-

d“ :—I‘;“-; “:"\l-—-.-!—_- . "‘l‘-‘-:‘-ﬂ_‘.n &,
R Lol -~ - ay .
= X o> -# - i ..'.
e T ) ﬁ - AT
. , 5 : __
Ml T

b

-

af .
—

e
‘. ‘.” —
LB e :

-

A A

o .'.._h_ =%
: g?a? i -~ 1?4,_-:,_

R SERE R o

=
Cule '

A . ll\l.,"l - .
) iu} 3% -' -
) Ry e b - O e M

s S m_‘”‘*"‘m};mg* Wl 2o ="
v R e RO )

P = P —

s o e S e A BN T R RS S e H%% T AT
x \-5_ N g & ulf"““:’rﬁ'-;f-iﬁ‘-—.‘?“‘aw‘ir.x%’ﬂ' D e e o ]
g “F_i-: "‘;_}.‘ o T e S R S T e e

AN T A e, g ‘. A % v 2o b e L8 . o e T A s .
A RS v R '{;ﬁ_h e i e = ;..--

a gt Ay

==

e N R e T

o

R AN oo &

rotse Birid Tr iy SN N

e U e e
L= - ek -

0

H
-
-

Yo

-

e

R | e S
P




City Scale Wildfire Loss and Relative Fire Speed: A Framework for
Meaningful Community-Scale Risk Reduction
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Abstract

Analysis of recent disaster fires shows that five ingredients are necessary for a fire to turn from
a wildfire into an urban disaster with city-scale losses: sustained strong winds, rapid fire spread
through vegetation, structures that lack defensible space and home hardening, delayed or
overtaxed firefighting response, and tightly-spaced and contiguous structural fuels. We argue
that considering time as the key common denominator of the problem of urban disaster fires
provides a useful framework to evaluate how to design policies, programs, and optimization
strategies to prevent future widespread losses. Maximum risk reduction is achieved when
activities alter the relative timing of key phases of the incident lifecycle. Because wildfire
mitigation resources are limited, leveraging multiple forms of risk reduction activities and
network effects can achieve critical changes in relative timing with high return on investment.

Ingredients for City-Scale Fire Loss

Every year, tens of thousands of wildland fires occur nationally. In 2024 alone, there were 8,024
wildfires recorded in California’ and 64,897 nationwide?. However, only a small number of these
fires resulted in significant losses. Most incidents were small roadside ignitions, escaped
campfires, isolated lightning strikes and other minor fires that local fire departments quickly
extinguished. A small fraction of all fires - those that occur during high-severity fire weather
conditions and during the times of year when fuels are most receptive to fire spread - impact
human development and the environment. These potentially high-consequence fires, of which
there are hundreds per year in the United States, may become very large and impact structures
in rural and wildland-urban interface or intermix communities. However, only a handful of fires -
less than one per year, on average - result in city-scale losses.

In the past twenty years, over 124,732 structures have been destroyed by wildfires in the United
States, but just six fires account for more than 35% of the total structure losses:

- The Tubbs Fire (Santa Rosa, CA 2017, 5,636 structures burned),

- Camp Fire (Paradise, CA 2018, 18,804 structures burned),

- Marshall Fire (Boulder, CO 2022, 1,084 structures burned),

'California Department of Forestry and Fire Protection. (2024). 2024 Fire Season Incident Archive. CAL
FIRE. : ' inci

2 National Interagency Fire Center. (2025). Wildfires and Acres.

https://www.nifc.gov/fire-information/statistics/wildfires


https://www.nifc.gov/fire-information/statistics/wildfires
https://www.nifc.gov/fire-information/statistics/wildfires
https://www.fire.ca.gov/incidents/2024

- Lahaina Fire (Maui, HI 2023, 2,719 structures burned),
- Palisades Fire and Eaton Fire (Los Angeles, CA 2025, 16,255 structures burned,
combined).
These catastrophic urban fire disasters destroyed thousands of structures and caused the
displacement of entire communities®#5%.

Wildfire Structure Losses in the United States
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Figure 1: Wildfire losses in the United States between 2005 and the beginning of 2025.
Approximately 35% of the structural losses have been caused by just six fires’.

City-scale fire loss requires an extraordinary alignment of factors: in addition to dry, windy fire
weather, receptive fuels, and other conditions necessary to support “normal” high-severity
wildfire fire behavior, fires that result in catastrophic city-scale losses require the presence of at
least five additional factors outlined below. These factors do not alter the likelihood of a fire

® Headwaters Economics. (2024). Structures destroyed by wildfire: Examining U.S. trends. Retrieved
February 17, 2025, from
https://headwaterseconomics.org/natural-hazards/structures-destroyed-by-wildfire/

4 National Interagency Coordination Center. (2025, February 3). Wildland Fire Summary and Statistics
Annual Report 2024. National Interagency Fire Center.
https://www.nifc.gov/sites/default/files/NICC/2-Predictive%20Services/Intelligence/Annual%20Reports/202
4/annual_report_2024.pdf

5 California Department of Forestry and Fire Protection (CAL FIRE). (2025, February 7). Eaton Fire
Incident Information. CAL FIRE. https://www.fire.ca.gov/incidents/2025/1/7/eaton-fire

6 California Department of Forestry and Fire Protection (CAL FIRE). (2025, February 10). Palisades Fire
Incident Information. CAL FIRE. https://www.fire.ca.gov/incidents/2025/1/7/palisades-fire

" Data from the sources above.



occurring or relate to the intensity of the fire. Instead, as originally described by Jack Cohen, the
factors associated with city-scale losses revolve around the rate of fire growth, the presence of
vulnerabilities at the points of vegetation to structure transition, and the relative timing of key
events in the incident lifecycle which result in firefighting resources becoming overwhelmed and
ineffective®. These factors often come together in times outside of the normal fire season. For
example, few wildfire analysts would have suggested that critically dry fuels in January would
lead to the most damaging wildfire in Colorado history. Yet the Marshall Fire in Boulder County,
despite having only modest flame lengths and low fireline intensity, consumed portions of
Louisville, destroying over 1000 structures valued at over $2 billion. Compared to the fifty-plus
foot flames commonly produced in fires in the forested regions of Colorado, this fire activity
would not have ranked as particularly dangerous in most contemporary wildfire risk
assessments.

We argue that city-scale loss requires all of the additional ingredients listed below. Removing
one or more of these conditions dramatically reduces the likelihood of achieving and sustaining
urban conflagration.

1. Sustained Extreme Wind Event: Fire growth is driven by wind. Wind provides
combustion with ample oxygen, preheats fuels ahead of the fire front, and transports
embers. Strong local and mesoscale winds accompany numerous fires that don’t result
in large-scale losses. However, extreme wind events that produce near-hurricane force
winds for an extended period of time are a necessary precursor to vegetation fires that
initiate conflagration and subsequent city-scale losses. These events, such as Foehn
wind events (Santa Ana, Diablo, and Chinook winds), are often accompanied by very dry
air and can result in extreme rates of fire spread and long-range spotting, causing fires to
spread rapidly and exhibit resistance to control.

The duration of the wind event is a critical factor in large-scale structure loss.
Short-duration winds that last just a few hours are often insufficient to result in
catastrophic damage within the built environment. During the 2025 Los Angeles Fires,
wind speeds near the Eaton Fire ignition point exceeded 75 miles per hour for more than
eight hours®. Extended periods with wind speeds approaching 100 miles per hour and
low relative humidities were also observed in the Marshall Fire'® and Lahaina Fire".

8 Cohen, Jack. "The wildland-urban interface fire problem." Fremontia. 38 (2)-38 (3): 16-22. (2010):
16-22.

® Western Regional Climate Center. Henninger Flats, California. Retrieved February 17, 2025, from
https://wrcc.dri.edu/cgi-bin/rawMAIN.pl?caCHEN

19 National Weather Service Boulder. (2021, December 30). High Winds and Marshall Fire on December
30th, 2021. National Oceanic and Atmospheric Administration.
https://www.weather.gov/bou/HighWinds12_30_2021

" Mass, C., & Ovens, D. (2024). The meteorology of the August 2023 Maui wildfire. Weather and
Forecasting, 39(8), 1097—-1115. https://doi.org/10.1175/WAF-D-23-0210.1
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Figure 2: Observed wind speeds at the Henninger Flats Remote Automated Weather Station
(RAWS) during the first two days of the 2025 Eaton Fire. This station is located just outside of
the community of Altadena.

2. Fast Moving Vegetation Fire. Fires that result in city-scale loss tend to move rapidly
through vegetative fuels surrounding a community (the “wildland” in the wildland-urban
interface) and quickly expose structures to flames and embers. Alignment between the
wind direction, the fire’s ignition point, and the community’s values at risk is the critical
factor in initiating structure-to-structure fire spread. The Eaton Fire likely started just over
600 meters from the nearest structures along Altadena Drive'>'3, giving firefighters very
little time to respond before structures were threatened. Other catastrophic fires also
exhibited similar characteristics - starting close to the community and spreading very
rapidly through light fuels such as grass and brush before exposing structures. The
Marshall Fire started approximately 2 miles from the community of Superior, Colorado,
but impacted that community within an hour; the Camp Fire started about 7 miles from
Paradise but, due to widespread long-range spotting, reached the community in less
than two hours.

2 Penn, |., Migliozzi, B., Hakim, D., & Lai, K. R. (2025, January 26). Flashes then flames: New video of
Eaton Fire raises more questions for power company. The New York Times.
https://www.nytimes.com/2025/01/26/us/los-angeles-eaton-fire-cause.html

'3 Note that no official fire cause has been determined by fire investigators as of the writing of this article.
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3. Insufficient Structural Resistance to Ignition: Defensible space and home hardening
significantly reduce (but do not eliminate) the probability of structure ignition due to
radiant heating, flame contact, and ember exposure from wildland fuels. City-scale loss
events are typically associated with the “domino effect,” where structure-to-structure fire
spread causes one house to ignite the next'. Defensible space and home hardening,
especially on the edge of the community, where the threat of ignition is primarily in the
form of direct flame and embers from vegetation fire (as opposed to radiant heat from an
adjacent structure) can substantially reduce the likelihood of wildfire transitioning to
structures and becoming established within the built environment. During the Camp Fire,
structures that adhered to home hardening requirements specified in the California
Building Code Chapter 7A were nearly three times more likely to survive than structures
that were built prior to the rigorous 2008 code'. Similarly, a post-fire analysis of the
Lahaina conflagration found that both the materials of construction and the presence of
connective combustible materials were significant contributors to structure ignition,
particularly on the edge of the community'®"7.

4. Fire Protection Effectiveness Reduced or Nonexistent'®: Firefighters play a critical
role in defending structures and performing offensive fire suppression activities, such as
firing operations, around communities. With adequate quantities of firefighters,
suppression actions can prevent the transition into the built environment required to
initiate structure-to-structure fire spread. However, to be effective, firefighters must be in
position in sufficient numbers to engage the fire before the fire becomes established in
the community. Fire protection effectiveness is a race between firefighters and fire to the
critical entry points. Recent city-scale loss fires were all associated with a quantity of
firefighters that was insufficient for the scale of the fire they were assigned to fight at the
critical time and place. Put simply - the pace and scale of fire spread exceeded the pace
and scale of the firefighting response. As a result, the overall firefighting response
experienced reduced effectiveness due to insufficient resources at key locations in time
and space. In recent conflagration fires, post-fire surveys and firefighter interviews
commonly reference firefighters being “overwhelmed” and unable to effectively engage

* Insurance Institute for Business & Home Safety. Wind-Driven Building-to-Building Fire Spread.
Retrieved February 17, 2025, from https://ibhs.org/wildfire/wind-driven-building-to-building-fire-spread/

% Kasler, D., & Reese, P. (2019, April 11). In Camp Fire, Newer Houses Were Much Less Damaged.
KQED. https://www.kged.org/science/1940012/newer-houses-much-less-damaged-in-camp-fire

'® Insurance Institute for Business & Home Safety. (2024, September). The 2023 Lahaina Conflagration.
Retrieved from https://ibhs.org/lahaina/

" The Associated Press. (2024, September). Lahaina Wildfire Report Advises Communities On Avoiding
Similar Disasters. Honolulu Civil Beat.
https://www.civilbeat.org/2024/09/lahaina-wildfire-report-advises-communities-on-avoiding-similar-disaster
s/

'8 Cohen, Jack. "The wildland-urban interface fire problem." Fremontia. 38 (2)-38 (3): 16-22. (2010):
16-22.



the fire due to resource constraints and fire behavior'®2%2'22 This is further compounded
when extreme wind speeds reduce the effectiveness of aerial firefighting resources,
removing a critical adjunct to ground suppression resources.

5. Continuous Structural Fuels: For urban structure-to-structure fire spread to occur,
structures must be arranged such that the domino effect of cascading structural ignitions
can be initiated and maintained. Based on post-fire surveys and experimental studies of
burning buildings, structures located within 25 feet of one another are highly likely to
exceed the thermal flux needed for ignition®24, given the ignition of a neighboring
structure. Structures located further apart than this threshold, and particularly those
located more than 50 feet from one another, are much less likely to ignite from the
combustion of neighboring structures. In new construction, the strategic placement of
non-burnable features such as parks, parking lots, and other non-burnable features can
create community compartmentation by breaking the domino chain to limit downstream
fire growth. In recent city-scale loss fires, the arrangement of structures allowed
structure-to-structure fire spread to continue for miles into the community with few
natural or passive man-made barriers to growth. A FEMA study of the patterns of
structure losses in the Marshall Fire found that “building configuration, siting, and
spacing” were key issues leading to structure-to-structure ignition and buildings “placed
closely together in densely-developed areas can ignite one another by direct flame
contact or radiant heat.” In Lahaina, the presence of “dense construction with little fire
resistance” was a significant contributor to the large-scale losses?.

Removing any one of these five factors can dramatically reduce the fire’s potential to cause
city-scale loss. For example:

¥ Matthews, P. (2018, March 9). California's Most Destructive Wildfire Discussed. Firehouse.
https://www.firehouse.com/operations-training/wildland/news/20995696/firehouse-world-fire-chiefs-discus
s-tubbs-fire-response

20 Boulder County Office of Disaster Management. (2022, June). Marshall Fire After Action Report.
Retrieved from
https://assets.bouldercounty.gov/wp-content/uploads/2022/06/marshall-fire-after-action-report.pdf

21 Otarola, M. (2022, January 10). The climate has changed fires in Colorado. The Marshall fire could shift
how firefighting and land management are done, too. Colorado Public Radio News.
https://lwww.cpr.org/2022/01/10/boulder-county-marshall-fire-climate-change-firefighting-land-managemen
t/

22 Toohey, G. (2025, January 8). L.A. officials admit firefighters were overwhelmed by deadly firestorms.
Los Angeles Times.
https://www.latimes.com/california/story/2025-01-08/I-a-officials-admit-firefighters-were-overwhelmed-by-d
eadly-firestorms

% Knapp, E. E., Valachovic, Y. S., Quarles, S. L., & Johnson, N. G. (2021). Housing arrangement and
vegetation factors associated with single-family home survival in the 2018 Camp Fire, California. Fire
Ecology, 17, Article 25. https://doi.org/10.1186/s42408-021-00117-0

24 Maranghides, A., Link, E. D., Hawks, S., McDougald, J., Quarles, S. L., Gorham, D. J., & Nazare, S.
(2022). WUI structure/parcel/community fire hazard mitigation methodology (NIST Technical Note 2205).
National Institute of Standards and Technology. https://doi.org/10.6028/NIST.TN.2205

% Insurance Institute for Business & Home Safety. (2023, August). Early Insights on the Lahaina Fire.
Retrieved from https://ibhs.org/wp-content/uploads/IBHSEarlyInsights-LahainaFire.pdf



- Limited-duration wind events are generally not capable of producing city-scale loss,
because the conditions for propagation within the built environment are only present for
a short period of time which is insufficient to cause and maintain community ignition.

- The presence of defensible space and home hardening at the points of vegetation fire to
structure transition fire impedes the fire’s growth in key locations and dramatically lowers
the probability of fire rapidly establishing itself in the community and exhibiting
structure-to-structure fire spread.

- Firefighters in sufficient numbers can engage in offensive and defensive activities around
the community and at points of entry to limit the potential for conflagration initiation and
can interrupt chains of structure-to-structure fire spread.

- Communities with separation distances of more than 25 feet between most structures
are generally incapable of sustaining fast-moving urban fire spread because structures
cannot contribute sufficient radiant heat to their neighbors to achieve ignition.

Common Denominator

The common denominator of these critical ingredients is time. The combined effects of
fast-moving fire through vegetation fuels, the relative timing and quantity of firefighter arrival,
and the rapidity and scale of initial structure ignition and subsequent structure-to-structure fire
spread combine to result in city-scale wildfire losses. In this section, we develop a conceptual
framework that uses relative time to identify key phases in potentially catastrophic fires. We
argue that the timing of those events relative to one another is the primary determinant of
whether catastrophic damage occurs. This framework provides a useful basis for evaluating risk
to communities and developing policies and programs to mitigate the risk of city-scale loss
events based on a community’s unique characteristics.

The key time events in the evolution of a WUl-initiated urban fire are (a) the time elapsed
between a fire’s ignition/detection and the time it arrives in the community, (b) the time to
evacuate a community’s population, (c) the time for firefighters to arrive in sufficient numbers to
engage the fire safely and effectively, and (d) the time required to initiate self-sustaining
community ignition. Large-scale losses are possible if fire arrival and community ignitions
outpace evacuation and suppression response. Conversely, if the pace of fire arrival and
initiation of community ignition is slower than the evacuation and firefighting response,
conflagration is unlikely to be initiated and damages are likely to be small.

Time of Evacuation: It is critically important to preserve life safety during a wildfire. Rapidly
spreading fire into unprepared or under-prepared communities can turn orderly evacuations into
chaotic scrambles. According to a recent survey, “the majority of recent civilian fatalities [in
wildfires] in the United States have occurred when people attempted to evacuate too late or
chose not to evacuate and were overtaken by fire or smoke.”® Further, if evacuations are

% Kramer, S., Lavezzo, T., Hafner, H., Eisinger, D., Soga, K., Zhao, B., Comfort, L., Grandy, R., Johnson,
K., Lautenberger, C., & Moghaddas, J. (2022, October 7). Literature Review of the State-of-the-Science in
Wildfire Evacuation. Prepared for the Marin Wildfire Prevention Authority. Retrieved from
https://assets-global.website-files.com/6107823cbe8db485b50aa8f8/6362c326bcc34a69b81cc941_MWP
A%20Literature%20Review%20-%20FINAL.pdf



underway, firefighting response efficacy will be reduced as firefighters will likely be pulled away
from fire suppression to perform life safety actions and evacuation support. Therefore, systems
to effectively alert residents and facilitate rapid egress are critical to ensuring safe evacuation
and minimizing civilian injuries and death in the event of a rapidly spreading fire. The time to
evacuate a community depends on the community’s size, the types, characteristics, and
carrying capacities of roads, available notification systems, and the fire’s location relative to key
routes of egress?’%8,

Time of Fire Response: Most wildfires, particularly those occurring on extreme fire weather
days when conflagration is possible, require more firefighters than local jurisdictions can supply.
These fires require response from neighboring jurisdictions and mutual aid partners, and often,
fire resources from more distant agencies ordered as part of the incident command process.
These resources, which contribute both quantity and capabilities to the overall fire response,
take time to reach the portions of the community exposed to fire. This time, defined here as the
requisite fire response time, is of critical importance. If a requisite response precedes the arrival
of the fire into the built environment and prevents initial home ignitions, cascading effects of
structure-to-structure fire spread are much less likely. While firefighters often struggle to contain
fires once they begin to burn in the built environment under extreme wind events, they can be
exceptionally effective when performing offensive and defensive actions prior to and during
initial community exposure.

The requisite fire response time depends heavily on the community's location in relation to
populated urban centers. For a California example, communities in the Bay Area are likely to
receive numerous firefighters and other fire response resources within hours. In contrast, more
rural communities, such as those in the Sierra Foothills, require additional time for fire response
resources to muster and travel from the densely populated metropolitan areas. Finally,
communities located in remote areas far from developed areas, such as those on the eastern
side of the Sierra Nevada range or in the mountains of the Klamath watershed, will have very
few resources available within the first operational period (typically 12 hours) and may not have
an effective firefighting force until days into the incident. To a lesser degree, fire response time
may depend on the capacity of the roads to support emergency vehicles, fire behavior, and
other factors; however, these factors tend to be relatively minor compared to the location of the
community and its relationship to mutual aid resources.

Time of Fire Arrival: The timing of the arrival of the fire in the community depends on the
location of the ignition, the vegetation type and availability (configuration and fuel moisture), and
the wind driving fire growth. Although the location of ignition cannot be reliably predicted, the
speed of fire travel and the rate of fire growth can be modeled using standard fire behavior
growth models. Further, while the wind and weather driving fire growth are forces of nature, the

27 Maranghides, A., & Link, E. D. (2023, August). WUI Fire Evacuation and Sheltering Considerations:
Assessment, Planning, and Execution (ESCAPE). National Institute of Standards and Technology
Technical Note 2262. https://doi.org/10.6028/NIST.TN.2262

2 Li, D., Cova, T. J., & Dennison, P. E. (2019). Setting wildfire evacuation triggers by coupling fire and
traffic simulation models: A spatiotemporal GIS approach. Fire Technology, 55, 617—642.
https://doi.org/10.1007/s10694-018-0771-6
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type of vegetation through which fire burns is an important factor determining the fire growth
rate that can be directly modified through vegetation management. In many cases, strategic
vegetation management and fuel treatments in high rate of spread fuels can slow fire growth by
a factor of 10 or more, leading to dramatic changes in fire arrival times.

Time of Community Ignition: Cascading ignitions leading to city-scale loss events necessarily
start with the ignition of structures via wildland fuels or embers. These initial ignitions can then
lead to structure-to-structure fire spread dynamics, which are driven by radiant heating between
structures, connective fuels such as wooden fences, and the deposition of structural embers on
downwind properties. These embers, produced by burning structures, can travel longer
distances and carry more thermal energy than embers produced by wildland vegetation®.
Communities with high rates of home hardening and defensible space are less likely to ignite
when exposed to wildland fire*® and may ignite more slowly than communities with lower rates
of on-parcel mitigation®'. Once fires have become established within the built environment, they
tend to spread very rapidly, even if a community has a high rate of mitigation compliance due to
radiative heat transfer between buildings that exceed the design parameters of defensible space
and home hardening approaches designed to protect against wildland fire exposures®*%,

Within this framework, the factors over which communities have the most agency are the time of
fire arrival and the time of community ignition. Because the requisite fire response time depends
largely on the community's location, it cannot be altered by most jurisdictions, even with the
acquisition of new firefighting equipment. In most cases, the benefits of new apparatus are likely
to be small compared to the number of apparatus and specialty equipment (e.g., helicopters,
dozers, handcrews, etc) needed during a major fire. The time of evacuation depends on
community size and layout; while this timing can be modified through evacuation route
improvements and the construction of new roads, it is largely static without large-scale
community investment that transcends wildfire preparedness.

In contrast, the time of fire arrival can be directly modified by land managers through strategic
application of vegetation management, including grazing, prescribed burning, manual and

2 Manzello, S. L., Suzuki, S., Hayashi, Y., & Kuniyoshi, T. (2020). Investigating the role of
structure-generated embers in urban fire spread during wildland-urban interface (WUI) fires. National
Institute of Standards and Technology. https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=931279

%0 Federal Emergency Management Agency. (2023, June). Mitigation Assessment Team Report: The
Marshall Fire, Boulder County, Colorado. Retrieved from
https://www.fema.gov/sites/default/files/documents/fema_p2320-marshall-fire-mat-report-appendices.pdf
31 While this has been observed anecdotally in the field, rigorous observational or experimental research
on this is lacking. We encourage researchers to investigate this topic in more detail.

%2 Maranghides, A., Johnsson, E. (2022). Residential Structure Separation Fire

Experiments. National Institute of Standards and Technology Technical Note 1600.
https://nvilpubs.nist.gov/nistpubs/Legacy/TN/nbstechnicalnote1600.pdf

% Maranghides, A. and Link, E. (2023), WUI Fire Evacuation and Sheltering Considerations: Assessment,
Planning, and Execution (ESCAPE), Technical Note (NIST TN), National Institute of Standards and
Technology, Gaithersburg, MD, [online], https://doi.org/10.6028/NIST.TN.2262,
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=956333 (Accessed February 24, 2025)



mechanical thinning, and mowing operations®*. Moreover, resident action and local ordinances
work together to increase community ignition time by altering parcel-level characteristics to
improve defensible space, integrating structural hardening, and employing fire-safe landscaping
techniques that slow fire growth across private parcels and decrease the ignition likelihood of
each structure exposed to wildland fire and embers.

Mitigation Activities and the Incident Lifecycle

All communities, even those that are well-resourced, are constrained in their ability to complete
risk-reduction activities at scale. Mitigation of all fuels and all structures quickly runs into the
millions of dollars, even for small communities. Such large-scale mitigation efforts quickly
become financially unfeasible. However, barriers to risk mitigation extend beyond the financial:
many communities also lack the physical resources required to perform the mitigation work
(such as handcrews, curtain burners, and chippers) and community buy-in on mitigation projects
and strategies. It is important to develop a prioritized plan that does not rely on unrealistic
expectations for initial implementation and maintenance of mitigations. Numerous fuel and fire
breaks were built throughout the Western United States without a plan for ongoing maintenance,
often using one-time grant money. As vegetation regrows, the effectiveness of treatments
rapidly decays over time.

Because a community’s capacity to mitigate is limited, mitigation projects must be focused on
the activities with the greatest potential to alter the relative timing of the critical events in the
incident lifecycle. Effective application of vegetation management, home hardening and
defensible space, and evacuation route clearance and alerting can fundamentally alter the
relationships between fire arrival time, community ignition time, and community evacuation time
and reduce the likelihood of city-scale losses. Just as different fuels and topographic positions
produce different fire behaviors, mitigation activities of different types in different locations
provide varying levels of benefit in changing the course of the incident.

Based on our combined wildfire policy, modeling, and operations experience, we argue that two
strategies for risk mitigation are particularly important in changing the relative timing of
conflagration loss events with a high return on investment:

- Vulnerabilities at Entry Points: If a fire arrives at the built environment before the
requisite fire response, a transition from vegetation growth to structure-to-structure fire
spread may occur if on-parcel vulnerabilities are present at the points of initial fire
exposure. These vulnerabilities include non-Class A-rated roof coverings, lack of
ember-resistant vents, lack of a non-combustible zone within five feet of the structure,
attached combustible fences or other attachments, and the lack of well-maintained
defensible space.

3 Jain, T. B., McKinney, S. T, Pile, L. S., & O'Brien, M. J. (2023, March/April). Can Fuel Treatments
Change How a Wildfire Burns Across a Landscape? Science You Can Use Bulletin, Issue 59. U.S.
Department of Agriculture, Forest Service, Rocky Mountain Research Station.
https://www.fs.usda.gov/rm/pubs_journals/rmrs/sycu/2023/sycu_59 2023 _03_fuel_treatments.pdf
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In the absence of these vulnerabilities, homes at the edge of the community initially
exposed to a wildfire are much less likely to ignite. Further, structures located in the
community's interior are likely to be exposed only to wildland ground fire and embers
rather than the intense and sustained radiant and convective heat fluxes of adjacent
burning structures. These changes reduce the likelihood of immediate community
ignition and provide more time for evacuation and the assembly of the firefighting
response.

- Strategically-Located Vegetation Management: Large-scale vegetation treatment is
not always necessary to effectively increase the time of fire arrival in WUl communities.
Focusing on vegetation management treatments that reduce the fire’s rate of spread in
strategic locations through patterns of disconnected fuel treatment patches®, rather than
widespread reduction in fire intensity around a community, is critical to protecting lives
and property. Modeling in many different contexts has shown that treating just several
hundred strategically located acres can be as or more effective at slowing fire growth
than the treatment of thousands of acres and can dramatically change the timing of fire
arrival relative to evacuation and fire response. Additionally, if these treatments are
located along roads and other anchor points, they can be effectively used by firefighters
in suppression operations, providing both active benefits to suppression and passive
benefits by slowing the fire.

Minimum Threshold and Diminishing Marginal Returns

When landscape treatments are combined with defensible space and home hardening activities
that reduce vulnerability at fire entry points, the benefits to community risk reduction can be
substantial. Perhaps most important, however, is the flexibility provided by a strategic layered
application of different mitigation strategies that allows practitioners to estimate the minimum
thresholds required to achieve community resilience and prevent large-scale loss.

Wildfire risk reduction activities, including both home hardening and defensible space and
strategic vegetation management in open spaces, have a threshold below which implementation
contributes little to overall risk reduction. For example, if a resident has ten cypress trees within
five feet of the home, removing one of them is unlikely to contribute to a 10% reduction in risk
on that parcel. The remaining nine vulnerabilities still threaten the structure, each capable of
structural ignition resulting in a total loss. However, if the same home has ten cypress trees
forming a line leading to the structure from the property’s edge, removing the eight closest to the
home is likely to result in a substantial reduction in risk because fire has far fewer vulnerabilities
to exploit from a greater distance. This risk reduction activity can be of even greater benefit if
accompanied by a complimentary hardening of the home, such as the installation of
ember-resistant vent screens.

% Finney, Mark. (2001). Design of Regular Landscape Fuel Treatment Patterns for Modifying Fire Growth
and Behavior. Forest Science. 47. 10.1093/forestscience/47.2.219.
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Similarly, when too few acres of open space are treated, fire can burn around or spot over
treated areas, resulting in little benefit to the community. Moreover, treated locations that are not
capable of carrying fast moving fire into the community will have little impact on the relative
timing of fire arrival. Evaluating the potential minimum thresholds for mitigation can ensure
communities invest in sufficiently impactful programs that contribute to community resilience.

After implementing the minimum threshold, additional mitigation investments contribute to
increased community resilience and risk reduction up to the point of diminishing marginal
returns. Each additional hardened parcel or acre of vegetation management will further reduce
risk and decrease the likelihood of large-scale community loss. However, as more and more
mitigations are applied, the marginal effectiveness of each is reduced. For example, when the
majority of acres capable of supporting rapid fire spread upwind of the community are treated,
additional vegetation management is unlikely to result in substantial changes in fire arrival time
at the community. At this point, resources should be shifted to other mitigation approaches or
new geographies.

c Additional mitigations
o have little marginal benefit
|
|
|
£
|
|
|
|
|
|

| Breakover

Mitigations contribute effectively
__to risk reduction

Community Risk Reduction

. Too few mitigations applied
0% 50% 100%
Percent of Total Available Mitigations Implemented

Figure 3: Conceptual illustration of the effectiveness of mitigation strategies. Once the quantity
of mitigations has exceeded the breakover point, additional implementation contributes to
community risk reduction until the point of diminishing marginal returns has been reached.

Working Towards Meaningful Risk Mitigation

The tools to build meaningful mitigation strategies that alter the relative timing between key
events in the incident lifecycle exist today; however, they must be thoughtfully combined to
provide a useful assessment of where, how, and how much mitigation to pursue given a
community’s unique topographic, climatic, and population characteristics. In this section, we
present an operational conceptual framework that can help practitioners create mitigation
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programs that maximize return on investment while adapting to the community’s specific needs.
Like any modeling approach, this framework leverages computational tools that may not capture
the behavior of any specific historical event but can provide objective and quantitative data for
evaluating cost-benefit tradeoffs.

Collaborate
and Augment
Capacity
Minimum Community Implement
Risk N Needs N N Project _| Capacity to N Risk
> > Investment > et > Ay > R
Assessment Assessment Prioritization Mitigate Reduction
Needed .
Projects

Annual re-evaluation

Figure 4: Proposed framework for evaluating and prioritizing impactful community mitigation.

Risk Assessment

The first step in evaluating a community’s mitigation strategy is to create a risk assessment that
focuses on the time of fire arrival and the time of community ignition. While many communities
today have wildfire risk assessments that evaluate the potential fire behavior in and around the
community, most focus on the assessment of flame lengths, fireline intensity, and other extreme
fire behavior associated with high heat release rates. Rather than, or in addition to, focusing on
intensity, we argue that the risk assessment should address the following questions:

- Which portions of the community are most vulnerable to rapidly spreading wildfire?
These areas are often, but not always, located on the edges of the community and are
typically adjacent to wildland vegetation that could carry fire rapidly when aligned with
the wind. Directionality is important in this assessment: depending on fire weather
characteristics unique to that community, an expanse of natural vegetation may be a
corridor for rapid fire spread under one weather pattern (such as a Santa Ana or Chinook
wind event) but of little concern under other weather conditions, particularly if those
conditions are accompanied by high relative humidity. This assessment should also
assess the continuity of the fuels in the area. Simply being near wildland fuels is
insufficient to result in large-scale urban fire loss. When non-burnable elements of the
built environment, such as golf courses, water features, and wide roads or highways
interrupt the fuel continuity between the vegetation and the built environment, rapid
wildfire transition into structural fuels is less likely.

- Which portions of the community are most vulnerable to rapid community ignition?
These areas of the community typically have low structure separation distances (<25)
and low rates of defensible space and home hardening compliance. If fire reaches these
areas, cascading ignitions are possible.
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The risk of large-scale structure losses is greatest where these two patterns intersect: areas
where unmitigated structures are in close proximity to one another and are adjacent to wildland
fuels capable of carrying fire quickly under high-severity fire weather conditions.

The tools to model these characteristics have existed for decades. Standard fire modeling
packages, such as Flammap, FarSite*®, and ELMFIRE®*, enable practitioners to evaluate fuel
continuity and spread rate. The network of surface weather stations®**°, widely available remote
sensing data, and large-scale reanalysis projects allow a precise assessment of the speed,
direction, and moisture content of high-severity fire weather in a given area. Finally, geographic
information system (GIS) analysis facilitates detailed assessment of structure separation
distances and incorporation of data from defensible space inspections and home evaluations.

Pathways
B Fotential Condlagration Uni
Fire Pathways
Euildings

Figure 5: An example of a risk assessment that incorporates both the relative speed and
continuity of wildland fire spread (red lines) and the continuity of structural fuels (purple
polygons) to delineate areas where wildland fire could transition into the built environment
and initiate urban conflagration.

% Finney, M. A. FARSITE: Fire Area Simulator. USDA Forest Service Fire Lab. Retrieved from
https://research.fs.usda.gov/firelab/products/dataandtools/software/farsite

37 https://elmfire.io/

% https://mesowest.utah.edu/

%9 https://raws.dri.edu/

14


https://research.fs.usda.gov/firelab/products/dataandtools/software/farsite
https://research.fs.usda.gov/firelab/products/dataandtools/software/farsite

Needs Assessment

Second, and often overlooked, communities should perform a requirements assessment to
evaluate how long it will take residents to evacuate and for fire response resources to arrive:

- Evacuation time: How long does it take to evacuate the community under worst-case
conditions? How do schools, places of worship, businesses, and other aspects of the
community change with time of day or season? For example, how different is the

evacuation around an elementary school in the mid-afternoon compared to the middle of

the night? Where are the critical roadways and intersections that facilitate rapid
evacuation? What would happen if those roadways were blocked due to an accident
and, perhaps most importantly, which road segments will take the longest to clear?
Evacuation simulations can be performed with tools built into common GIS packages,
such as ESRI's Network Analyst or the PGRouting Postgres package*’. Purpose-built
evacuation tools, such as Ladris*', are also increasingly available.

- Fireingress: How long will it take for fire engines to arrive in sufficient quantities to

prevent large-scale community ignition? While GIS analyses that evaluate fire response

time from one or several stations in a jurisdiction are common and a useful tool, they

typically do not capture the response capabilities of the mutual aid resources that will be

required to successfully respond to a fast-moving wildfire as it enters the built
environment. The WUI Response Rating, an initiative of the Western Fire Chiefs
Association, is designed to help characterize the timing, quantity, capabilities, and
command structure of mutual aid resources in WUI communities. Projects like this can
help communities understand the time it will take to assemble a sufficient firefighting
response for the types of fires evaluated in the risk assessment.

Faw Battalion et & sitai ury Drtve Time Arabysis 10 Morsgs-Ovinda FPD Bataiion Contresd
Canire Covia Cow oy Cantrs Coats Connty

g g g
o g ™ -
vk i, AN
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Type 1Engnes  Types 3,5 6 Engines Waler Tenders  Dogers  ans Cooms

Figure 6: An example of a time-weighted mutual aid assessment in the California Bay Area to
help communities assess the regional firefighting response.

40 hitps://pgrouting.org/
“! https://www.ladris.com/
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Investment Needed

The investment required to achieve community resilience is the difference between the
requirements assessment (the time needed for safe evacuation and a requisite fire response)
and the risk assessment (the time of fire arrival and potential initiation of urban fire spread).
Working within this structured framework allows communities to evaluate the amount of risk
mitigation required to reduce the likelihood of city-scale loss. The framework provides an
actionable target based on the type and location of mitigations to alter the relative timing of key
points in the incident lifecycle.

Prioritized Planning

Simulation modeling and optimization tools can help communities understand the quantity,
types, and locations of risk reduction activities that will create the greatest return on investment
(ROI) in risk reduction activities. Communities should design prioritized projects that achieve the
desired risk reduction with the minimum amount of cost. Development of prioritized projects
draws heavily on the risk assessment and highlights:

- How many acres of vegetation management are needed to sufficiently delay fire arrival
time in order to facilitate a safe evacuation and requisite fire response? Where are they
located? High ROI acres are often located in high rate of spread fuels, complement
natural barriers to fire spread, such as roads, rivers, orchards, and golf courses, and
create a network where fire must burn perpendicular to the wind to advance. Fire growth
and behavior comparisons with hypothetical project plans can quantify the fire arrival
time changes attributed to vegetation management projects.

- Which areas of the community are most vulnerable to fire exposure and would provide
the most benefit when brought into defensible space and home hardening compliance?
Modeling tools to evaluate the effectiveness of home hardening and defensible space on
urban fire spread are rapidly advancing*?#*4. High ROI parcels tend to include those at
the edge of the tightly-spaced communities that will be exposed to rapidly spreading
wildland fire and are capable of igniting other structures.

Modeling tools can also highlight the threshold when additional investment begins to result in
diminishing marginal returns. Practitioners should ensure that their proposed actions build upon
completed or planned projects and, when viewed as a system, produce maximum community
resilience benefits. Once diminishing marginal returns have been reached in any particular area,
shifting resources to complementing projects provides the greatest ROI.

42 Purnomo, Dwi MJ, et al. "Reconstructing modes of destruction in wildland—urban interface fires using a
semi-physical level-set model." Proceedings of the Combustion Institute 40.1-4 (2024): 105755.

4 Mahmoud, Hussam, and Akshat Chulahwat. "Unraveling the complexity of wildland urban interface
fires." Scientific Reports 8.1 (2018): 9315.

4 Masoudvaziri, Nima, et al. "Streamlined wildland-urban interface fire tracing (SWUIFT): modeling
wildfire spread in communities." Environmental Modelling & Software 143 (2021): 105097.
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Figure 7: An example of a vegetation management plan designed to increase fire arrival time to

Community Capacity to Mitigate

the built environment.

Armed with an understanding of the high ROI projects needed to achieve community resilience,
communities should assess their capability to execute the prioritized risk mitigation projects.

This assessment should incorporate:

- What resources are available for vegetation management, home hardening, defensible

space, and other risk reduction programs?

- What equipment, tools, and expertise are available to undertake mitigation activities? Is
the capacity primarily in-house with government crews and equipment or contracted to

third parties?

- What logistical, regulatory, or social limitations are present in the community that limit the

ability to implement risk-reduction activities?

- What is the community willingness and capacity to undertake home hardening and

defensible space mitigations around homes?

If the community’s capacity to mitigate is substantially lower than the investment needed, the
community should evaluate whether external resources may augment local capacity. Federal
and state grants programs, such as the federal Community Wildfire Defense Grants*®, can

4 U.S. Forest Service. Community Wildfire Defense Grant Program. U.S. Department of Agriculture.

Retrieved March 5, 2025, from https:
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provide valuable financial resources that can expand the community’s local resources to
achieve meaningful mitigations. Cross-boundary collaboration can also extend the capabilities
of a community or agency. Public-private partnerships, collaborations with federal and state land
managers, and joint projects with adjoining jurisdictions can unlock tools, capabilities, and
knowledge sharing that result in substantial increases in risk reduction capacity.

Implementation and Annual Re-evaluation

Working within the framework outlined here helps communities develop plans that meaningfully
reduce the risk of city-scale wildfire loss and match the community’s capacity for mitigatation.
However, implementation and maintenance are critical: well-planned projects often languish at
the planning stage. As projects are implemented, ongoing reevaluation of risks, needs, and
capacity is important. As the landscape changes - due to unplanned disturbances, such as
wildfires or disease, planned fuel treatments, population growth, and other factors - the
community’s planning should also change. Annual re-evaluations of the planning process
ensure that communities are continually investing in high ROI risk mitigation programs that
adequately meet the community's needs and prevent widespread loss in the built environment.

Conclusion

There are factors that make communities susceptible to wildfire loss we can’t change. Climate
change is projected to increase the receptivity of fuels, compress wet seasons, and increase the
frequency of strong, dry wind events in fire-prone locations*. In existing communities, we can’t
change the structure separation distances, arrangement of evacuation routes, and continuity of
structural fuel sources. Moreover, in most communities, we can’t change fire response
capabilities, even with substantial investment.

However, pursuing wildfire adaptation through the strategic application of vegetation
management and on-parcel hardening can dramatically change the relationships between the
relative timing of fire arrival, community ignition, requisite fire response, and orderly evacuation.
If fire outpaces the evacuation of residents and the arrival of the necessary type and number of
firefighters, community ignition is possible, and structure-to-structure fire spread may be
initiated, ultimately resulting in city-scale loss. In contrast, if fire growth and initial structure
ignitions are slowed enough to delay community ignitions until after residents have evacuated
and firefighters have arrived, city-scale loss is far less likely.

We encourage local leaders, land managers, and fire departments in WUl communities to
evaluate exposure to fast-moving fire and invest in achievable strategic solutions that delay fire
arrival and reduce the likelihood of community ignition.

6 Kaplan, S. (2025, January 15). Climate change made conditions that fed California wildfires more likely
and intense, preliminary study finds. PBS NewsHour.
https://www.pbs.org/newshour/science/climate-change-made-conditions-that-fed-california-wildfires-more-
likely-and-intense-preliminary-study-finds
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