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Abstract 

This study presents a risk analysis for structures in the wildland-urban interface (WUI) using fragility curves. 

Reconstruction modelling using the model ELMFIRE is conducted to reproduce exposure conditions for the 2017 

Northern California Tubbs Fire as a case study. The reconstruction simulates the distribution of embers, expanding the 

ability of fire reconstruction to represent conditions during the fire event which are not represented by the flaming fire 

front. Results from the Tubbs Fire simulation are used to provide exposure conditions to investigate the relationship 

between exposure conditions, structure and community characteristics, and the damage sustained by a structure in the 

fire event. A methodology using fragility curves to estimate the probability of destruction, used for risk analysis in other 

disaster fields, is modified and developed here for application to wildland-urban interface fires. Results of the fragility 

analysis find that increased ember exposure increases the likelihood of damage or destruction. Relatively low levels of 

ember exposure still result in relatively high likelihoods of destruction, highlighting the importance of ember spread. 

Current models cannot simulate structure-to-structure fire spread; additional limitations are highlighted for future work. 

 

 

1. Introduction 

In the last decade, large wildland fires threatening communities, called wildland-urban interface (WUI) fires, 

have become increasingly frequent and severe, causing increasing damage and destruction to structures. For 

example, fifteen of California's twenty most destructive wildland fires (measured in terms of homes destroyed) 

have occurred from September 2015 onward (CAL FIRE, 2022), with the most destructive, the 2018 Camp Fire, 

destroying over 18,000 structures. Globally, in the last five years alone, major destructive fires have occurred 

in Australia (2020), Chile (2019), Greece (2021), and Portugal (2017), to name a few. The increase in destructive 

WUI fires is anticipated to continue, due to the combined effects of climate change and increasing development 

in the WUI, the area where structures and wildland fuels interface or intermix. 

Current mitigation strategies to protect homes from wildfire vary extensively and, for the most part, have little 

quantitative data supporting their effectiveness. One approach to addressing effectiveness of mitigation efforts 

is to investigate the risk to structures from wildfire. Risk can be defined, generally, as the product of hazard and 

vulnerability (Scott et al., 2013). Hazard consists of the probability of a given exposure level being achieved, 

and vulnerability consists of the susceptibility of a structure to a given exposure level. Current hazard and risk 

assessment of wildland fires focuses primarily on fire risk at a landscape scale, used for land and resource 

management (Scott et al., 2013). Despite the importance of fire exposure from the wildland, risk assessment at 
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the community scale has neglected to include the conditions to which a structure was or may have been exposed 

(Alexandre et al., 2016; Syphard & Keely, 2019), primarily because such information has been out of reach. 

An objective of the present work is to develop a quantitative wildfire risk assessment framework, applicable to 

structures and communities in the WUI that can inform pre-disaster community design and emergency planning 

and support strategic operations that ensure fire and life safety during a wildfire. The methods detailed herein 

include leveraging reconstruction wildland fire modelling and statistical analysis to connect hazard exposure 

conditions and urban vulnerability characteristics to the amount of damage a structure or community 

experiences. As a preliminary case study, we investigate the 2017 Tubbs Fire in California, the second most 

destructive fire in California history. This fire directly exposed over 8,000 structures in a period of under six 

hours, thus providing a large database of structure information. This work addresses a major gap in current WUI 

risk assessment which has, to-date, not included ember exposure, a key cause of fire ignition in WUI fires. 

 

2. Methods 

2.1. Fire Hazard Modelling 

The Tubbs Fire ignited at 9:45 PM local time on 8 October 2017 (CAL FIRE, 2017). The area of the fire is 

characterized by a combination of grass, shrubs, understory, and timber litter fuels, such as herbaceous grasses 

and shrubs, and live oaks (Coen et al., 2018). Due to severe south-westerly foehn winds, the fire spread over 19 

km in the 5 hrs following ignition, reaching the city of Santa Rosa in the early morning of 9 October 2017. 

Before containment, the fire burned 36,807 acres, destroyed 5,636 structures, and caused 22 fatalities (CAL 

FIRE, 2022). 

An operational fire model that could be used in real time during a fire event, ELMFIRE (Eulerian Level Set 

Method of Fire Spread) (Lautenberger, 2013, 2019a, 2019b), was chosen to model the Tubbs fire. While it has 

many of the same limitations as other semi-empirical models, it is used here for its relatively fast computational 

run time, its ability to simulate ember deposition of multiple embers (a feature not available in other models), 

and its implementation of Monte Carlo analysis techniques (Lautenberger, 2017) to address the stochasticity 

and uncertainty of physical phenomena inherent in simulating wildland fires. 

2.1.1. Model Inputs 

ELMFIRE requires geospatial inputs which describe the vegetation in the simulation domain (represented as a 

fuel model (Scott & Burgan, 2005)), environmental conditions (i.e., fuel moisture content, weather, winds), and 

topographical information. Fuel and topographical data were downloaded from LANDFIRE at a resolution of 

30 m (Rollins, 2009). One of the difficulties of applying wildland fire modelling methods to WUI areas is that 

there are differing physical scales and processes involved in fire ignition and spread across wildland fuels versus 

structural or urban fuels. Fuel models used in wildland fire modelling assume that urban areas are non-burnable. 

Despite the problems inherent in this assumption, there are no current operational models available to describe 

the spread of fire in WUI areas. 

Weather and winds were modelled using the Weather Research and Forecasting (WRF) model, a mesoscale 

numerical weather prediction model. The WRF model for the Tubbs fire was initialized based on meteorological 

conditions at the start of the fire. The computational resolution of the WRF model was down-sampled in the fire 

model domain to match the limiting resolution of the fuels (30 m). In total, the model simulated 7 hours of the 

fire with a temporal resolution ranging from 1-15 s.  

2.1.2. Model Outputs 

Fire spreads into the WUI via radiation, direct flame contact, and ember exposure. Thus, key quantitative outputs 

from fire modelling that are subsequently used as hazard intensity metrics for risk analysis include flame length 

and ember count. Flame length is linearly related to fireline intensity (kW/m) by Byram's Equation (Byram, 

1959), and, while the fire model does not directly output radiation, flame length is used to represent the impact 

of the main fire front on ignition and fire spread. Ember count is the number of embers ignited per grid cell over 

the course of the fire simulation. 
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2.2. Structure Dataset 

2.2.1. Vulnerability Characteristics 

Data on pre- and post-fire structure characteristics and post-fire structure damage is available for the Tubbs Fire 

(and many other fires) through damage inspection (DINS) reports produced by California’s Department of 

Forestry and Fire Protection. The DINS data is obtained as a geospatial vector file with point geometry 

representing the location of structures. Since the defensible space around a structure is known to heavily 

influence its vulnerability to fire (Valachovic et al., 2021), the dataset geometry is converted so that structures 

are represented by polygons using a building footprints database published by Microsoft (2018). This allows 

for calculation of additional attributes such as minimum structure-to-structure distance and vegetation-to-

structure distance (or defensible space), the latter using LiDAR data for vegetation. These two characteristics 

of structural vulnerability were included in the risk analysis to understand the impact of community layout on 

structure ignition, as structure-to-structure spread is known to be a driver of fire spread in the WUI. Year built 

of the structure was also included, as it influences the materials and methods of construction due to changes in 

building code requirements.  

2.2.2. Damage States 

Each structure in the DINS dataset is assigned one of six damage states ranging from “No Damage”, to some 

percentage indicating the level of partial damage, to “Destroyed”. These damage states are a key component to 

the risk analysis described below. Although a small selection of undamaged structures is recorded, the DINS 

reports preferentially include damaged and destroyed structures. Yet to draw conclusions about the relationship 

between structure damage level and fire exposure, it is necessary to include structures that survived the fire, as 

well as those that were destroyed. Therefore, this dataset has been supplemented to include structures that were 

likely to have been exposed to fire or embers, as assumed by their location compared against fire modelling 

outputs. These structures are assumed to have incurred no damage, given their omission from the DINS report. 

Finally, since a low number of partially damaged structures were recorded, the analysis considers only three 

overall damage levels (as shown in Figure 1): no damage (DS0), some damage (DS1); and destroyed (DS2). 

This combination is consistent with previous work that has looked at home destruction (Penman et al., 2015).  

 

Figure 1- Tubbs fire perimeter outlined in pink with the ignition location indicated by a yellow star. The red dots 

indicate the location of structures that were destroyed in the Tubbs fire, the yellow dots indicated those that incurred 

partial damage, and the green dots are structures that were undamaged. 
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2.3. Risk Analysis Framework 

We explore a risk analysis framework, following Rossetto et al. (2014), that incorporates fire hazard intensity 

metrics, structure vulnerability data, and structure loss inventory. Fragility curves, which are used in damage 

and loss models for flood and hurricane events, such as HAZUS (FEMA, 2001), represent a probability of 

exceeding a certain damage state given a level of intensity. The fragility curves are fitted using a generalized 

linear model with the explanatory variable considered to be the intensity measure (ember density) as well as the 

year built, defensible space, and the distance to the nearest structure. Other measures of intensity such as the 

flame length and additional structure and community characteristics can be incorporated and will be presented 

in future work. The response variable is modelled using a binomial probability density function.  

The analysis of probability can be applied on a general level to all structures or by splitting the structures into 

different building classes. These building classes may be characterized by certain structure features (such as the 

presence/absence of combustible roofing) that could cause a structure to react differently from another structure 

under identical exposure conditions. The goodness-of-fit of the model is assessed using the p-value and the 

confidence interval. These metrics are used to determine the appropriate explanatory variables to include, the 

best link function, and to develop the building classes for significance. Initial results using all structures are 

presented here. The effect of building classes will be explored in further work.  

 

3. Results and Discussion 

To understand the relationship between exposure and damage, fragility curves with all structures for each 

intensity measure were produced. Figure 2 shows the fragility curve for all structures as a function of the number 

of embers ignited in a given cell. The probability shown in Figure 2 also incorporates the correlated influence 

of structure year built, defensible space as measured by vegetation distance via LiDAR, and the distance to the 

nearest structure. Here DS1 includes both partially damaged and destroyed structures, as the fragility curve 

represents an exceedance rather than an equivalence. In other words, the line representing DS1 indicates the 

probability that a structure surpasses the no-damage threshold at a given intensity level. The probability of both 

damage and destruction increases as the intensity measure increases. Structures require only low ember 

exposure to reach damaged and destroyed states (i.e., a single ember per cell is often sufficient). For high ember 

loads, probability of destruction of nearly all structures increases steeply.  

 

Figure 2- Fragility curve representing probability that the damage state of a structure exceeds either DS1 or DS2 as a 

function of a normalized ember count, which represents higher or lower numbers of embers ignited in a given cell. 

Ember count, year built of the structure, defensible space, and structure-to-structure distance are considered as 

explanatory variables. 
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The initial results of the fragility curve analysis show a clear relationship between exposure and destruction. 

Similar trends, not shown here, are found when considering flame length in the explanatory variables, though 

flame length is found to have a weaker correlation than embers with probability of damage or destruction. 

Overall, far fewer structures are exposed to flames than to embers, highlighting how critical it is to include 

embers in our models and in our risk analyses. While previous work (Duff & Penman, 2021) highlights that 

ember and fire exposure are both important in determining structure damage, the present work elucidates the 

relationship between ember exposure and destruction across a range of intensity conditions.  

 

4. Conclusions and Future Work 

This work shows a strong correlation between ember exposure and destruction, consistent with reports that 

embers are responsible for the majority of home ignitions (Mell et al., 2010). Future work will assess how local 

features, such as topography and fuels, compare to using embers for risk assessment. Further work should 

consider additional mechanisms of exposure, such as structure-to-structure spread (and the best way to capture 

that information). Similarly, this study focused on specific fire and structure characteristics expected to have an 

impact on risk, based on the literature; however, additional features may be relevant. Structure and community 

characteristics (defensible space, distance to nearest structure, year built of a structure) were considered 

individually here; however, another study has found that some characteristics are only significant when 

combined with others (Duff & Penman, 2021). Future work should consider interactions between features.  
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