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Background
A quantitative measure of wildfire risk across a land-

scape—expected net change in value of highly valued 
resources and assets (HVRAs) exposed to wildfire—was 
established nearly a decade ago (Finney 2005). Continued 
development of that framework has produced a few general 
wildfire risk assessment concepts, primarily the conceptual-
ization of wildfire risk as the wildfire risk triangle (Figure 1). 
Wildfire risk at a given location on the landscape is a func-
tion of the likelihood of wildfire burning the location, the 
fire intensity when it does burn, and the susceptibility of all 
exposed HVRAs that exist there.

Stochastic simulation of wildfire occurrence, growth, 
and behavior is the foundation of quantitative wildfire risk 
assessment. A stochastic simulation incorporates random 
variation in one or more simulation inputs. For stochas-
tic wildfire simulations, the variable inputs fall into two 
categories: fire occurrence and weather. These inputs are 
accommodated in different ways in fire simulation software 
(Table 1). FlamMap5 (Finney 2006) has a stochastic fire 
simulation feature that allows simulation of many fires for 
one weather scenario, often the so-called “problem-fire” sce-
nario. The problem-fire scenario is a weather scenario (wind 
speed and direction, fuel moistures, and fire spread duration) 
that leads to damaging short-duration wildfires (Bahro and 
others 2007; Moghaddas and others 2010). FSim (Finney and 
others 2011b) also simulates many fires (focusing on fires 

that escape initial attack and become large), but also simu-
lates many weather scenarios. FSim is a valuable simulation 
system because its results represent a designated period of 
time—one complete fire season—and because it attempts to 
simulate the full range of escaped-fire sizes that can occur on 
the landscape rather than focus on a problem-fire scenario. 
FSPro (Andrews and others 2007; Finney and others 2011a; 
U.S. Forest Service 2009) is a stochastic simulation system 
used for incident management planning and decision-making 
(Calkin and others 2011). FSPro is used only after a wildfire 
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Figure 1—Wildfire risk triangle illustrates the major building blocks of 
quantitative wildfire risk assessment—the likelihood and intensity of 
wildfire and the susceptibility of resources and assets exposed to it 
(from Scott and others 2013).
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has already ignited, so it does not simulate fire occurrence, 
only growth for thousands of iterations starting with the same 
ignition point or perimeter under multiple weather scenarios. 
The user defines at run-time the duration of the simulation, 
usually 7 to 21 days. In contrast to these three stochastic 
simulation systems, the well-known FARSITE fire growth 
simulator (Finney 1998) is a deterministic simulation system 
that simulates one fire for one weather scenario, with no ac-
counting for stochastic variability in its inputs.

Stochastic wildfire simulation systems produce raster 
outputs (a grid of cells or pixels) representing fire likeli-
hood (burn probability) and conditional intensity given that 
a fire occurs (mean fireline intensity and, with additional 
calculations, conditional flame length), as well as polygons 
representing simulated final fire perimeters. Likewise, quan-
titative wildfire risk assessments can produce both pixel- and 
polygon-based results. An effects analysis (Scott and others 
2013; Thompson and others 2011a, 2011b) is generally ac-
complished at the pixel-level. Polygon-based results are 
generally used in an exposure analysis (Scott and others 
2012; Thompson and others 2013a).

Pixel-Based Risk

A pixel-based effects analysis quantifies wildfire risk 
where the effects occur on the landscape. Although effects 
can be measured and simulated in any unit of measure, it is 
typically measured as the net change in value of an HVRA 
due to burning (also called net value change, or NVC). NVC 
can be calculated for an individual HVRA, and also summed 
across multiple HVRAs of interest. Finney (2005) estab-
lished the basic actuarial calculation of NVC; we modify that 
calculation here to produce two risk measures instead of one. 
Conditional net value change (cNVC) is the mean NVC that 
would be experienced given that a fire burns the location, in-
corporating only the intensity and susceptibility sides of the 
wildfire risk triangle (Figure 1). Expected net value change 
(eNVC) is the expected value of NVC, which incorporates 
all sides of the wildfire risk triangle, including the overall 
likelihood of burning. cNVC is calculated at a given location 
on the landscape (pixel) as

cNVC NVC FLPij i
ij

)= //

where NVCij refers to the net change in value for HVRA j 
if burned at fire intensity class i, and FLPi refers to the con-
ditional probability of fire burning in fire intensity (flame 
length) class i. Because FLPi are conditional probabilities, 
the sum of FLPi across all intensity classes is 1. Expected 
NVC can then be calculated from cNVC as

eNVC cNVC BP)=

where BP is the probability of burning at the location. The 
units of measure of BP depend on the system used—FSim 
produces annual BP values; FSPro produces BP for the 
next 7 to 21 days, as specified by the user at run-time; and 
FlamMap5 produces a conditional probability of burning 
given that a problem fire occurs. eNVC is an excellent mea-
sure of overall wildfire risk, but first calculating cNVC also 
permits extended analyses that integrate the pixel and poly-
gon results.

Polygon-Based Exposure

All three stochastic simulation systems mentioned above 
can produce polygons representing the final perimeter of 
each simulated wildfire. These perimeters allow the charac-
terization of the exposure of an HVRA to wildfire in a way 
not possible with the pixel-level results. For example, the an-
nual likelihood that wildfire burns any part of a municipal 
watershed can be calculated by counting the iterations dur-
ing which wildfire reaches the watershed and dividing by 
the number of iterations (Scott and others 2012; Thompson 
and others 2013a). Further, the distribution of conditional 
watershed area burned—how much of the watershed burns 
in one year, given that at least some part of it does—offers 
information about the potential cumulative effects on the 
watershed that is not possible with the pixel-level analysis 
alone (Figure 2).

Emerging Concepts
In the following sections we introduce a few emerging 

concepts in wildfire risk assessment and management. In 
some cases the concept simply brings a new name to an ex-
isting concept.

Event Set

Computer simulation of the economic losses to HVRAs 
(NVC) that can potentially be caused by hazardous natural 
phenomena is known as natural catastrophe modeling, or 
“nat cat” modeling (Clark 2002). An event is an instance of 
the natural phenomenon—a hurricane, an earthquake, or a 
wildfire, for example. In the context of wildfire, an event 
can be an individual wildfire or, when using FSim, a whole 
wildfire season. An event set is a simulated set of events, 
each with known probability of occurring, along with as-
sociated characteristics of each event. A wildfire event set 
is a set of fire perimeters and associated characteristics for 

Table 1—Matrix showing the primary fire modeling systems used 
for simulating one or many fires and one or many weather 
scenarios. FARSITE is a deterministic simulation system used for 
one fire and one weather scenario; the others are stochastic, 
incorporating variability in weather and/or fire occurrence.

 One weather scenario Many weather scenarios
One fire FARSITEa FSProb

Many fires FlamMap5c FSimd

a FARSITE is desktop software available at www.firelab.org; its functionality 
is replicated in the Wildland Fire Decision Support System (WFDSS) as 
“Near-term fire behavior” analysis.

b FSPro is currently available only within WFDSS.
c FlamMap5 is desktop software available at www.firelab.org. Some of its 

functionality is replicated in WFDSS; however, the stochastic simula-
tion feature of FlamMap5 described in this paper is not available within 
WFDSS.

d FSim is custom software developed at the Missoula Fire Sciences Labora-
tory.
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each simulated wildfire in the set. The associated charac-
teristics for each wildfire include the date and location of 
the ignition point, its duration, and its final size. Fire mod-
eling software already exists to generate stochastic wildfire 
event sets on landscapes ranging from less than 1 million to 
more than 40 million ha.

The polygon results from a stochastic wildfire simulation 
system represent an event set (Figure 3). The annual proba-
bility of each simulated wildfire is 1/N where N is the number 
of iterations used in the simulation. The spatial nature of a 
wildfire event means it can be incorporated into analyses 
that are inherently spatial, such as the exposure analysis de-
scribed above. The event set provides a basis for estimating 
the likelihood of a catastrophic event (an event producing 
effects above some threshold), and is useful for generating 
an exceedance probability curve (described below).

Fireshed Analysis

A watershed is the land area from which surface water 
drains to a specified point, line or area. Likewise, we de-
fine a fireshed biophysically as the land area within which 
a wildfire can start and eventually spread, during a desig-
nated period of time, to a specified point, line or area of 
concern (Thompson and others 2013a). Examples of points 
of concern include individual structures, communication 
and other administrative sites, historic cabins and small-
extent wildlife habitat features like active nesting sites. 

Figure 2—Polygon-based exposure to wildfire of two municipal 
watersheds on the Beaverhead-Deerlodge National Forest. Watershed 
A (top) is much larger (10,093 ha) than watershed B (1,330 ha) and 
therefore is likely to burn only a fraction of the entire watershed during 
a single fire event. Figure from Scott and others (2012).

Examples of linear features of concern include electric 
transmission lines, scenic highway corridors and wildlife 
travel corridors. Examples of areas of concern include hu-
man communities (towns), large-extents of wildlife habitat, 
high-value vegetation communities, and municipal water-
sheds. The “designated period of time” for determining 
the size and location of a biophysical fireshed depends in 
part on the stochastic simulation system used. FSim inher-
ently represents a whole fire season; FlamMap5 represents 
one or a few burning periods (specified at run-time). The 
fireshed concept helps focus attention on the portions of 
the landscape where an ignition is most likely to reach a 
susceptible HVRA. For operational wildfire incident plan-
ning, the fireshed concept can inform evacuation planning 
and the development of management action points.

The term fireshed has previously been used to describe a 
fire management planning area based on relatively uniform 
characteristics: fire regime, condition class, fire history, 
and potential wildfire hazard and risk (Ager and others 
2006; Bahro and Barber 2004; Collins and others 2010). 
That definition of a fireshed—relative uniformity of impor-
tant characteristics—is more analogous to a forest stand 
than a watershed.

A biophysical fireshed can be generated deterministi-
cally or stochastically. Stochastically, a wildfire event set 
forms the basis for identifying a biophysical fireshed. In 
a GIS, all simulated perimeters that reach the designated 
point, line or area of concern are selected. The X- and 
Y-coordinate values from the attribute table are then used 
to plot the start locations of these wildfires. Finally, the 
fireshed can be delineated by tracing a line around the out-
ermost ignition locations (for example, a concave or convex 
hull), with perhaps an additional buffer. For example, 
Thompson and others (2013) used this approach to delin-
eate the whole-season fireshed for the habitat of a butterfly 
species listed federally as threatened, Pawnee Montane 
Skipper (Hesperia leonardus montana), on the Pike and 
San Isabel National Forests, Colorado, USA (Figure 4).

This approach works with FSim and FlamMap5 perim-
eters, both of which place ignitions randomly across the 
landscape. The fireshed concept does not work with FSPro 
because it uses a fixed ignition location. Under uniform 
weather conditions, the minimum-travel time algorithm 
used to simulate fire growth (Finney 2002) can be modified 
to deterministically simulate a fireshed. For example, the 
WildfireAnalyst software (www.technosylva.com) includes 
a feature called Evacuation Mode that deterministically 
generates the fireshed for a specified point or line for a giv-
en duration of spread under uniform weather conditions.

Fireplain Analysis

A floodplain is the land area inundated by water dur-
ing a flood of a specified magnitude. We define a fireplain 
as the land area where wildfire can spread to from one or 
more points or lines of ignition during a designated period 
of time. As with the fireshed concept, the designated pe-
riod of time is determined by the system being used and 
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by run-time settings. The term fireplain is a neologism that 
puts a name to the form of analysis that started with FSPro, 
which indicates the fireplain for the period of time des-
ignated by the analyst at run-time, usually one to several 
weeks, from the current wildfire perimeter. In FSPro, the 
fireplain is visualized as a BP “footprint”, which becomes 
larger for longer durations (Figure 5). An incident fireplain 
as produced by FSPro is useful in its own right for strategic 
planning of the incident, and also forms the basis for an 
incident-level risk assessment (Calkin and others 2011).

In its default application, FSim simulates fire starts 
across the entire landscape. By manipulating the ignition 
density grid input, it can be also used to simulate fire oc-
currence and growth from any portion of the landscape 
(Thompson and others 2013b). When used in this way, 
FSim produces season-long fireplains for ignitions arising 
from a designated area of the landscape. For example, FSim 
was used in the southern Sierra Nevada range, California, 
USA, to simulate the occurrence and unsuppressed growth 
of lightning ignitions originating within the portions of the 
landscape where mechanical fuel treatment is not permit-
ted—Wilderness areas, inventoried roadless areas, wild 

and scenic river corridors, and so on. The resulting burn 
probability map indicates the fireplain for such wildfires 
(Figure 6).

A third form of fireplain analysis is used in a new type of 
risk assessment called a RAIL analysis (described below), 
which characterizes the wildfire risk associated with a spe-
cific ignition location, rather than where the effects occur 
on the landscape. This last form is currently implemented 
in custom stochastic fire modeling software that systemati-
cally simulates fire growth, under variable weather, for all 
ignition locations of concern (Ramirez, personal commu-
nication). With this type of fireplain analysis, fire growth 
from all potential ignition points is simulated with the same 
set of weather scenarios so that variation in results is due 
to the fire growth potential related to fuel and topography 
(Figure 7). The period of fire growth for this form of fire-
plain analysis can vary from very short (hours) to an entire 
fire season, depending on the application. In concept, this 
type of fireplain analysis is like doing an FSPro simulation 
for all ignition locations of concern, even though a wildfire 
has not yet ignited.

Scott and Thompson Emerging Concepts in Wildfire Risk Assessment and Management

Figure 3—Tabular representation of a wildfire event set produced by FSim. Pictured here is the attribute table associated with a set of polygons 
representing the final perimeters of 529,458 wildfires occurring during 20,000 iterations on a landscape encompassing 9.7 million ha. 
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Figure 4—Delineated fireshed for the Pawnee 
montane skipper habitat on the Pike and 
San Isabel National Forests, Colorado, USA, 
including ignition locations for all simulated 
wildfires that reached habitat polygons. 
The delineated fireshed is a five km buffer 
around the concave hull of ignition locations 
of simulated wildfires that reached any part 
of the habitat. From Thompson and others 
(2013).

Figure 5—Hypothetical fireplains as simulated with FSPro for 7 days (left), 14 days (center) and 21 days (right). These fireplain simulations are useful 
for managing individual wildfire incidents and allocating resources among simultaneous incidents.
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Figure 6—Example of a whole-season fireplain analysis for the 
southern Sierra Nevada mountains, California, USA. The top 
left panel shows ignition locations for unsuppressed lightning-
caused wildfires originating within Wilderness, roadless areas, 
and wild and scenic river corridors. The resulting fireplain is 
expressed as a burn probability (BP) grid (top right panel), 
where warm tones have a higher probability of burning 
from these ignitions. The bottom left panel overlays the 
ignition locations and BP grid, illustrating that although fire 
spreads from the areas where the ignitions occur, most of the 
likelihood exists where the fires originated.
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Exceedance Probability

Spatially resolved risk assessment results (cNVC) and 
fire effects models (for example, fire-caused sedimentation 
or debris-flow probability and volume) can be used to aug-
ment the information available for each record in the event 
set. For example, a model of fire-caused sediment produc-
tion, like WEPP (Elliot 2004), can be used to assign total 
estimated sediment production to each simulated wildfire. 
This augmented event set can then be used to produce an ex-
ceedance probability (EP) curve that relates the magnitude 
of a fire effect (sediment production, fire size, suppression 
cost, etc.) to the likelihood of exceeding that magnitude. As 
with other concepts presented in this paper, the time period 
for that likelihood varies from a few hours to a whole fire 
season depending on the simulation system used as well as 
user-defined settings.

The EP for event k in the set is calculated as

( )
EP

N

rank M

1
k

k
=

+
where EPk is the exceedance probability for event k and 
rank(Mk) is the rank (largest first) of the magnitude of event 
k (Mk) among all N events or simulations. For example, let’s 
say that a 7-day, FSPro simulation produced 1,008 simulat-
ed wildfires with a minimum final size of 2,015 ha and a 
maximum of 20,477 ha (we’re using fire size as a measure 
of magnitude in this example). The rank of the minimum-
size fire is 1,008, so the probability of exceeding that size is 
1,008/1,009, or 99.9 percent. The rank of the largest fire is 1, 
so its EP is 1/1,009, or 0.099 percent. An EP curve is a plot 
of Mk on the X-axis against EPk on the Y-axis for all events 
in the set (Figure 8). For the dataset described above, there is 
a 1 percent chance (EP = 0.01) of exceeding 17,848 ha after 

7 days of growth. Note that 1-EP is the percentile rank, so 
17,848 ha is equivalent to the 99th percentile size.

By integrating the pixel-level fire effects and polygon 
representation of fire perimeters to augment an event set 
attribute table, an EP chart that displays the likelihood 
of exceeding a range of effects thresholds can be plotted. 
For example, in an unpublished analysis associated with 
the Mokelumne Watershed Avoided Cost Analysis study 
(Buckley and others 2014), the total fire-caused sedi-
ment load associated with each simulated wildfire event, 
generated with FSim, was added to each wildfire that 

Figure 7—A short-duration fireplain for a 
single burning-period for an electric power 
distribution network where each segment 
of the network is treated as a potential 
ignition location with equal likelihood of 
igniting a wildfire.

Figure 8—Exceedance probability curve for fire size after 7 days of 
fire growth based on FSPro simulation of 1,008 7-day periods of 
unsuppressed fire growth. Fire size at the beginning of the simulation 
was 4,500 ha.
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reached the watershed of a small reservoir in the upper 
Mokelumne River basin in the Sierra Nevada mountain 
range, California, USA. The analysis was conducted on a 
representation of the current fuelscape and a hypothetical 
representation of a fuelscape after being managed with a 
variety of mechanical and prescribed-fire treatments. In 
this example of a polygon-based exposure analysis using 
FSim, there was only a 10.2 percent chance in any year that 
a wildfire would burn any part of the watershed; the hypo-
thetical fuel treatment reduced this to 9.6 percent (Figure 
9). For the current landscape condition there is a 1 percent 
chance (EP = 0.01) of causing 117 Gg sediment in any year; 
that was reduced to 67 Gg for the hypothetically treated 
landscape (Figure 9).

RAIL Analysis

Through a variety of techniques, it is possible to estimate 
the wildfire risk (measured as expected net value change) 
associated with a particular ignition location. This analy-
sis takes into account the ignition potential at the location, 
fire growth potential surrounding the ignition location and 
HVRA vulnerability in that area (Figure 10). An analysis of 
the risk associated with an ignition location (RAIL analysis) 
identifies locations where ignitions tend to have high con-
sequences due to spread potential and HVRA vulnerability. 
Such an analysis is useful for suggesting where prevention 
and pre-suppression activities may have the greatest benefit, 
and assisting in pre-wildfire strategic response planning. 
Two potential RAIL analysis techniques include: 1) a dedi-
cated ignition-focused simulation, and 2) geospatial analysis 
of an augmented wildfire event set.

A dedicated ignition-focused stochastic simulation is one 
for which weather varies stochastically but ignition locations 
are deterministic (limited to the ignition locations of con-
cern). Fire duration can vary from a few hours to a whole 
season, depending on the simulation system used. For ex-
ample, the wildfire risk associated with overhead electricity 
distribution equipment, which are possible wildfire ignition 
sources, can be assessed by stochastically simulating fire 
growth and effects from each potential source (Ramirez, 
personal communication). In the absence of information 
about the likelihood of ignition for each point, the result is a 
map of conditional net value change resulting from an igni-
tion at each point (Figure 11).

A wildfire event set that has been augmented to include 
spatially cumulative NVC for each event can be used in a 
landscape-wide RAIL analysis. This is typically a coarse-
resolution analysis due to the dispersed nature of the ignition 
points available for most simulations. For example, cNVC 
was estimated for each 90-m pixel across the southern Sierra 
Nevada mountains. The total cNVC for each wildfire was 
estimated by summing the cNVC values for all pixels within 
each simulated fire perimeter. That sum was then associ-
ated with each fire’s ignition location. The ignition locations 
(points) were converted to a 2 km raster using ESRI’s Point 
to Raster tool; each 2 km cell was assigned the mean cNVC 
of all ignition points falling within the cell. This raster was 
then smoothed with two low-pass filters to mitigate graini-
ness. The resulting grid (Figure 12) indicates the mean effect 
of wildfires—whether positive or negative—originating 
from different parts of the landscape. This information may 
prove useful in planning the response to wildfires before one 
occurs.

Figure 9—Exceedance probability curves (semi-log scale) for fire-caused 
sediment load into a small reservoir in the upper Mokelumne River 
basin in the Sierra Nevada mountain range, California, USA. Curves 
are shown for the current landscape condition (black line) and a 
hypothetically treated landscape (gray line). Two effects of the 
hypothetical fuel treatment can be visualized from this chart—the 
change in sediment production for a given likelihood is represented 
by the horizontal distance between the curves at any probability; the 
change in likelihood for a given sediment load is the vertical distance 
at any sediment load

Figure 10—RAIL analysis triangle. The wildfire risk associated with 
an ignition location is a function of the likelihood of ignition at 
the location and the fire growth potential and the vulnerability of 
resources and assets in the area surrounding the location.
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Figure 12—Landscape-wide RAIL analysis for the 
southern Sierra Nevada. The total cNVC for each 
wildfire was estimated by summing the cNVC values 
for all pixels within each simulated fire perimeter. 
That sum was then associated with each fire’s 
ignition location. The ignition locations (points) 
were converted to a 2 km raster using ESRI’s Point 
to Raster tool; each 2 km cell was assigned the mean 
cNVC of all ignition point falling within the cell. This 
raster was then smoothed with two low-pass filters 
to mitigate graininess. The resulting map indicates 
the regions of the landscape where fire ignitions tend 
to cause adverse effects (warm tones) and where 
they tend to result in net beneficial effects (greens).

Figure 11—RAIL analysis for an electricity distribution network. The relative conditional risk (given that a fire start occurs 
somewhere on the network) associated with each potential ignition location on the network.

Scott and Thompson Emerging Concepts in Wildfire Risk Assessment and Management
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Conclusion
The quantitative wildfire risk framework first promulgat-

ed by Finney (2005) has proven itself useful for addressing 
a variety of fire management problems at a variety of spatial 
scales (Miller and Ager 2012). The concepts presented here 
build on that basic framework by bringing into the field of 
wildfire risk assessment and management some terms and 
concepts used in other fields, either directly or with some 
adaptation to fit within the special characteristics of wildfire 
occurrence and behavior. The concepts presented here will 
require further refinement before being brought into stan-
dard use, but nonetheless represent another step forward.
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