with 

experiential learning activities and constructivist teaching. The Input includes the 

instructional content, fuels and weather parameters (wind, humidity and temperature), and 

the characteristics of the game: interactive, no real-world consequences, visual(-ization of 

data), and the existence of challenges, goals, and accomplishments. The Process and Game 

Cycle depends on visualization of weather data, an interactive interface, and student 

 
3 Reprinted from Cobian-Iñiguez, J., De Leo-Winkler, M., Arp, T. and Princevac, M. (2018) GridFire: An 
Online Interactive Tool for Fire Science Education, presented at the Winter Technical Meeting of the 
Western States Section of the Combustion Institute, 2018 (Provo, UT) 
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manipulation of initial weather conditions during gameplay. The Learning Outcome is for 

students to understand in which way individual weather conditions affect wildfire spread, 

and which of the three weather conditions (wind, humidity or temperature) is mostly 

responsible for facilitating spread. Schools applied to have the game presented in their 

classrooms. Students were guided through the learning experience by the authors, however, 

the GridFire website has a lesson plan for the game, so that teachers can use it in their 

classrooms independently4. 

 The most widely used fire behavior models are based on semi-empirical derivations 

of large-scale fire spread. The Rothermel model (1972) predicts the rate of fire spread in a 

single layer fuel bed. The nature of heat flux and the resulting fire spread is determined by 

the properties of the fuel, the wind conditions and the terrain slope. The fuel species will 

dictate fuel particle size, mineral content, thermal properties and fuel bed geometry. The 

fuel moisture content is governed by fuel species along with air, temperature and relative 

humidity. Fuel parameters can be obtained from fuel property collections known as fuel 

models (Anderson 1982).  

Adaptations of the Rothermel model to simulate fire behavior in a gridded system 

have been used in previous studies. In work by Stevenson et al. (1975) a wildfire simulation 

system was designed to model fire spread in southern California. Fire spread over a gridded 

plane was modeled using several sub-models, the Rothermel model for fire spread 

modeling (see original work for fuel models and contagion models sub-models used). In 

 
4 http://gridfire.ucr.edu 
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their system, fires are initiated by either a fire perimeter or an ignition point. Inputs to the 

model are fuel data, topographic data, weather and fire perimeters. The two latter are the 

fire-specific conditions. Grid points are assigned homogeneous fuel properties and uniform 

terrain and meteorological conditions. A fire has eight-degrees of freedom to spread as 

imposed by the eight grid points adjacent to each initially ignited grid point. A fire will 

spread to adjacent grid cells based on the path of least transit time computed. The authors 

of the study argued that their approach was the first documented successful simulation of 

fire spread of an actual fire.  

Another Rothermel-based approach implemented to gridded system was that by 

Clark et al. (2008). In their work, the raster model based on the Rothermel model, HFire, 

was tested for sensitivity to predict fire growth in chaparral based on input parameters 

including wind condition and fuel conditions. They found that the input parameter which 

exhibited the greatest effect on fire growth was wind; the effect of wind was three times 

more significant than the effect of fine dead fuel moisture for example. In similar work, 

Peterson et al. (2009) used the Rothermel-based HFire to model fire spread in a gridded 

plane. Their method was similar to the one used in FARSITE (Finney 2004) in using the 

Rothermel model as mathematical basis and a vector propagation scheme through the 

application of a two-dimensional, ellipsoid, fire shape. Inputs to the fire spread simulation 

are divided into three categories: terrain variables, environmental variables and fuel 

variables. Fuel variables are obtained from fuel models, terrain variables are obtained from 

digital elevation maps (DEM) produced from remote sensing data and the environmental 

variables are obtained from ground based RAWS stations. Transition from an initial fire 
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location to new fire locations, spread, was based on a fire spread distance computed from 

the rate of spread and cell geometric properties. At the beginning of each run, each grid 

point is assigned one of four conditions: unburnable, flammable but not currently ignited, 

ignited and consumed. These conditions will change if the initial condition is changed for 

the grid point or if the fire spreads given a favorable fire spread distance. Other approaches 

using the Rothermel model as a basis for fire spread include those by Albini et al. (1982), 

and Andrews (1986) and Finney (2004). 

Differing from those approaches with strong reliance on the Rothermel model, 

Clarke et al. (1994) modeled fire spread in a gridded system using a fractal approach. They 

based their selection on the argument that fire growth is chaotic process which, they argue, 

could be physically captured by simulating using a statistical approach such as fractals. 

Furthermore, the process through which the fire spreads is modeled through so-called 

diffusion limited aggregation. The remote sensing datasets used as inputs for the model 

were maps of fuels, terrain, a wind table, wind magnitude and direction, air temperature 

and relative humidity. In essence, their fractal growth scheme based on diffusion limited 

aggregation worked as follows, an initial ignition grid point is selected, thereafter the eight 

neighboring grid points are assigned weights according to values for wind, topography and 

fuel load. The fire will spread to neighboring grid points if the weights deem it favorable. 

Two implementations of the growth model were implemented, an interactive approach and 

a probabilistic approach based on the Monte Carlo method.  Although their simulation 

model was not based on the Rothermel model, as was GridFire and others, the method 
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through which weights are assigned and promoted for spread can potentially be 

transferrable to both user interactive and probabilistic computer simulations.  

The fuel model for GridFire was established as chaparral (Scott and Burgan 2005), 

a shrub species dominant in the region of the Cedar Fire, and fuel bed properties were 

consequently adopted. Numerical values for wind speed were given as scalar quantities and 

were obtained from the MesoWest database (Horel et al. 2002). The Rothermel model was 

used as the theoretical framework for GridFire, and as such, it was simplified for practical 

computation and in order to visually emphasize the degree of influence of key fire spread 

drivers. The influence of slope is included in the model, but is not an interactive variable 

in this simplified version. The following section provides a more thorough overview of the 

simplified fire model developed for GridFire.  

4.2 Fire spread model 

 

The Rothermel model was developed using a semi-empirical approach where the 

fundamental heat flux relationships for a porous fuel bed were adapted from those obtained 

from the conservation of energy scheme developed by Frandsen. The resulting model for 

fire spread rate is applicable for single layer fuel beds and is expressed by Eq. (4.1) where 

𝐼𝑅 is reaction intensity, 𝜉 is the propagation flux ratio, 𝜙𝑊 is the wind coefficient, 𝜙𝑆 is the 

slope coefficient, 𝜌𝑏 is the oven-dry bulk density, 𝜀 is the effective heating number and 

lastly, 𝑄𝑖𝑔 is the heat of pre-ignition. Eq. (4.1) can be considered modular in nature where 

each coefficient contains at least one of the fire drivers, fuels, terrain slope and wind.  

𝑅 =  
𝐼𝑅𝜉(1 + 𝜙𝑊 +  𝜙𝑆)

𝜌𝑏𝜀𝑄𝑖𝑔

(4.1) 
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Input parameters for the coefficients are summarized in Table B1.  

Coefficient/Parameter Symbol Units Inputs 

Rate of spread 𝑅  𝑅 = 𝑓(𝜎, 𝑇, 𝑅𝐻, 𝑚𝑜, 𝑆𝑒 , 𝛽, 𝑈, 𝜌𝑏) 

Reaction intensity  𝐼𝑅 Btu/ft2/min 𝐼𝑅 = 𝑓(𝜎, 𝑇, 𝑅𝐻, 𝑚𝑜, 𝑆𝑒 , 𝛽) 

Propagation flux ratio 𝜉 -- 𝜉 = 𝑓(𝜎, 𝛽, 𝐼𝑅) 

Wind coefficient 𝜙𝑊 -- 𝜙𝑊 = 𝑓(𝜎, 𝛽, 𝑈) 

Slope coefficient 𝜙𝑆 -- 𝜙𝑆 = 𝑓(𝜎) 

Oven-dry bulk density  𝜌𝑏 lb/ft3 𝜌𝑏 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Effective heating number 𝜀 -- 𝜀 = 𝑓(𝜎) 

Heat of pre-ignition 𝑄𝑖𝑔 Btu/lb 𝑄𝑖𝑔 = 𝑓(𝑀𝑓) 

 

Table 4.1: Coefficient and parameter inputs. 

 

4.3 Fuel moisture modeling 

 

Many models exist for fuel moisture content calculation, the range in structure and 

complexity. A cohesive review of fuel moisture models can be found in Vinney (1991). 

The basic concepts behind most fuel moisture models are equilibrium moisture content, 

time lag, ambient relative humidity, ambient temperature and a time constant.  A 

comprehensive description of these concepts is presented by Simrad (1968). Following 

such work and to fundament the basis for our theoretical model we now present some brief 

definitions. Equilibrium moisture content (EMC) refers to a state where the vapor pressure 

of water in a fuel and the vapor pressure in the surrounding air are in equilibrium. Time lag 

refers to the time required for a fuel to lose 63% of the moisture and reach the equilibrium 

moisture content. Time lags varies by fuel species and fuel thickness, the most common 

used values for time lag are 1hr, 10 hr, 100 hr and 1,000 hr.  

4.3.1 Mandel Model 

 

Time lag equation for moisture content, m, forms basis for model where, 
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𝑑𝑚

𝑑𝑡
=

𝐸 − 𝑚

𝑡𝐿

(4.2) 

If E and tL are constants in t then, 

𝑚(𝑡) = 𝐸 + (𝑚𝑜 − 𝐸)𝑒
−

𝑡

𝑡𝐿 (4.3)  

Parameter 𝑚𝑜 is the initial moisture content, 𝑚(0), and E is the equilibrium moisture 

content. Where 𝑚𝑜can be estimated from the weather station at the time where the 

remaining weather station measurements are taken. The parameter tL is the time lag for 

which can be 1, 10 or 100hr. For chaparral fuels, 10hr can be the first choice although 

choosing 1hr may also be explored.  

In the Mandel model, the equilibrium fuel moisture content is obtained by following 

the approached proposed by Van Wagner (1972) and Van Wagner and Pickett (1985) for 

implementation in the Canadian Forest Fire Weather Index System Fine Fuel Moisture 

Code (FFMC). The general expression for E was obtained by fitting against experimental 

data of relative humidity and equilibrium moisture content for several wildland fuels. The 

resulting semi-empirical expression can be found in Van Wagner (Van Wagner 1972) and 

is,  

𝐸 = 𝑎𝐻𝑏 + 𝑐𝑒
𝐻−100

𝑑 , (4.3) 

where a, b and c are empirical constants and H is the relative humidity. The configuration 

of the final form of Eq. (4.3) requires two considerations. First consideration is the initial 

fuel moisture content of fuels. If the starting fuel moisture content of a fuel is greater that 

the equilibrium moisture content, then the fuel is said to be under drying conditions and E 

is expressed as Ew. On the other hand, if the starting fuel moisture content is less than the 
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equilibrium moisture content, then the fuel is said to be under drying wetting conditions 

and E is expressed as Ed. Second consideration is the addition of the correction term to 

ensure Eq. (4.3) convergence to zero when H = 0.  Establishment of the starting equilibrium 

fuel moisture content, implementation of the correction factor and substitution of the 

appropriate empirical constants a, b, c and d leads to the final form of equilibrium fuel 

moisture expression obtained by Van Wagner and Pickett (Van Wagner and Pickett 1985). 

For drying conditions (E = Ed) this is, 

𝐸𝑑 = 0.924𝐻0.679 + 0.000499𝑒0.1𝑅𝐻 + 0.18(21.1 + 273.15 − 𝑇)(1 − 𝑒−0.115𝑅𝐻), (4.4) 

For wetting conditions (E = Ew) it is, 

𝐸𝑤 = 0.618𝐻0.753 + 0.000454𝑒0.1𝑅𝐻 + 0.18(21.1 + 273.15 − 𝑇)(1 − 𝑒−0.115𝑅𝐻), (4.5) 

where the last term in Eqs. (4.4) and (4.5) is the correction term. 

4.3.2 National Fire Danger Rating System Fuel Moisture Model 

 

Depending on the ability and type of ground measurements available, the NFDRS 

forecasts fuel moisture content in different ways. For 10hr fuels, which are proposed for 

the update on the GridFire spread model, there are three different options for fuel moisture 

content prediction. The second option has been chosen for which the procedure for solution 

has several steps. The model fuel moisture equation is, 

𝑀𝐶10 = 1.28 ∙ 𝐸𝑀𝐶𝑃𝑅𝑀 (4.6) 

Where EMCPRM refers to the equilibrium moisture content (EMC) calculated using 

temperature and relative humidity at fuel-atmosphere interface where, 

𝐸𝑀𝑃𝑅𝑀 = 𝐸𝑀𝐶(𝑇𝑀𝑃𝑅𝑀, 𝑅𝐻𝑃𝑅𝑀) (4.7) 
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Much like in the equilibrium moisture content formulation by Van Wagner and Picklett 

(Van Wagner and Pickett 1985), the final form of Eq. (4.6) requires additional 

considerations.  First, temperature and relative humidity must be corrected. This is done by 

adding the value given by Table 4.2 for temperature values and multiplying for relative 

humidity values.  

 Corrections 

State of weather code Temperature  (oF) Relative humidity 

0 +25 *0.75 

1 +19 *0.83 

2 +12 *0.92 

3 +5 *1.00 

0 +25 *0.75 

 

Table 4.2: Temperature and relative humidity correction factors. 

Once TMPRM and RHPRM are calculated, the second consideration is choosing the 

appropriate EMC formulation as determined by the RH value.   

If relative humidity is less than 10 percent then, 

𝐸𝑀𝐶 = 0.03229 + 0.281073 ∙ 𝑅𝐻 − 0.000578 ∙ 𝑇𝐸𝑀𝑃 ∙ 𝑅𝐻 (4.7) 

If relative humidity is equal to or greater than 10 percent but less than 50 percent, 

𝐸𝑀𝐶 = 2.22749 + 0.160107 ∙ 𝑅𝐻 − 0.014784 ∙ 𝑇𝐸𝑀𝑃 (4.8) 

Relative humidity equal to our greater than 50 percent, 

𝐸𝑀𝐶 = 21.0606 + 0.005565 ∙ 𝑅𝐻2 − 0.00035 ∙ 𝑅𝐻 ∙ 𝑇𝐸𝑀𝑃 − 0.483199 ∙ 𝑅𝐻 (4.9) 

Once EMC is calculated (which when evaluated at TMPRM and PHPRM is EMCPRM) 

the last step is to substitute into Eq. (4.6) to calculate fuel moisture content.  

 



 109 

4.4 User interface 

  

The GridFire graphical user interface visualizes fire spread, provides intuitive controls, and 

gives visual feedback to emphasize learning outcomes. Figure 4.1 shows the main user 

interface; on the left is a map (based on the region of the Cedar Fire) broken up into a grid 

of squares, where the color of a square displays the temperature or humidity for that region. 

Bright orange squares represent areas that are on-fire, and dark grey squares represent 

burned-out areas. The orange on-fire squares spread across the grid as the fire progresses, 

leaving a burn scar of dark squares in their path. Students alter the initial weather conditions 

using the controls located in the upper center.  

 The controls feature graphics give students an intuitive sense of which weather 

condition they are changing. For each set of weather conditions, the fire simulation runs 

five times to display the stochastic nature of fire spread. As students progress through the 

game and accomplish a goal, a badge will pop-up over the interface, displaying the goal 

they have accomplished and details of the fire that unlocked it. All possible badges are 

displayed in the upper right corner. Initially greyed out, badges are illuminated in color as 

students earn them. In addition, information from each fire is displayed on a bar graph in 

the lower right corner, with thin bars representing how many squares were burned in a 

particular fire, and thick semi-transparent bars representing the conditions that generated 

them. This information is used at the end of the lesson, allowing students to go back and 

find the particular conditions that burned the most, or the least, squares. 
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Figure 4.1: Shows the interactive interface of GridFire. On the left a grid-map of the 

Cedar Fire area is displayed. The middle section displays the interactive controls for 

the wind, temperature and humidity. In the top right corner, the badges that the 

user can obtain are greyed-out, while the awarded badges are illuminated. In the 

bottom right corner, bar graphs display the final burned area and weather 

conditions selected by the user for each run. 
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4.5 Results 

 

4.5.1 Model sensitivity analysis 

 

The simplified fire spread model was analyzed for sensitivity in changes to 

temperature and relative humidity. The object of the analysis was to understand how 

changes in weather parameters, wind, temperature and relative humidity, affected the 

spread of a fire. First increases in wind speed were tested, Figure 4.2. In general, it was 

found that increasing wind speed steadily increased the spread of the fire as measured by 

squares burned. The notable exception was when there was no wind flow impose, the zero-

wind case. Furthermore, the effect of wind was tested for different temperature and relative 

conditions. The effect of temperature and relative humidity was most apparent on squares 

burned in the higher wind speed cases than in the lower wind speed cases.  
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Figure 4.2: Wind speed analysis. 

 

Next, the fuel moisture model was tested. Three fuel moisture models were tested and the 

effect of increases and temperature on squares burned was tested for each model. 

Increasing the temperature showed an increasing trend in squares burned for all fuel 

moisture models tested. Increasing the relative humidity only increased the number of 

squares burned in the case of the NFDRS 100hr fuel moisture model. 

 

 

 



 113 

 
 

 

 

 
 

Figure 4.3: Fuel Moisture Model Analysis 
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4.5.2 User experience 

 

GridFire was presented in three elementary schools within the Inland Empire, CA, between 

the months of April and June in 2017. Three hundred students from 4th to 8th grade 

completed a survey before and after playing the game. The evaluation tool allowed us to 

assess the usefulness of GridFire for transmitting concepts related to wildfire, and to 

portray the importance of each weather condition on the rate of fire spread. The survey 

asks questions on statements related wildfire spread, with multiple choice answers. A total 

of 194 usable responses make up our preliminary results. 

 Research shows that fire spreads easier when fast winds abound, dominating over 

the contribution of humidity and temperature. This statement was originally considered 

true by 28.9% of the students before playing with GridFire, increasing to 67.5% after 

concluding the game. The statement that humidity is the driving factor in wildfire spread 

changed from an initial value of 40.6% to a final value of 24.2%. Understanding the correct 

definition of fuels in wildfires increased from 85.1% to 93.8%. The correct definition of 

humidity and temperature was reported by 63.9% and 59.9% of students, respectively.  

 On a scale from 1 (lowest) to 10 (highest), 65.7% of students graded the 

entertainment value of the game at level 8 or above. The use of colors for different weather 

conditions was effectively understood by 65.2% of the population. The interface still needs 

work, as the percentage of students reporting that changing temperature, humidity and wind 

was easy in just 38.3%, 36.1% and 37% of cases, respectively. 
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4.6 Discussion 

 

The rise in correct reporting of wildfire spread terminology, and a clearer understanding of 

the role of weather conditions in fire spread, shows that the learning outcome of the game 

was achieved. In addition, the highly graded entertainment value of GridFire makes it a 

useful educational tool in the classroom. We rely heavily on interactive tools and data 

visualization to educate on wildfire spread, and the students’ feedback clearly shows that 

the interface needs to be reviewed to improve the way in which weather conditions are 

manipulated. 

4.7 Conclusions 

 

GridFire, a web-based game combining the visualization of data, an interactive interface, 

and a simplified fire spread model was created. A simplified version of the Rothermel fire 

spread model was used to simulate fire spread in a gridded plane. Three fuel moisture 

models were tested as input to the fire spread model, the 10hr fuels models used by NFDRS, 

the 100hr fuels model used by the NFDRS and simplified fuel moisture model proposed 

by Mandel et al. (2014). Because fuel moisture content is strongly correlated to ambient 

conditions, a sensitivity analysis was conducted to assess the effect of temperature and 

relative humidity on modeled fuel moisture. Such analysis showed similar trends between 

for relative humidity and temperature effects when comparing the Mandel and NFDRS 

100hr fuels models.  

The Mandel model and the NFDRS 10hr models showed opposite trends in relative 

humidity effects. Because of its simplified nature, the Mandel model was the most 

computationally inexpensive and hence a first choice for implementation in the simulation 
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which in most instances was carried on in machines with low computational power. 

Additionally, the Mandel models provides strong visual representations of the effects of 

weather parameters, relative humidity and temperature, on total area burned, thus, it 

became the model of choice for implementation in the simulation scheme. Despite this 

initial modeling approach, the modular nature of the simulation implementation makes it 

possible to change approaches in the future if it is found fit.  

GridFire was tested at several elementary schools in the Inland Empire, CA 

reaching three hundred students grades 4th – 6th. Testing shows that GridFire is an effective 

tool for elementary school students to teach the importance of different physical 

characteristics that drive wildfire spread.  
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5 Towards a data driven model of fire intensity for chaparral crown fires5 

 

5.1 Introduction 

 

As satellite data has become more readily available and increasingly reliable, many 

groups have derived wildfire metrics from remote sensing data. Thus, as data availability 

has increased, the available methodologies and applications for remote sensing derived 

wildfire behavior metrics and models has also increased. The data used, models derived, 

and data science methodologies applied vary depending on the fire behavior application 

and need. Amongst the features distinguishing wildfire models derived using remote 

sensing data from each other are the chosen time and length scales.   Chuvieco et al. (1999) 

identified two spatial resolutions, global and local, and two temporal resolutions, short-

term and long-term. On the time resolution, long-term analysis describes structural factors, 

i.e. topography and weather patterns, related to fire behavior whereas the short-term 

resolution is geared towards efforts focusing on daily prediction. On the spatial resolution, 

global scales include continental scales which can serve for general fire management while 

the local scale provides insight into fire management at the regional scale.  

Local, or as they will be called here, regional scale studies are of great value for 

national and regional fire planning. Thus, there is a wealth of studies focusing on fire 

behavior using satellite and other type of remote sensing data for regions around the globe. 

Saglam et al. (2008) used Landsat data to analyze fire risk and danger in the Korudag 

 
5 Portions of this chapter have been reprinted from Cobian-Iñiguez, J., Aminfar, AH., Princevac, M. 
(2018) Towards a Data Driven Model of Fire Intensity for Chaparral Crown Fires, presented at the 
Winter Technical Meeting of the Western States Section of the Combustion Institute, 2018 (Provo, 
UT) 
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Forest District in northwestern Turkey. They derived fire risk and danger indices based on 

various fuel, terrain and land use metrics. Their study produced fire risk and danger maps 

for two years, 1987 and 2000. Similarly, Bisquert et al. (2013) derived a regional fire 

danger model for the Spanish regions of Galicia and Asturias. Their model was based on 

MODIS-derived vegetation indices representing vegetation and soil moisture and other 

vegetation conditions. Their final model expresses fire probability in terms of four risk 

levels, from low to extreme. The fire probability model was derived as a function of the 

Enhanced Vegetation Index (EVI), the Soil Adjusted Vegetation Index (SAVI) and the 

Global Environmental Monitoring Index (GEMI) of which EVI produced the best results.  

Furthermore, Adab et al. (2013) derived a regional model for fire risk was derived 

for the northeast of Iran. Alike Bisquert et al. (2013), their approach integrated MODIS 

data products to map vegetation conditions. Topographical conditions were obtained from 

the ASTER DEM data products, hotspots were obtained from MODIS and distance to roads 

and populated areas were obtained from national databases. The resulting fire risk 

modeling scheme included three separate fire risk indices, the Structural Fire Index, the 

Fire Risk Index and the novel Hybrid Fire Index and showed the value of the use of deriving 

fire indices for fire risk assessments. In a recent regional scale study of fire behavior, Hess 

et al. (2019) mapped fire danger for the Kenai Peninsula of Alaska based on vegetation 

parameters, topography and surface temperature. Their results showed the vegetation 

change occurring in the peninsula as a result of a beetle outbreak produced increased fire 

risk. 
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Much like other fire-prone regions around the globe, California has garnered 

significant attention from the remote sensing fire modeling community. Syphard et al. 

(2008) derived regional scale models of fire ignition and fire frequency probability for the 

Santa Monica Mountains located in Southern California. Data for distance to roads, human 

structures and rails were obtained from the literature and national databases. Topography 

was obtained from digital elevation maps and vegetation type was obtained through 

classification of Landsat Thematic Mapper data. They found sound correlations between 

ignition probability and distance to roads, trails and housing whereas fire frequency was 

found to be correlated to climate and terrain. In another regional scale study of fire behavior 

in California, Syphard et al. (2018) assessed fire probability mapping under climate change 

conditions for the Sierra Nevada of California. In their study, they focused on the 

importance of vegetation variables as compared to climate, topography and land use in fire 

models. They examine how vegetation properties and models affect fire predictions. Their 

results showed that for models where large fire probability was predicted, vegetation was 

a significant predictor variable, thus suggesting the significance of vegetation parameters 

for accurate fire prediction in the region.  

The significance of vegetation, or fuel, properties is strongly supported by 

experimental, theoretical and field work, some of which has been summarized in previous 

chapters of this work. For this reason, many studies of regional wildland fire behavior have 

focused on mapping and characterizing fuels in fire prone regions. Within the mapping 

category, Keane et al. (2001) identified four fuel mapping approaches: (1) field 

reconnaissance (2) direct mapping with remote sensing (3) indirect mapping with remote 
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sensing (3) biophysical modeling. Field reconnaissance refers generally to ground 

measurements, whereas biophysical modeling refers to the use of so-called environmental 

gradients. In direct fuel mapping using remote sensing fuel maps are obtained from image 

classification and photographs, and in indirect mapping remote sensing approaches, 

ecosystem characteristics are used to represent fuels. Keane et al. (2001) argued that next 

generation fuel mapping technologies should blend field measurements, GIS data sources, 

satellite and airborne data and biophysical simulations. Thus, many works which have 

successfully mapped fuels for regions around the globe manage to include a mixture of 

these of these approaches. In the case of Southern California, Roberts et al. (1998) used 

data from the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) to map California 

Chaparral in the Santa Monica Mountains. Although their study did not produce a fire risk 

or fire danger map, their mapping of chaparral, is a valuable tool for fire risk modeling.  

Although fuel mapping is a necessary and reliable dataset for fire risk mapping, it is 

not the only. Many studies have explored the use of vegetation indices derived from remote 

sensing data for fire prediction applications. In particular, as live fuel moisture content has 

been known to influence fire spread, many studies have integrated a live fuel moisture 

parameter into large scale fire behavior models, often derived as a function of vegetation 

indices. Arganaraz et al. (2016) derived live fuel moisture content from MODIS data for 

the Southern Gran Chaco area in Argentina. They performed statistical modeling to 

compute spectral indices from surface reflectance band readings. Specifically, they 

assessed the use of NDVI, SAVI, EVI, GEMI, VARI, NDII6, NDWI, GVMI, Integral, 

Derivative Green-Red, Derivative Red-NIR, Derivative NIR-SWIR, MSI, SR and VIgreen 
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indices. Resulting models for the regions and vegetation types addressed are reproduced in 

equations (5.1) – (5.3). 

𝐿𝐹𝑀𝐶𝐺𝑟𝑎𝑠𝑠𝑙𝑎𝑛𝑑𝑠 = 540 𝐸𝑉𝐼 − 31.6 (5.1) 

𝐿𝐹𝑀𝐶𝐶ℎ𝑎𝑐𝑜𝑆𝑒𝑟𝑟𝑎𝑛𝑜 = 1.88 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 + 246.39 𝑁𝐷𝑉𝐼 − 63.06 (5.2) 

𝐿𝐹𝑀𝐶𝑆ℎ𝑟𝑢𝑏𝑙𝑎𝑛𝑑𝑠 = 334.53 𝐸𝑉𝐼 − 305.98 𝐺𝑉𝑀𝐼 − 7.05 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 + 199.72 (5.3) 

 Similarly, Stow et al. (2006) developed live fuel moisture (LFM) maps from 

MODIS surface reflectance data product (MOD09 A1) observations. Following similar 

studies, they correlated normalized difference index (NDI) values obtained from spectral 

reflectance data to vegetation moisture. Equation (5.4) describes NDI where 𝜆𝑘  and 𝜆𝑙  are 

the spectral reflectance corresponding to MODIS wavebands k and l. Fire danger maps 

were derived from LFMC analysis. 

𝑁𝐷𝐼 =  
𝜌𝜆𝑘

−  𝜌𝜆𝑙

𝜌𝜆𝑘
+ 𝜌𝜆𝑙

(5.4) 

The various NDI’s considered in the study are reproduced from the original work below.  

Vegetation Index MODIS bands  

Normalized Difference Vegetation Index k = 2, l = 1 

Soil Adjusted Vegetation Index k = 2, l = 1 

Normalized Difference Water Index k = 2, 1 = 5 

Normalized Difference Infrared Index 6 k = 2, l = 6 

Normalized Difference Infrared Index 7 k = 2, l = 7 

Vegetation Atmospheric Resistant Index k = 4, l = 1, m = 3 
MODIS wavelengths: 1=620-670 nm (red), 2 = 841-876 nm (NIR1), 3=459-479 nm (blue), 4 = 545-565 

nm (green), 5 = 1230-1250 nm (NIR2), 6 = 1628-1652 (SWIR1), 7 = 2105-2155 nm (SWIIR2). 

 

Table 5.1: NDI values (Stow et al. 2006) 

The Geographic area of focus was San Diego County. Sampling was done at three 

sites: Rainbow Valley, Puerta la Cruz and Poser Mountain. Satellite data was fitted against 

live fuel moisture content data obtained in situ by the California Department of Forestry 
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and Fire Protection. Multivariable regression produced a region-specific model consisting 

of only VARI and NDII6 indices, see equation (5.5).  

𝐿𝐹𝑀 = 128.937 + 434.485 𝑉𝐴𝑅𝐼 + 45.482 𝑁𝐷𝐼𝐼6 (5.5) 

 The study showed that the use of MODIS data to derive LFM models related to fire 

probability is promising although further work is required to improve method robustness. 

In another study using satellite derived indices to obtain measures of fuel moisture for the 

Southern California region, Roberts et al. (2006) explored the use of AVIRIS and MODIS 

data in the derivation of fuel moisture. Their MODIS derived LFM showed a good 

correlation with field measurements, the AVIRIS derived LFM measure had a higher 

correlation. They argued that in the case of LFM obtained through remote sensing for 

shrublands, NDVI may be replaced by vegetation indices including VIg, NDWI, VARI and 

NDII6, the two latter also included in Stow et al (2006). Other works using vegetation 

indices and other fire driver indices for LFM mapping in Southern California include that 

by Dennison et al. (2005) correlating NDVI to LFM for Los Angeles County and Dennison 

et al. (2003) correlating LFM, the cumulative water balance index (CWBI) and the 

equivalent water thickness (EWT). Additional work linking fuel moisture to fire risk in 

Southern California can be found in Dennison et al. (2008). Hernandez-Leal (2006) 

proposed a fire risk model based on NDVI for the Tenerife Island of Spain.  

 Studies to investigate correlations between live fuel moisture and fire risk for fire 

prone regions around the globe other than California included that of Jurdao et al. (2012). 

Their study investigated the development of fire ignition probability models based on live 

fuel moisture content (LFMC) data obtained from satellite observations. Their aim was to 
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derive a model at a large regional scale (Iberian Peninsula) using three statistical methods: 

non-parametric significance tests, histograms and percentiles, classification trees and 

logistic regression models. Fire occurrence was obtained from MODIS Thermal Anomalies 

product (MOD14). Only fire pixels with confidence levels greater than 80% were 

considered. In assessing the fire potential, LFMC was sampled at five different 8-day 

periods prior to the fire event. It was found that only the two 8-day periods closest to the 

fire held significant relevance with respect to fire potential.  

The works above focus on fuel conditions as they relate to fire probability and fire 

behavior. Despite the significant importance of fuels for fire risk assessments, other fire 

drivers may also play an important role in shaping fire risk and behavior. For this reason, 

many studies have explored the use of remote sensing data to obtain models of fire risk and 

fire behavior derived from parameters related to fuels, topography, weather, land use and 

various human-related variables. Chuvieco et al. (2010) proposed a system to assess fire 

behavior by evaluating fire risk and fire vulnerability based on remote sensing inputs. Fire 

related input parameters included live fuel moisture, landscape characteristics and ignition 

source type. A national to local scale Fire Potential Index (FPI) expressing fire potential 

as a function of satellite and surface observations was derived by Burgan et al (1998). The 

FPI model is a data driven model correlating known fire drivers and fuel maps to calculate 

fire potential. Fuel moisture is integrated in the FPI model as part of a so-called greenness 

(RG) parameter which is obtained from satellite derived normalized vegetation indices. 

Hernandez-Leal et al. (2008) proposed a so-called Dynamic Fire Risk Index (DFRI) 

derived from variables including insolation hours, vegetation cover, altitude, slope and 
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proximity to main roads. The model was tested for the Canary Islands of Spain. Other fire 

risk, fire danger and fire behavior models obtained from remote sensing include those 

mentioned in the above discussion of regional models (see Saglam et al. 2008; Adab et al. 

2013; Bisquert et al. 2013; Hess et al. 2019).  

As can be observed by the fire risk and fire danger studies mentioned here, most 

MODIS-derived fire models express fire behavior as a probability of fire under the 

influence of certain selected fire drivers. Often fire driver selection is done based on need 

or experience based on knowledge of the regional fire ecology. The resulting expressions 

often relate these fire drivers to a statistical fire probability, but generally do not express 

fire conditions such as fire intensity if a fire does occur. The opportunity to obtain 

expressions of fire intensity as function of fire drivers, could signify a move closer towards 

models of physical fire behavior obtained through remote sensing, as opposed to pure 

forecasting of fire probability. In this way models of fire intensity would not only provide 

a forecast on the possibility of a fire but could provide an assessment on the nature of the 

fire, the intensity. One data product that could facilitate the derivation of these types of 

models is the MODIS Fire Radiative Power (FRP) data product which expresses the fire 

power, related to intensity, in terms of megawatts. The FRP data product has been 

prevalently used in studies of fire emissions (Ichoku and Kaufman 2005; Smith and 

Wooster 2005; Vermote et al. 2009; Mebust et al. 2011; Le et al. 2014; Remy and Kaiser 

2014; Schreier et al. 2014; Liu et al. 2015) and some studies focusing on fire regimes 

(Archibald et al. 2010, 2013; Chen et al. 2017) but the use of FRP for fire intensity 

prediction has not been widely explored.  
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In this study we aim to integrate satellite observational data in the development and 

improvement of wildfire models. We propose the development of a new data driven model 

for Southern California wildfires. We are interested in understanding not only on whether 

a combination of parameters will cause of fire, but also on the degree of intensity with 

which these fires will burn. The hypothesis can be for now drafted as follows: A fire 

will/will not spread with intensity level I1 – In under the influence of parameters v1 – vn. 

The result would be a model of the form, 

𝐼 =  𝛼𝐸𝑙𝑒𝑣 +  𝛽𝐿𝐹𝑀 +  𝛾𝑆 +  𝜅𝑇𝑆 (5.6) 

 Where Elev is the elevation data layer, LFM is the live fuel moisture data layer, S 

is a fuel species data layer, Ts is the surface temperature and I is the fire radiative power 

obtained from the fire mask. We follow studies such as those presented above in integrating 

a live fuel moisture parameter. In the following sections we present advancements in 

compiling a dataset necessary to derive our fire intensity data driven model.  

5.2 Methodology 

 

Inputs for the fire intensity model were obtained as gridded data sets from publicly 

available NASA and USGS databases. Earth observation data was obtained from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the Terra and Aqua 

satellites. Computationally, several levels of pre-processing were required to stack the data 

layers. To this purpose, a data processing algorithm was derived and implemented in 

Python. A modular coding routine was adopted through the development of several Python 

libraries. The main Python libraries used include GDAL, numpy, xml, matplotlib and 
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pandas. The following sections provide details on each of the data layers selected for the 

model. 

5.2.1 Data Technical Description 

 

Earth processes are monitored by various satellites managed by NASA often in conjuncture 

with the United State Geological Service (USGS) and other federal agencies. NASA leads 

Earth observations aimed at furthering knowledge on global change and Earth Systems 

science through the Earth Science Enterprise (ESE) (Parkinson, Claire L., Greenstone, 

Reynold, Closs 2000). Within the organization of ESE, Earth Observing System (EOS) 

maintains several Earth orbiting satellites including Terra and Aqua (Asrar and Greenstone 

1995). Public access data from EOS satellites and instruments is handled by the EOS Data 

and Information Systems (EOSDIS). The data management structure for EOSDIS is 

presented below.  
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Figure 5.1: EOSDIS structure (Image taken from MTPE EOS handbook (Asrar and 

Greenstone 1995) 

 Land products data which will be explained later in this report, are distributed by 

the Land Processes Distributed Active Archive Center (LP DAAC). Additionally, NASA 

has developed user friendly websites such as Earth Explorer which streamline data 

retrieval. Earth data available through these sites is classified into five levels, Level 0-4, 

Level 0 having the least amount of processing whereas Level 4 has the most being that it 

may contain results from modeling (Di and Kobler 2000). Level characterization is 
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presented in the Figure 2.  

 

 

Figure 5.2: NASA data product level assignments 

In this work we primarily utilize data from the Moderate Resolution Imaging 

Spectroradiometer (MODIS), a six-channel imaging radiometer with wavelength sensing 

capabilities 0.4 to 14.5 micrometers. MODIS contains several data products including the 

ten land products listed below: 

• Leaf Area Index and Fractional Photosynthetically Active Radiation 

(MCD15A2H, MCD15A3H, MOD15A2H, MYD15A2H) 

• Bidirectional Reflectance Distribution Function and Albedo (MCD43A1-A4, 

MCD43C1-C4, MCD43D01-D68) 

• Reflectance (MOD09A1, MOD09CMG, MOD09GQ, MOD09GQ, MOD09Q1, 

MODTBGA, MYD09A1, MYD09CMG, MYD09GA, MYD09GA, MYD09Q1, 

MYDOCGA, MYDTBGA) 

• Temperature, Emissivity (MOD11 L2, MOD11A1, MOD11A2, MOD11B1-B2, 

MOD11C1-C3, MYD11 L2, MYD11A1-A2, MYD11B1-B3, MYD11C2-C3) 

• Temperature (MOD11B3) 

• Vegetation Indices (MOD13A1-A3, MOD13C1-C2, MOD13Q1, MYD13A1-A3, 

MYD13C1-C2, MYD13Q1) 

• Thermal Anomalies and Fire (MOD14, MOD14A1-A2, MYD14A1-A2) 

Level 0 Level 1 Level 2 Level 3 Level 4

Level Variables Level Derived Level Reconstructed Level Model 
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• Gross Primary Productivity (MOD17A2H, MYD17A2H) 

• Net Primary Productivity (MOD17A3H, MYD17A3H) 

Product data set codes are listed in the parenthesis. When downloading land product data, 

each of the products is contained in various files differing from each other by the satellite 

from which they originate (Terra, Aqua or a combination of both), pixel size and the time 

frame for data capture (Daily, composite, 5 minute or monthly).   

 Land product data is provided under filenames in a format describing the data 

contained where the general format follows a convention as follows, 

 MOD14A1.AYYYYDDD.h08v05.CCC.YYYYDDDHHMMSS.hdf. 

From the left, the first section MOD14A1 is the MODIS Product ID. Terra is named 

MOD14 while Aqua is MYD14. Next, is the year and Julian day of acquisition 

AYYYYDDD, the version number come after h08v05 for example, would be version 5. 

The collection is given by the CCC section and the production date and time is given in 

format YYYYDDDHHMMSS. The files are in a hdf format which is hierarchical data 

format.  

5.2.2 Thermal Anomalies and Fire Data Product 

 

 The first collection of the Thermal Anomalies and Fire data product was Collection 

1 produced by the Terra satellite soon after launch. Data reprocessing led to Collection 3 

in 2001 which was produced by both Terra and Aqua. Collection 4 was generated 2002 – 

2006, Collection 5 was initiated in 2006. The current version, Collection 6 began 

production in 2011 (Giglio 2013). Detections are obtained from MODIS 4 and 11 

micrometer radiance bands. This product contains the time-frame for fire occurrence 
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(day/night), fire location, criteria for fire selection, detection confidence, fire radiative 

power and miscellaneous layers of pixel attributes. As with other land data products, data 

for thermal anomalies and fire is available daily, in 8-day packages as well as 5 min 

intervals. Table 5.2 describes the specific Product ID names for each of these categories.  

Product Name Terra Aqua 

Thermal Anomalies/ 

Fire Daily L3 (Global 

1 km) 

MOD14A1 MYD14A1 

Thermal 

Anomalies/Fire  

8-Day L3 (Global 

1km) 

MOD14A2 MYD14A2 

Thermal 

Anomalies/Fire 5-Min 

L2 (Swath 1 km) 

MOD14 MYD14 

 

Table 5.2: MODIS Thermal Anomalies/Fire  

 MODIS Thermal Anomalies/Fire land products are available in 1 km grid 

resolution, consisting of four components: Fire Mask, QA, MaxFRP and Scan Sample. Fire 

Mask is an 8-day dataset containing a fire category assignment for each pixel in the daily 

swaths. The numerical assignment for each of the fire categories is given in Table 5.3. 
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Class Meaning 

0 Not processed (missing input data) 

2 Not processed (other reason) 

3 Water 

4 Cloud 

5 Non-fire clear land 

6 Unknown 

7 Low-confidence fire 

8 Nominal confidence fire 

9 High Confidence fire 

 

Table 5.3: Fire confidence level tag assignment 

A simplified tile exemplifying the fire pixel assignment is presented below.  

 

 

 

 

Figure 5.3: Simplified fire pixel assignment grid. 

 QA, quality assurance, datasets contain time frame for data retrieval according to 

assignments given by Table 3. Maximum fire radiative power in multiples of Mega Watts 

for each pixel in a swath is contained in the MaxFRP dataset. The location of fire pixel 

within the FireMask dataset with values 7, 8 and 9 are given by the Scan Sample dataset. 
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Value Meaning 

0 Daytime observation or missing data as given by FireMask 

1 Night time observation 

2 Sun glint rejection flag 

 

Table 5.4: Quality Assurance (QA) pixel tag assignments. 

 

 Having explained the data structure for MODIS fire data products, the following 

paragraph focuses on specific processing steps followed here to prepare fire pixel and fire 

radiative power data. Several computational steps were followed in order to extract fire 

pixels from the FireMask data product. The python code written to perform these 

computational steps made use of the GDAL geo-processing library as well as the Pandas 

and Numpy standard Python libraries. The first step in processing the FireMask involved 

accessing the each the FireMask subdataset for each day packaged in the 8-day scientific 

dataset. The dataset for each day was processed individually.  

 Once the daily data was opened a logical statement filtered fire pixels, that is, pixels 

with values of seven or greater (see Table 5.3). The fire pixel index location within the 

1200 by 1200 Fire Mask was obtained alongside the fire pixel value. This was necessary 

to calculate fire geo-location. Thus, forward mapping and inverse mapping, as described 

in the MODIS data product manual, were conducted to complete necessary geo-referencing 

and data layer stacking (Giglio 2013). Geo-referencing information was obtained from 

metadata contained in each data product.  Non-fire pixels were filtered out to maintain 
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reasonable computational expense. Next, fire radiative power (FRP) was obtained from the 

MaxFRP data layer. Fire pixel geo-location (Latitude and Longitude, WSG 1984) and 

MaxFRP were compiled in a data frame saved to a .csv file. The resulting fire pixel file 

produced was used in order to generate point data used to geo-locate fire occurrences in 

ArcMap.  

5.2.3 Live Fuel Moisture  

 

The work here follows Stow et al. (2006) in integrating vegetation indices to derive LFM 

for the Southern California region. They combined several vegetation indices to obtain the 

expression reproduced in equation (5.5), where VARI and NDII6 are vegetation indices 

obtained from combining different wavelengths or bands of surface spectral reflectance 

satellite readings. NDII6 is the normalized difference infrared index 6 which is calculated 

using equation (5.6) where k and l are (MODIS) surface reflectance bands 2 and 6 

respectively.  

𝑁𝐷𝐼 =  
𝜌𝜆𝑘

− 𝜌𝜆𝑙

𝜌𝜆𝑘
+ 𝜌𝜆𝑙

(5.6) 

VARI is the vegetation atmospherically resistant index where k = 4, l = 1 and m = 3. Note 

that the m term will be subtracted from the denominator of equation (5.7) for VARI (see 

Gitelson et al.(2002) as presented by Eq. (5.4).            

𝑉𝐴𝑅𝐼 =  
𝜌𝜆𝑘

−𝜌𝜆𝑙

𝜌𝜆𝑘
+𝜌𝜆𝑙 

−𝜌𝜆𝑚

(5.7) 

 

 Surface reflectance data required for vegetation index calculation was obtained 

from the MODIS surface reflectance data product (MOD09) which contains data for 
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surface spectral reflectance at different wavelengths, the specific data products in this 

package are (Vermote et al. 2015): 

• MOD09GHK, MOD09GQK and MOD09GST (Level 2G daily products) 

• MOD09GA and MOD09GQ (Level 2G-Lite daily products) 

• MOD09A1 and MOD09Q1 (Level 3 8-day composite products) 

• MOD09CMG and MOD09CMA (Level 3 daily). 

 In this study we used MOD09A1 MODIS Terra/Aqua surface reflectance 8-day 

composite data which is offered at a 500m resolution and use a 0.0001 scaling factor. 

Data layers in this product (500 m resolution) as presented by Vermote et al 2015 are 

described below. 

 

Data Layer Name Surface Reflectance Band Wavelength 

sur_refl_b01_1 Band 1 620 – 670 nm  

sur_refl_b02_1 Band 2 841 – 876 nm 

sur_refl_b03_1 Band 3 459 – 479 nm 

sur_refl_b04_1 Band 4 545 – 565 nm 

sur_refl_b05_1 Band 5 1230 – 1250 nm 

sur_refl_b06_1 Band 6 1628 – 1652 nm 

sur_refl_b07_1 Band 7 2105 – 2155 nm 

QC_500m_1 Band Quality -- 

Obscov_500m_1 Observation coverage -- 

iobs_res_1 Observation number -- 

q_scan_1 250m scan value info. -- 

 

Table 5.5: MOD09 data product description 

 

 Surface reflectance data was obtained from Earth Explorer as .hdf files. Vegetation 

indices and live fuel moisture values were from surface reflectance band data calculated 

using ArcMap. In order to calculate vegetation indices each reflectance band was imported 
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individually and re-scaled by the required factor of 0.0001. The vegetation indices were 

calculated using the re-scaled reflectance values. Once the vegetation indices were 

obtained, LFM was calculated using equation (5.5). All calculations were performed using 

Raster Calculator in ArcMap.  

5.2.4 Elevation 

 

 Elevation data was obtained from the Advanced Spaceborne Thermal Emissions 

and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM). ASTER 

GDEM is a product of METI and NASA, available at a 30-meter grid resolution packaged 

as .tiff files containing 3601 x 3601 columns and rows respectively. Grid points obtained 

were formatted as 16-bit signed integers with a valid range of -500 to 9000, in units of 

meters, where 0 corresponds to the elevation at sea level; errors are tagged with -9999.  

Global Digital Elevation Model (DEM) data was obtained from NASA EOSDIS Land 

Processes DAAC via the online data portal EarthExplorer as 75 individual elevation tiles 

each covering a portion of the state of California (Figure 5.2). The individual tiles were 

uploaded to QGIS and joined into a single elevation map representing the state of 

California (Figure 5.3). Information on the ARSET GDEM data product contained in this 

section was obtained from https://lpdaac.usgs.gov, maintained by the NASA EOSDIS 

Land Processes Distributed Active Archive Center (LP DAAC) at the USGS Earth 

Resources Observation and Science (EROS) Center, Sioux Falls, South Dakota. 2018, 

https://lpdaac.usgs.gov/products/astgtmv002/.  

 

https://lpdaac.usgs.gov/products/astgtmv002/
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Figure 5.4: Example of individual tiles for construction of California elevation map. 

Original data for each tile was obtained from NASA/METI/AIST/Japan 

Spacesystems, and U.S./Japan ASTER Science Team. ASTER Global Digital 

Elevation Model. 2009, distributed by NASA EOSDIS Land Processes DAAC, 

https://doi.org/10.5067/ASTER/ASTGTM.002 

 

5.2.5 Fuels 

 

Fuel species data was obtained from the Department of Forestry and Fire Protection (Cal 

Fire) online GIS portal. Parameters included in the dataset obtained from Cal Fire are 

https://doi.org/10.5067/ASTER/ASTGTM.002
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summarized in Table 5.6. Values describing land cover types, WHR13NAME were 

chosen for the analysis here.  

 

Parameter Description 

WHRALL Unique habitat label wildlife habitat relationship 

LIFE_FORM Wildlife Habitat Relationship Class aggregated into eight major life form 

types.  

WHRNUM Wildlife Habitat Relationship Class Number 

WHRNAME Wildlife Habitat Relationship Class Name 

WHRTYPE Wildlife Habitat Relationship Class Type 

WHRSIZE Wildlife Habitat Relationship Class Size (trees) 

WHRDENSITY Wildlife Habitat Relationship Class Density (trees) 

WHR10NUM 10 group land cover type Wildlife Habitat Relationship class number  

WHR10NAME 10 group land cover type Wildlife Habitat Relationship class name 

WHR13NUM 13 group land cover type Wildlife Habitat Relationship class number 

WHR13NAME 13 group land cover type Wildlife Habitat Relationship class name 

 

Table 5.6: Fuel species dataset description  

 

A summary of data layer characteristics used in the analysis here is presented in Table 

5.7.  
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Parameter Data 

Product 

Grid 

Size 

Units Data Type Error 

Tag/ 

FIll 

Range Scale 

Factor 

Fire Mask MOD14A1 1 km N/A 8-bit 

unsigned 

integer 

0 0 – 7  N/A 

MaxFRP MOD14A1 1 km MW 32-bit 

unsigned 

integer 

0 0 - 

180000 

0.1 

Digital 

Elevation 

Map 

ASTER 

GDEM2 

30 m meters 16-bit 

signed 

integers 

-9999 -500 to 

9000 

N/A 

Surface 

Temperature 

MOD11A1 1 km Kelvin 16-bit 

unsigned 

integer 

0 7500 - 

65535 

0.02 

Surface 

Reflectance 

MOD09A1 500 m N/A 16-bit 

signed 

integer 

-28672 -100 - 

16000 

0.0001 

Fuels fveg15_1  N/A varies -9999 varies N/A 

 

Table 5.7: Summary of data layer formatting and content.  
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Figure 5.5: Preliminary computational algorithm for first generation computing.  
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5.2.6 Results 

 

 Fire pixels were extracted from the MODIS thermal and fire anomalies data product 

at MODIS tile H: 8, V: 5, which corresponds to the American southwest. Sample data 

presented here in Figure 5.2 corresponds to 2007 data for Julian days: 297 – 300 (October 

24 – 31). For this location and time frame a peak in fire pixels was observed for the first 

day sampled, October 24 (Julian day 297). This is reasonable as this coincides with the 

Cedar Fire which occurred in Southern California between October 21 – 31st. Raw fire 

pixel data and fire pixel statistics are presented in Figure 5.6 where peak fire activity 

occurred in Julian day 297. Results from fire pixel filtering obtained through the techniques 

presented in the methodologies section are presented in Figure 5.5.  
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Figure 5.6: Fire pixels at MODIS Tile H: 8, V: 5 for: (a) Year: 2007, Julian Day: 297 

(b) Year: 2007, Julian Day: 304, (c) Fire pixel count for sample days in 2007. 
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Figure 5.7: Map of Fire Mask from MODIS MOD14A1 data product overlapped 

with filtered fire pixels from fire mask. Representative data from October 23, 2007 

(Julian Day 297).  

 The elevation map of California was constructed using individual regional 

elevation mosaics detailed in the elevation methodologies section above. A map of the 

finished elevation map is presented in Figure 5.8. 
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Figure 5.8: California elevation map produced from individual ASTER GDEM 

elevation tiles.  

 Surface temperature was obtained for pre-fire conditions set here to Julian Day 

281 of year 2007. Results from surface temperature in degrees Fahrenheit are presented 

in Figure 5.9 
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Figure 5.9: Surface temperature for pre-fire conditions 

 

 Vegetation indices and life fuel moisture were calculated at the fire pixel sites for 

pre-fire conditions (Julian Day 281, 2007). This was achieved by following procedures 

presented in the previous sections to obtain surface reflectance at the sites corresponding 

to fire pixel geo-location.  
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Figure 5.10: Live fuel moisture at fire pixel locations. 

Statistics for live fuel moisture during fire conditions are presented in Figure 5.11 but 

were not used in the analysis as pre-fire conditions were preferred for modeling. 
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Figure 5.11: Representative results of vegetation index data calculated at various 

Julian Days for 2007. Data geo-location corresponds to MODIS tile H: 8, V: 5. 

Indices calculated only at fire pixel location for: (a) NDII6 (b) VARI. 
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5.2.7 Discussion 

 

Fire pixels were obtained from the MODIS fire grid by using a threshold corresponding to 

a confidence level 7 or higher (Giglio 2013). Results for the dataset here follow a 

decreasing trend, the highest number of fire pixel occurrence happens on October 24 

(Julian day: 297) and the last three days presented the lowest incidence of fire pixels. This 

could be explained by the fact that October 24th, 2007 was the third day of the Cedar fire 

in Southern California thus explaining the peak in fire pixels. The decrease in fire activity 

for the last three days in the sample could be due to the Cedar fire subsiding. At this stage 

of the study we have not added cloud corrections in addition to the default corrections 

provided in the original MODIS Fire and Thermal Anomalies data product as delineated 

by Giglio et al. (Giglio et al. 2006; Giglio 2013). Future work by these authors may include 

an examination on the need to implement additional cloud correction procedures. 

Vegetation indices presented in Figure 5.3 were calculated only at the pixel corresponding 

to fire pixel geo-location. We are currently examining whether an enhanced approach 

would be to compute the vegetation index average of all direct neighbors of the fire location 

pixel.  

 The highest resolution dataset in our analysis is the elevation dataset which was 

obtained at a 30-m resolution. Partially due to its resolution, elevation data packages 

publicly available typically cover small geographic areas. The mosaics obtained here for 

example, were at a city or county scale. Computationally, the high resolution can 

dramatically improve accuracy. However, because wildfires may extend past several 

county lines in a given time frame, one single data layer is usually not sufficient. Therefore, 
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we created mosaics of several elevation grids. Although this procedure was successful in 

expanding the geographical area covered by the elevation database, it dramatically 

increased the size of the gridded data set. The large size of the dataset made data handling 

difficult as attempts to access the data as an array to prepare for computations meant 

exhausting computational power past capacity levels. Using QGIS, an open source GIS 

software helped make processing more manageable as it designed to handle larger raster 

datasets more efficiently.    

5.3 Conclusions 

 

In addressing the growing need for reliable and accessible data on wildfire behavior we 

have proposed a data driven model for chaparral crown fire intensity. We have developed 

a preliminary computational algorithm to prepare the dataset necessary to calculate our 

data driven model. Computational steps in our procedure involve various forms of geo-

processing and data handling. Gridded datasets at several resolutions and from different 

sources required special handling for successful data stacking. Additionally, some of the 

parameters in our model are derived parameters which require implementation of some 

theoretical or data driven modeling. Once the dataset is completed we will use an 

interpolation method to obtain an expression for fire intensity. The computational 

algorithm we developed to process and compile the dataset will be made available open 

source upon being completed and tested.   
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6 Conclusions 

 

6.1 Chaparral fires as crown fires: an experimental study of transition and spread  

 

Chaparral crown fire behavior was examined in a laboratory scale study where the 

surface fuel and crown fuels were modeled as discrete separate fuel beds. The influence of 

wind and crown base height on transition behavior, flame height and mass loss rate were 

measured. It was found that crown base height affected time to transition; as increasing the 

crown base height decreased the time to transition. In experiments set at the lower bound 

of crown base height (60 cm), fires typically transitioned to the crown fuel layer sooner in 

cases with wind that in cases without wind. The opposite was true for crown base height 

of 70 cm. Wind promoted mass loss rate by increasing maximum mass loss rate in all cases.  

In the section on semi-empirical modeling, results from wind tunnel experiments 

were used to assess the applicability of established model of flame geometry and to propose 

new semi-empirical models of flame tilt as a function of Froude number. Semi-empirical 

models of flame height as a function of maximum heat release rate were examined. Two 

methods to calculate maximum heat release rate were used. The first estimates the 

maximum heat release rate as heat release rate occurring at the time at maximum mass loss. 

The second estimates the maximum heat release rate at the time of maximum flame height. 

Statistical analysis showed that both methods resulted in similar estimates of maximum 

flame height, with the distinction than Method 2 seemed to slightly underpredict observed 

values.  

In addition, two power law correlations relating heat release rate to flame height were 

tested: the so-called two-fifths power law and the power law derived for Fall fuels by Sun 
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et al. (2006). Both methods showed acceptable correlation with observed values. Two new 

power laws, Eqs. (3.13) and (3.14) were derived to express flame tilt angle as a function of 

Froude number. Both power laws were in good agreement with observed values reflected 

by the error analysis measures summarized in Tables 3.3 and 3.4. The power laws derived 

are proposed as a proof of concept of new semi-empirical models of flame behavior for the 

specific case of chaparral wildfires modeled as dual layer fires. Because the claim here is 

that by modeling chaparral fires as dual layer fires important features of energy exchange 

between the fuel layers are being taken into consideration, it is argued that semi-empirical 

models of fire behavior obtained from experiments setup in this way will more accurately 

capture the physical behavior of chaparral fire transition and spread.  

6.2 GridFire: an online interactive tool for science education 

 

A web-based tool to teach elementary school age children about wildfire known as 

GridFire was developed. The development was divided in three stages: (1) educational 

approach design (2) user interface and web-page development (3) fire spread theory 

development. The work here primarily deals with the fire spread theory aspect of 

development. GridFire was designed to simulate fire spread in a gridded area by utilizing 

a simplified version of the Rothermel model for rate of spread modelling. Three fuel 

moisture models were tested as inputs to the fire spread model. Sensitivity analysis, 

computational limitations and user interaction goals deemed the Mandel model as most fit 

but future iterations of the game may explore other fuel moisture modelling approaches if 

necessary. User interaction testing showed that GridFire is an effective tool for teaching 
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elementary school age children about wildland fire behaviour in a simplified and engaging 

fashion.  

 

6.3 Towards a data driven model of fire intensity for chaparral crown fires 

 

A data driven model for fire intensity prediction in Southern California wildfires was 

proposed. Remote sensing data for fire activity and fire drivers was collected from publicly 

available NASA databases. A preliminary algorithm was developed to prepare the dataset 

and calculate the data driven model. Results from fuel moisture data layer calculations were 

presented. A regional model for fuel moisture in Southern California based on vegetation 

indices calculated from remote sensed surface reflectance data was used.  
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