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Abstract. Although burn severity maps derived from satellite imagery provide a landscape view of fire impacts, fire
effects simulationmodels can provide spatial fire severity estimates and add a biotic context in which to interpret severity.

In this project, we evaluated two methods of mapping burn severity in the context of rapid post-fire assessment for four
wildfires in western Montana using 64 plots as field reference: (1) an image-based burn severity mapping approach using
the Differenced Normalised Burn Ratio, and (2) a fire effects simulation approach using the FIREHARM model. The
image-based approach was moderately correlated with percentage tree mortality but had no relationship with percentage

fuel consumption, whereas the simulation approach was moderately correlated with percentage fuel consumption and
weakly correlated with percentage tree mortality. Burn severity maps produced by the two approaches had mixed results
among the four sampled wildfires. Both approaches had the same overall map agreement when compared with a sampled

composite burn index but the approaches generated different severity maps. Though there are limitations to both
approaches and more research is needed to refine methodologies, these techniques have the potential to be used
synergistically to improve burn severity mapping capabilities of land managers, enabling them to quickly and effectively

meet rehabilitation objectives.

Additional keywords: differenced normalised burn ratio, fire effects.

Introduction

Land management agencies in the United States work in
accordance with the National Fire Plan and agency guidelines to

assess the effects of wildland fire and mitigate damage through
rehabilitation activities such as reforestation, erosion control,
invasive weed treatment, and habitat restoration (NWCG 2003).

This requires accurate, efficient and economical methods to
assess the severity of a fire at a landscape scale (Brennan and
Hardwick 1999). Burn severity mapping technology is a critical

tool in the process of identifying severely burned areas and
facilitating prudent implementation of costly rehabilitation and
restoration efforts (Lachowski et al. 1997; Miller and Yool
2002; Eidenshink et al. 2007).

Scientists and managers use burn severity maps for a variety
of applications. Spatial maps of fire effects are valuable for
delineating fire regimes (Morgan et al. 2001), linking landscape

patterns and scales of disturbance processes (Turner et al. 1994;
Chuvieco 1999; Hudak et al. 2007a), assessing potential for
post-fire vegetation recovery or reestablishment (Turner et al.

1999; Dı́az-Delgado et al. 2003; Lentile et al. 2007), evaluating
wildlife habitat disturbance (Zarriello et al. 1995), and gauging
the effects of fire on species of concern (Kotliar et al. 2003).

Burn severity maps can also be used to evaluate if a fire had
beneficial consequences to the burned landscape (i.e. an
unplanned ecosystem restoration treatment) by comparing his-

torical burn severity distributions with severities contained in
the recently burned area (Pratt et al. 2006).

In general, there are twomajor approaches for creating useful

burn severity maps: remotely sensed imagery and simulation
modelling. Remotely sensed imagery from space and airborne
platforms has been used to map burn severity at landscape and

regional scales for over two decades (Zarriello et al. 1995;
Eidenshink et al. 2007; Lentile et al. 2007) and this technology
is clearly useful for spatial post-fire resource management
(Greer 1994; Brennan and Hardwick 1999; Sunar and Ozkan

2001). Simulation modelling is another, somewhat newer tool
that can provide spatial estimates of fire effects provided high-
quality input spatial data layers are available. FIREHARM, a

landscape-scale fire effects research model, was designed to
produce physically based estimates of fire effects that can then
be used to describe burn severity quantitatively (Keane et al.

2010). Both approaches have limitations associated with imple-
mentation, data availability, required expertise, and potential
accuracy (Keane et al. 2010). This study compared and contrasted
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model-based spatial fire effects and satellite-derived burn severity
maps using field-measured fire effects as reference.

Background

There is often confusion among scientists and managers invol-

ving the terminology used to describe the impacts or effects of
fire across a wide variety of ecosystem components (Lentile
et al. 2006). In the present paper, we use the term fire severity

similarly to Simard (1991): to denote the magnitude of fire-

caused damage to vegetation. Discrete, ordinal indices of fire
severity are often used to summarise the complex and interact-
ing effects of a fire (Ryan and Noste 1985). The advantage of

these indices is that they integrate a variety of information
and summarise it into succinct, intuitive categories. The dis-
advantage is that they are overly simplistic and rarely address

all possible management concerns that require an estimate of
severity. For example, a fire severity estimate that emphasises
soil erosion potential would use a different classification com-

paredwith a severity estimate of fire-caused treemortality or the
amount of surface fuel consumed. These are the biophysically
dimensioned measures of the effects of fire that vary on a con-
tinuous scale. As this project was primarily focussed on the

immediate effects of fire, we use the term burn severity some-
what interchangeably with the descriptive term fire severity, but
more specifically to describe the magnitude of combined fire

effects using an ordinal index value, whether it is derived from a
satellite image, a fire effects model, or field-sampled data.

Remotely sensed imagery and fire effects models provide

extensive views of fire severity for large regions. Both technol-
ogies facilitate generation of quick and inexpensive maps,
minimising the need for resource-intensive and potentially
dangerous field sampling. Burn severitymapping from remotely

sensed imagery involves evaluating spectral reflectance char-
acteristics of landscape features and relating that information to
the severity of a fire. For this study, we selected the commonly

used Differenced Normalised Burn Ratio (DNBR) (detailed
in Key and Benson 2006a) as our image-based methodology
because our primary focus was to assess the comparative utility

of simulation modelling and a single satellite-derived burn
severity mapping approach.

Computer models for predicting fire effects, such as FOFEM

and CONSUME, have been available to fire management for
over a decade (Ottmar et al. 1993; Keane et al. 1994). These
models simulate the direct effects of a fire on the vegetation,
fuels, and soils for a point in space and produce outputs of these

effects as biophysically based variables such as fuel consump-
tion and tree mortality. Keane et al. (2010) have implemented
FOFEM into a spatial computer model called FIREHARM

to develop spatially explicit maps of fire hazard and risk.
FIREHARM can also simulate burn severity maps using the
same methods used to predict fire hazard.

FIREHARM simulates common measures of fire behaviour,
fire danger and fire effects to use as variables to rate fire hazard,
and then describes the distribution of these measures over
multiple scales of time and space to estimate measures of fire

risk by simulating weather and fuel moistures (Keane et al.
2010). The fire effects predictions from FIREHARM can also
provide important variables to describe burn severity physically.

Simulated tree mortality, fuel consumption and soil heating

estimates using wildfire fuel and weather conditions will allow
the manager to fine-tune management actions to specifically
focus burned area rehabilitation efforts based on the type and

extent of damage that has occurred.
Although the two technologies share some benefits and

capabilities, these approaches differ greatly in process and

product (Table 1). The FIREHARM modelling approach pro-
vides fire effects measurements in physical units, which are
perhaps more meaningful, depending on the project objective,

than the unitless index of severity that satellite images provide.
The remote sensing-based approach is empirical and physically
based on the reflectance characteristics of different features in
the image. Both model and image data can be categorised into

intuitive burn severity categories, if users need an integrated
assessment. Both approaches can be used for rapid assessment
situations, yet only FIREHARM has utility as a prognostic tool.

Whereas FIREHARM input data are consistent and accessible
to users (most spatial layers have already been developed and
archived for the nation by the LANDFIRE project (www.

landfire.gov, accessed 7 July 2010)), burn severity mapping
using remote sensing is dictated by the availability of smoke and
cloud-free imagery. Fire effects simulation approaches can

generate burn severity maps in a shorter time (i.e. overnight)
than remote sensing (i.e. sometimes weeks). Both methods
require considerable analyst proficiency and significant com-
puting resources to generate high-quality burn severity maps.

In this project, our objective was to compare and contrast
model-based spatial fire effects and satellite-derived burn
severity maps using field-measured assessments of fire severity,

fuel consumption, and tree mortality as reference. We investi-
gated the possibility of combining these technologies to provide
an optimal burn mapping system that integrates a biophysically

focussed fire modelling approach and a satellite image-based
view of burn severity. Prefire imagery and input data layers
serve as the prefire data, while post-fire imagery and model
output provide the means for fire effects evaluation.

Methods

This study compared burn severity image-based mapping and

modelling approaches by implementing both for a set of wild-
fires that occurred in western Montana from 2003 to 2005.
We list the following procedures as a general overview of the

methods used in this effort:

� Sampled burned areas. Field data were used to (1) quantify

input variables for FIREHARM; (2) provide reference data
for satellite imagery severity mapping; and (3) assess the
accuracy of both simulation and imagery methods.

� Gathered satellite-derived burn severity maps. Imagery
was processed by Burned Area Emergency Response
(BAER), a US Forest Service and Department of Interior

program initiated to provideDNBR-based burn severity maps
as rapid response tools for post-fire rehabilitation efforts
(USFS 1995; Lachowski et al. 1997; http://www.nps.gov/
fire/fire/fir_baer.cfm).

� Simulated and mapped burn severity and fire effects. We
used FIREHARM for two different scenarios: (1) ‘Plot-based’
(parameterisation using individual plots) and (2) ‘LANDFIRE-

based’ (parameterisation using LANDFIRE data).
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� Validated burn severity for both imagery and modelling

methods.

� Compared both methods using map agreement and lessons

learned from the mapping process.

Study areas

We selected wildfire areas within LANDFIRE mapping zones
10 and 19. We first sampled the Zone 19 Cooney Ridge and

Mineral Primm wildfires, and once LANDFIRE completed
Zone 10, we sampled the 2005 I90 Complex and the 2006 Gash
Creek fires (Fig. 1). Though the four fires are located in two

LANDFIRE zones, they are geographically close (all are within
,60 km of Missoula, Montana, USA). Climate in these North-

ern Rocky Mountain landscapes is cool temperate, with a
minor maritime influence. Mean annual temperature ranges
from 2 to 88C. Summers are dry and precipitation ranges from
410 to over 2540mm, with most falling as snow in spring,

autumn and winter (McNab and Avers 1994). The fires burned
through varying topography (valleys, rolling foothills, steep-
sided ridges and peaks) ranging from 876 to 2524m in elevation.

The Mineral Primm and Cooney Ridge fires started in early
August of 2003 and each grew to over 10 000 ha by the time they
were contained inmid-September (Table 2). Vegetation cover in

0 500
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N
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Fig. 1. Map of study areas showing LANDFIRE zones (light grey and dark grey), wildfires (light grey), weather

stations (small points) and plot locations (crosses).
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both fire areas is dominated by temperate coniferous forests and
woodlands of Douglas-fir (Pseudotsuga menziesii), Engelmann
spruce–subalpine fir (Picea engelmannii–Abies lasiocarpa) and

lodgepole pine (Pinus contorta). The I90 fire complex (directly
adjacent to Interstate 90) started on 4 August 2005 and burned
primarily through Douglas-fir-dominated mixed conifer forests,

grassland–herbaceous communities and ponderosa pine forests.
The final fire area at containment was reported as 4452 ha.
The high-elevation Gash Creek fire was ignited by lightning on

24 July 2006 in the northern Bitterroot Mountains. The fire
grew to 3561 ha, burning through landscapes dominated bymid-
to high-elevation forest types: Engelmann spruce–subalpine fir,
Douglas-fir, whitebark pine and lodgepole pine forests.

Field sampling

We conducted our field sampling within 3 months following the
fire dates for the I90 and Gash Creek fires. Owing to scheduling
constraints, we had to perform our sampling in the spring and

summer following the fire (10–12 months after fire) for the
Cooney Ridge and Mineral Primm fires.

As we could only sample fire effects after the wildfires had

occurred, it was impossible to obtain a prefire fuel load for our
fuel consumption calculations. Instead, we used a paired-plot
approach where unburned plots were paired with adjacent

burned plots that were similar in site characteristics and vegeta-
tion conditions. We centred plots in large (60� 60-m) areas of
homogeneous burn severity, cover type, structural stage, fuel
type, slope, aspect, and elevation, well away from roads, trails or

other major features. Both natural features (topography, soil
type, microclimate, the inherent complexity of burn patterns)
and anthropogenic features (fire lines, roads, management units)

combined to confound the search for potential plot sites within a
homogenous fuel type that included both burned and unburned
areas. It was necessary to collect field data from several fire

areas as these very specific plot selection requirements made it
impossible to establish enough plots in a single fire area.

We used a 404.68-m2 (0.10-acre) circular plot to define the

sampling unit where we recorded plot description information,
tallied trees and fuels for all burned and unburned plots, and
assessed Composite Burn Index (CBI) only on burned plots.
We followed FIREMON protocol (Lutes et al. 2006) for all

field sampling. For trees, we recorded species, status (healthy,
unhealthy or dead), diameter at breast height (DBH) (cm),
tree height (m), crown class (open grown, emergent, dominant,

codominant, intermediate or suppressed), char height (m) and
crown scorch (%), and noted snags (trees dead before the fire)
for all dead mature trees (411.43 cm DBH) in the plot. All trees

less than 11.43 cmDBHwere counted as saplings and measured
at the plot level, where we counted the number of trees in classes
defined by species, DBH (cm) and average height (m). For
seedlings (treeso1.43 cm DBH,o1.37m tall), we counted the

number of trees in classes (defined in the same way as for
saplings) in a 40.47-m2 (0.01-acre) microplot nested within the
macroplot.

For fuel-load sampling, we established as many sampling
transects as needed to obtain 100 pieces of down woody debris;
at minimum, we established three planes, oriented 908, 3008
and 2708 true north. The sampling plane for 1-h and 10-h fuels
extended 1.83m from the 3.05-m mark of the tape, which had
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its origin at plot centre. The sampling plane for 100-h fuels
extended 3.05m from the 3.05-m mark of the tape. We counted

pieces of each fuel component that crossed the transect and
tallied these numbers in the plot sheets. For 1000-h fuels, we
tallied the diameter and rot condition (on a five-level scale from

sound to rotten, as detailed in Lutes et al. 2006) of every log over
7.62 cm in diameter for the entire length of the 18.29-m transect.
We estimated vegetation cover and height and took duff and
litter depth measurements at the middle (9.14-m mark) and the

end (18.29-m mark) of the transect.
Composite Burn Index (CBI), a ground-based burn severity

measure designed to relate to the DNBR (Key and Benson

2006b), was assessed for all burned plots within the plot
boundaries. Realising that it is more difficult to assess new seed
germination and resprouting when collecting CBI data directly

after the fire (with initial assessment timing), we assessed
mortality of trees and shrubs based on condition of stems and
root crowns to determine whether individual plants were
expected to die within 1 or 2 years (Key and Benson 2006b).

For the Cooney Ridge and Mineral Primm fires, which we
sampled 10þ months after fire, we did our best to mentally
recreate the immediate post-fire conditions as we did our

sampling, in order to follow the initial assessment timing.
Fuel loading, tree mortality and CBI values were calculated

in FIREMON and summarised for each macroplot. To calculate

fuel consumption (kgm�2) for the field data, we subtracted
fuel loads measured on burned plots from those measured on
adjacent, paired unburned macroplots. Tree mortality was

calculated as the percentage of fire-killed dead trees (greater
than 2.5 cm in diameter) on a macroplot. We used measures of
fuel consumption and tree mortality as reference data in com-
parisons with model-derived and image-derived data.

We sampled 23 unburned–burned plot pairs at Cooney
Ridge, 28 at Mineral Primm, 8 at I90 and 5 at Gash Creek
wildfire areas. The majority of the 64 plots pairs were located

in forested vegetation types (49% Douglas-fir, 15% Engelmann
spruce–subalpine fir, 7.5% lodgepole pine and 6% ponderosa
pine) with fewer plots in grass (15%) and shrub (7.5%) cover

types (Fig. 2a). Though grass and shrub landscapes together
comprised only ,22% of all of our plots, we included them in
our analysis to obtain a broad range of fuel loadings and tree

densities. We originally intended to sample an equal number of
plots in each of three burn severity classes (high, medium and
low, as roughly evaluated in the field); however, the limited
extent of suitable area to install unburned–burned pairs ulti-

mately dictated plot selection and resulted in a low number of
plots and uneven distribution across severity levels as cate-
gorised by plot CBI values (Fig. 2b).

Satellite imagery

We chose theDNBR as calculated from Landsat imagery in Key
andBenson (2006a) because it appears to be themost commonly
tested (and used) image-based severity mapping technique. The
DNBR showed strong relationships with the CBI, a field-based

integrative assessment of burn severity (Cocke et al. 2005; Key
and Benson 2006b), and it was moderately correlated with a
range of other field-measured fire effects variables (Hudak et al.

2007b). The DNBRmethodology has been used to map severity
in a variety of ecosystems and landscapes across the United
States (Duffy et al. 2007; Lentile et al. 2007) and internationally

(Escuin et al. 2008; but see Roy et al. 2006). Finally, DNBR
is the landscape assessment methodology included in the
FIREMON sampling protocol (Key and Benson 2006a), which

is also used in the present study.
We obtained BAER products for all four fires from the US

Forest Service Remote Sensing Applications Center (RSAC).
They performed all of the necessary image preparation steps,

such as pre and post-fire scene selection, radiometric and terrain
correction and spatial co-registration (http://www.fs.fed.us/eng/
rsac/baer/). We used RSAC’s Burned Area Reflectance Classi-

fication (BARC256) product (http://www.fs.fed.us/eng/rsac/
baer/barc.html) for our comparison because it represents DNBR
as a continuous variable, scaled such that values range from 0 to

255 with increasing burn severity. In BARC256 calculation, the
prefire scene is typically chosen from all scenes captured during
the year before the post-fire scene, ideally during a phenologi-
cally similar period.With one exception listed below, our prefire
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Fig. 2. Distribution of the 64 plots collected in the four wildfire areas

across (a) vegetation types and (b) Composite Burn Index (CBI) scores.
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images were from the year before the fire and post-fire images
from directly after the fire, following ‘initial assessment’ timing
(Key and Benson 2006b). This image timing is consistent with

the BAER ‘rapid assessment’ and our objective of testing a
system for collecting and evaluating data immediately after
a fire.

BARC analysts are under pressure to select, process and
deliver images quickly to managers, so it is possible that more
appropriate options for pre- and post-fire image selections are

overlooked and burn perimeters are delineated in haste. Incon-
sistency exists in BARC products owing to instrument malfunc-
tion, timing of satellite overpass, or smoke or cloud obstruction
at the time an image is critically needed. Several BARC quality

issues affect the imagery used in this project:

� Phenology is somewhat mismatched between the pre- and
post-fire images for the Cooney Ridge and Mineral Primm
fires.

� The prefire image for the I90 fire is from 3 years before the

fire owing to a lack of cloud-free prefire images in this area.
� The Cooney Ridge fire was still burning during acquisition of

the post-fire scene, producing smoke in the image.

� The I90 post-fire image is from the Landsat Enhanced
Thematic Mapper Plus sensor, which has a malfunction that
causes lines of missing data.

� The post-fire image for theGashCreek fire was acquired from
the SPOT 4 (Satellite pour l’Observation de la Terre) satellite,
presumably because acceptable Landsat images were
unavailable.

We chose to use the BARC products ‘as is’ with the intention

of conducting our comparison analysis using products that
managers might realistically expect to obtain on a fire. Neither
the BARC nor the FIREHARM maps of fire severity are
considered superior or as a reference; both were evaluated as

potential burn severity mapping products.
In our validation analysis, we used the continuous DNBR

data (BARC256) to examine relationships between DNBR
and field-measured variables, but to assess map agreement, we
sliced the BARC256 into three classes to match the three
FIREHARM burn severity classes using Jenks natural breaks

(McMaster 1997). We chose the Jenks method as it is an
efficient, consistent and repeatable way to slice the full range
of pixel values into a three-category burn severity index.

FIREHARM simulations

FIREHARM requires several input data layers to compute spatial

fire effects variables and burn severity. The most important of
these for this study include digital maps of topography (elevation,
aspect, slope), vegetation (tree attributes, cover type) and
fuels (fuel loading) along with site-specific weather and fuel

moisture estimates. These inputs are passed to the FOFEMmodel
embedded in the FIREHARM program to generate estimates
of tree mortality, fuel consumption, smoke emissions, and soil

heating. Most of the FIREHARM input data are available for the
continental United States from the National LANDFIRE Map-
ping Project (www.landfire.gov). LANDFIRE is a multiagency

effort to provide land managers with comprehensive spatial data
and planning-focussed analysis tools. In some cases, managers

may need to independently create the input data layers required to

run FIREHARM but that is cost, time and resource prohibitive
(Reinhardt et al. 2001). However, the availability of LANDFIRE
data layers enables managers to run FIREHARM to generate fire
hazard and burn severity maps with relative ease.

We simulated two scenarios using the FIREHARM model.
The ‘plot-based’ simulations were used to validate FIREHARM
and DNBR. They represent the most realistic evaluation of

model capabilities, given the availability of accurate input
information. We conducted ‘LANDFIRE-based’ simulations to
demonstrate the landscape mapping capabilities and to replicate

how FIREHARM would be used in operational settings without
the availability of specific plot data for model parameterisation.

Plot-based simulations

For this scenario, we used the field data from each of the

64 plots in the four fire areas to parameterise and initialise
FIREHARM explicitly for the simulation of fire effects. We
took the following inputs directly from the plot data forms:

slope, aspect, elevation, vegetation type and geographic position
(latitude and longitude). Because the Scott and Burgan (2005)
Fire Behaviour Fuel Models were not available when we began

our field sampling, we overlaid plot locations with LANDFIRE
spatial data to obtain the Scott and Burgan (2005) fuel models.
We used the sampled tree information to create the tree list input

to FIREHARM to calculate tree mortality (Keane et al. 2010).
The tree list requires the following fields: species, density
(number of trees km�2), DBH (cm), tree height (m), canopy
base height (m), crown class and tree status (healthy, unhealthy

or dead). Because we wished to simulate tree mortality on our
burned plots, we modified our collected data for burned plots to
change the status of all trees that were killed by the fire from

‘dead’ to ‘healthy’; snags (trees that were dead before the fire)
retained a ‘dead’ status. Because we could not collect canopy
base height information on the dead trees, we estimated this

value as a function of tree height using FOFEM default values
(Reinhardt et al. 1997). To parameterise prefire fuel loads, we
queried our field data (using FIREMON) to calculate fuel

Table 3. FIREHARM weather and fuel moisture input values

Cooney

Ridge

Mineral

Primm

I90

Complex

Gash

Creek

Minimum temperature (8C) 26.6 28.3 30.6 23.4

Maximum temperature (8C) 11.0 7.2 8.8 10.9

Relative humidity (%) 35 29 23 33

Wind speed (kmh�1) 6 11 10 6

Wind direction (azimuth) 237 180 180 90

1-h fuel moisture (FM) (%) 5 6 4 6

10-h FM (%) 6 10 5 7

100-h FM (%) 12 13 9 8

1000-h FM (%) 12 14 10 13

10 000-h FM (%) 0 0 0 0

Foliar moisture (%) 100 100 100 100

Litter moisture (%) 5 6 4 6

Duff moisture (%) 75 75 75 75

Herbaceous moisture (%) 65 79 41 66

Shrub moisture (%) 88 107 72 97
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loadings for each plot by sampled fuel components (1-, 10-, 100-,
1000-h, litter and duff loads (kgm�2)).

For FIREHARMweather input, we gathered several types of

weather and fuelmoisture information during the burning period
at our fire areas: (1) maximum temperature (8C); (2) minimum
temperature (8C); (3) relative humidity (%); (4) wind speed

(miles h�1); (5) wind direction (azimuth) and fuel moistures
for each fuel component (Table 3). We accessed Kansas
City Fire Access software through the National Fire and Avia-

tion Management web access to obtain the necessary tempera-
ture, humidity, and wind information fromweather stations at or

near each of our four fire areas (Fig. 1; Table 2). We then ran
Fire Family Plus (Main et al. 1990) to estimate fuel moisture
conditions for 1-, 10-, 100-, 1000-h, herb and shrub components.

We estimated live foliar moisture (set at 100%), litter moisture
(set equal to 1-h fuel moistures), and duff moisture (75%), as
these values were not measured on our fires, nor are they

products of the National Fire Danger Rating System (Burgan
1979). We averaged the weather and fuels values through the
record of the fire period (from ignition through containment)

to obtain the single value (for each parameter) necessary to
populate the weather and fuel moisture input file.
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LANDFIRE-based simulations

To demonstrate the rapid mapping capabilities of
FIREHARM, the model was parameterised using LANDFIRE
spatial data. The following LANDFIRE layers from mapping

Zone 19 (for Cooney Ridge and Mineral Primm fires) and Zone
10 (for I90 and Gash Creek fires) were used as input: Existing
Vegetation Type, Fire Behaviour Fuel Model, Fuel Loading

Model, elevation, slope and aspect (www.landfire.gov). Tree
information came from the LANDFIRE tree list spatial data
layer that summarises tree information from all plots in the

LANDFIRE reference database (Drury and Herynk, in press).
We generated all other FIREHARM inputs (weather and fuel
moisture) as described for the above plot validation
parameterisation.
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We simulated and mapped three FIREHARM fire effects
output variables for both parameterisation scenarios in this study:

1. Fuel consumption. We calculated the amount of fuel con-
sumed as follows:

Fuel consumption ¼ FCPred � FLPre-burn

100

where FCPred, FIREHARM-predicted fuel consumption

(%), a continuous variable reported by the model as the
percentage of the prefire fuel load that is consumed.
FLPre-burn, prefire fuel load (kgm�2). For the individual

plot parameterisation scenario, these values are taken
directly from the plot data; for the LANDFIRE para-
meterisation, the values are from the LANDFIRE fuel
loading model.

2. Tree mortality. A continuous variable reported as the
percentage of the total number of trees (saplings and mature
trees) on a plot that died owing to fire.

3. Burn severity. A categorical variable that integrates several
fire effects. Keane et al. (2010) compute fire severity based
on classes of tree mortality (o40, 40–70, 470%), fuel

consumption (o20, 20–50, 450%), and soil heating
(o608C at 2 cm, 60–2508C at 2 cm, 42508C at 2 cm).

Results

Maps of BARC256, simulated fuel consumption, and simulated

tree mortality exhibit markedly different spatial patterns across
the landscape (Fig. 3). For this analysis, simulated variables are

continuous and unclassed; BARC256 is continuous and scaled
from 0 to 255.

When comparing categorised burn severity maps, it is clear

thatDNBR- and FIREHARM-modelled burn severitymaps vary
in agreement across all four fires (Fig. 4). Here, BARC256 was
classed using Jenks natural breaks and CBI was rounded to 1, 2

and 3 to represent three burn severity classes: low, moderate and
high. Map agreement values range from 33.5% for the Cooney
Ridge fire to 64.8% for Mineral Primm (Table 4). We found a

moderate relationship between continuous (unclassed)BARC256
and unclassed CBI (r¼ 0.62, Po 0.0001) (Fig. 5).

We found a wide range in the strength of relationships
between observed fuel consumption and FIREHARM-

simulated fuel consumption. Associations were much stronger
when the model was parameterised from our plot data (r¼ 0.92)
than with the LANDFIRE-based scenario (r¼ 0.24) (Fig. 6a).

We found a weak relationship between observed fuel consump-
tion and BARC256 (r¼ 0.17) (Fig. 6b) and there are three data
outliers that further weaken this relationship. These points

represent plots that we suspect had a relatively poor burned–
unburned fuel consumption match, as the unburned 1000-h fuel
loads are much greater than those for the burned plots.

The LANDFIRE-based FIREHARM simulations of percen-
tage tree mortality had a stronger relationship with observed
tree mortality (r¼ 0.37) than did the plot-based parameterisa-
tion (r¼ 0.18) (Fig. 6c). Tree mortality had a moderate positive

correlation with BARC256 (r¼ 0.53) (Fig. 6d). The tree
mortality and fuel consumption predictions were used in the
computation of simulated burn severity.

We graphically compared BARC256 and FIREHARM-
simulated fire effects variables within severity classes to eval-
uate if data points might cluster into zones of high, moderate and

low severity based on CBI classes. We did this across our set
of 64 points using the CBI (rounded to the nearest 1, 2, or 3,
corresponding to low, moderate and high severity) to stratify the
points (Fig. 7). When BARC256 is plotted against FIREHARM

tree mortality and fuel consumption, there appears to be enough
separability to distinguish at least between the high burn severity
class and the two lower classes; the low and themoderate classes

are indistinct from one another (Fig. 7). This is true for both of
the simulation parameterisation situations (LANDFIRE-based
and plot-based).

Accuracy assessment showed that DNBR and FIREHARM
simulated burn severity maps had the same level of overall
agreement (57.8%) (Table 5), but agreement as measured by

kappa analysis (Congalton and Green 1999) for the DNBR
mapwas poor (kappa¼ 0.28,P¼ 0.003).We could not calculate
kappa statistics for the FIREHARM burn severity map because
there were no FIREHARM-simulated plots classified in the low

category. Given the number and distribution of our field refer-
ence plots, the comparison accuracy assessment only reflects
the accuracy of our sample; it does not represent the general

accuracy of FIREHARM or BARC products.

Discussion and conclusions

This study demonstrated that image- and model-derived burn
mappingmethodologies, used individually or in tandem, have the

potential to improve our ability to understand the composition
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Table 4. Overall agreement between Differenced Normalised Burn

Ratio (DNBR)-classified data and FIREHARMburn severity-classified

data for the four wildfire areas

Values are from error matrices

Fire area Agreement (%)

Cooney Ridge 33.5

Mineral Primm 64.8

Gash Creek 63.9

I90 Complex 48.1
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of effects resulting from wildfires and perhaps provide a more
comprehensive burn severity map product. Burn severity maps
created using simulation provide a quick and comprehensive
description of fire severity, but results may be suspect because

of the low accuracy of the input layers, the complex nature of
a spreading fire, and misrepresentation of weather and fuel
conditions at the time of burning. However, satellite-derived

burn severity maps appear acceptable as spatial indicators of
composite fire effects over large areas, but the severity assess-
ment (1) is not based on physical measures of specific fire

effects; (2) depends on analyst proficiency and requires that
appropriate pre- and post-fire imagery is available for the
burned area; and (3) cannot be produced prefire to predict burn

severity. Both approaches have distinct advantages and sig-
nificant limitations (Table 1). It is interesting and potentially
useful that where the model performed poorly (predicting tree

mortality), the imagery performed relatively well, and where
the model performed relatively well (predicting fuel con-
sumption), the imagery performed poorly (Fig. 6).

Agreement between theDNBR and FIREHARM burn sever-

ity maps is heavily influenced by the large areas of moderate
severity in the FIREHARM maps (Fig. 3; Table 5), which may
boost the overall map agreement (Table 4). In the case of the

Cooney Ridge fire, BARC256 shows a large area of low severity
that is classified as moderate severity by FIREHARM (Fig. 3). It
may be that the fire severity classification in Keane et al. (2010)

does not perform well for low-severity fires.
We suspect that BARC data quality issues also impact map

agreement results. The BARC pre- and post-fire images used in

this study had problems ranging from phenology mismatch to
smoke contamination, all of which affect burn severity values.
In the case where the post-fire scene is from a completely
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different satellite, issues of inconsistent radiometric resolution
and spatial registration may further confound burn severity

representation. For several fires, unburned areas exist within
the fire perimeters that were not accounted for in the BARC
images. Agreement between BARC and FIREHARMmapsmay

have been different had these areas been excluded from both
maps. We caution BARC data end-users to be aware of the
potential for poor-quality burn severity map products in a rapid

assessment situation. For instance, usersmaywant to ensure that
measures were taken to minimise effects of sun angle, phenol-
ogy mismatch and smoke or cloud contamination in pre and
post-fire images (among other issues listed in Table 1).

It is encouraging that under both FIREHARM scenarios, the
combination of BARC256 and simulated fire effects variables

seems to cluster into somewhat discernable burn severity
classes, at least in the high-severity case (Fig. 7). These findings

suggest that the two systems might be paired to improve
evaluations of fire effects, especially as neither is notably
superior in terms of accuracy (Table 5) or utility (Table 1).

The model may have utility in cases where satellite imagery is
not available and could provide context to image-derived burn
severity classifications.

The comparison of CBI with DNBR and FIREHARM burn
severity is really not a true evaluation of accuracy. CBI is a
standardised method that was designed to provide a severity
context in which to interpret DNBR (Key and Benson 2006b).

It is based on the combination of visual and structural
characteristics that may not be individually detectable as fire
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effects when viewed by a satellite (Kasischke et al. 2008). The
fire severity index as computed in FIREHARM, however, is
based on simulated tree mortality and fuel consumption. As a

result, the three ordinal categories of the CBI, DNBR burn
severity, and FIREHARM fire severity are not directly com-
parable so we could not perform a consistent and comprehen-

sive accuracy assessment. However, we included this analysis
because CBI ground data are currently the most commonly
used map validation method (van Wagtendonk et al. 2004;
Cocke et al. 2005; Epting et al. 2005; Key and Benson 2006b;

Miller and Thode 2007). We feel it provides important
information regarding the performance of each map product,
if only qualitatively; it shows that overall map accuracy for

our sample, assessed with CBI (given the limitations of this
method and the constraints of our study), is identical for the
DNBR and FIREHARM maps (Table 5). We suspect that

the low kappa score for this assessment between CBI and
DNBR may be due to (1) the low total number of field plots
that we sampled, and (2) uneven plot distribution through the
range of severity.

The strong performance by FIREHARM in predicting fuel
consumption is partially due to our ability to parameterise the
model’s fuel module with actual plot data. Data with this level

of detail may be difficult to obtain by the average user who
uses LANDFIRE fuel loading model data to parameterise
FIREHARM. Our results show that the coarse scale of the

LANDFIRE inputs would likely introduce additional error in
model predictions, because fuel loadings are more highly vari-
able. Correspondingly, our fuel loading results would likely

have been even stronger had we been able to measure actual
prefire loadings, instead of using a similar plot as a prefire
surrogate. We suspected that using this paired-plot approach
would contribute error to our field-based fuel consumption

estimates and this would consequently effect the degree of
association between ground reference with modelled and satel-
lite burn severity estimates, but there was no alternative fuel

sampling methodology. Another source of error is our inability
to capture fire spread and fuel dynamics owing to the incompa-
tible sampling scale.

The prediction of FIREHARM-simulated tree mortality and
fuel consumption as calculated with field data or LANDFIRE
products has several potential limitations:

� Fire intensity. FIREHARM predicts fire behaviour assum-
ing a heading fire, which results in increased tree mortality.

The dynamics of flanking or backing fires (which occur on
natural landscapes) are not captured in the model and this
explains why the model often predicts 100% tree mortality.

� Scorch height. FIREHARM uses one measure of scorch
height for the entire pixel whereas real fires tend to have high
variability in scorch height within a small area. This affects
the ability of themodel to predict whether a crown fire occurs,

and if so, what type of fire behaviour will result (running or
dependent).

� Weather information. In some cases, the weather stations

that we used to estimate fuel moisture inputs were distant from
the fire (up to 25 km). We suspect that predictions may have
been better ifweather datawere available at a fine spatial scale.

� Fuels. Fuel loadings and characteristics vary at finer scales
than both the plot measurements and the LANDFIRE map-
ping products.

� Paired-plot approach. Prefire fuel conditions of burned
areas may not have been fully represented by sampling an
adjacent unburned area.

� Inaccurate spatial input layers. In the end, this entire fire

severity simulation method ultimately depends on the quality
of the input layers. In this study, we used the LANDFIRE
input layers because those are the layers that fire management

would use if they employed our process in an operational
sense. For our study area, these LANDFIRE layers were
inaccurate. Our data have indicated that the fuels and vegeta-

tion layers range from 20 to 60% accurate. This explains the
majority of the inaccuracy in the FIREHARM simulations.
The fire behaviour and effects algorithms in FIREHARM
have been extensively tested and model predictions are

often over 90% correct. Therefore, most of the error in the
FIREHARM predictions can be attributed to poor input data
and inadequate weather representation.

We believe that the coarseness of the input data and the
generality of some of the model algorithms (Keane et al. 2010)

preclude our modelling efforts from thoroughly capturing fine-
scale variability of fire effects to create highly accurate burn
severity maps, though we are encouraged by strong correlations

between observed and simulated fuel consumption.
Considering satellite–sensor–target relationships, it is not

surprising that we found a weak correlation between BARC256

imagery and fuel consumption, and moderately high correla-
tions between BARC256 and CBI and between BARC256 and
tree mortality. It makes intuitive sense that a satellite image
would do a better job of capturing the dynamics of the overstorey

(first layer of material ‘seen’ by the sensor) than the understorey
that is obscured by this top layer. This is consistent with Epting
et al. (2005), who found imagery was highly correlated with

burn severity in only forested cover types, and both Hudak et al.
(2007b) and Hoy et al. (2008), who found overstorey measures
of canopy condition were more highly correlated with imagery

Table 5. Cross-tabulation of Composite Burn Index (CBI) (columns)

and classified burn severity maps (rows) for the 64 plots

Low Moderate High Total

Differenced Normalised Burn Ratio

Low 2 7 0 9

Moderate 3 20 6 29

High 0 11 15 26

Total 5 38 21 64

Overall sample accuracy (%) 57.8

FIREHARM

Low 0 0 0 0

Moderate 4 33 17 54

High 1 5 4 10

Total 5 38 21 64

Overall sample accuracy (%) 57.8

722 Int. J. Wildland Fire E. C. Karau and R. E. Keane



than understorey measures. Similarly, if we were to stratify the
analysis by vegetation type, we would expect to see stronger
CBI–BARC256 relationships in forested v. shrub or grass land-

scapes. For these reasons, and also because all of the fires in
our study were located in the US Northern Rockies, we caution
readers against extrapolating these results to ecosystems domi-

nated by shrubs or grass or even to other forested regions owing
to differences in forest species and structure.

We feel that both satellite imagery andmodelling approaches

are of great value to fire management depending on time, place,
resources, and available data (Table 1). Real-time assessments
of fire effects can be successfully accomplished using a model-
ling approach whereas long-term severity assessments for reha-

bilitation efforts could use the image data. Image data can also
be combined with the simulated results to provide a physical
basis for understanding and interpreting patterns of severity. For

example, DNBR maps could be overlaid with predicted fuel
consumption and tree mortality maps to develop DNBR thresh-
olds to delineate burn severity classes in the absence of field

data. Moreover, burn severity from imagery could be cross-
referenced with predicted fire effects to tailor the burn severity
for a specific management application. The DNBR maps, for

instance, can be cross-referenced with FIREHARM output to
determine areas of high tree mortality and deep soil heating.
Based on our data, neither approach on its own would likely suit
all the multifaceted needs desired by fire and land management,

but the integration of both approaches may lead to a synergy in
the understanding and assessment of fire severity, especially as
more comprehensive data and more accurate fire effects models

become available.
Imagery and simulation can be effective to map fire severity

if the target conditions are understood and well defined, and

reflect the potential detection capabilities of the technology. The
main problem with comparing imagery with simulation is that
the two methodologies use disparate classifications. Future
research efforts should endeavour to create definitions and

classifications of fire severity that not only correlate with
imagery but also represent the biophysical properties that drive
fire effects.
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