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The objective is to evaluate procedures for direct measurement of fire spread rates
(FSRs) based on archived repeat pass airborne thermal infrared (ATIR) imagery and to
identify requirements for more refined measurements of FSR and environmental
factors that influence FSR. Flaming front positions are delineated on sequential
FireMapper ATIR images captured at relatively short repeat intervals enabling fire
spread vectors and units to also be delineated. This approach provides the only means
for estimating FSR for wildfires at spatial scales in the order of 10'~10° m and
timescales from 107 to 10° s. Magnitudes of estimated FSR from the time sequential
ATIR approach for the 2002 Williams fire in southern California tested here are
reasonable, given the fire conditions are within the range of rates reported in the
literature for wildland fires in Mediterranean shrublands.

1. Introduction

The western US has experienced an extraordinary number of large, destructive wildfires
over the past 15 years. Adaptation of fire management and response practices to such fires
will require better understanding of fire behaviour, more timely fire intelligence data and
more sophisticated fuel and fire behaviour models to evaluate expected fire behaviour in
support of tactical fire suppression and decisions regarding strategic management of fuels.

From the standpoints of fire science, wildfire management and particularly emergency
response and community evacuation, the primary fire behaviour property of interest is fire
spread rate (FSR), which is also referred to as rate of spread. Unfortunately, ground-level
measurements of FSR for actual wildfires at landscape-level spatial scales and timescales
in the order of few minutes to an hour have been intractable (Alexander and Cruz 2013).
Most direct measurements of FSR found in the literature are derived from laboratory
observations (table-top or wind tunnel experiment) (Finney et al. 2010; Marino et al.
2012) or from observations of prescribed fires for small field plots in wildland areas.
Instrumentation can be employed in advance of control burns to support direct (e.g.,
ground-based thermocouples) or visual observations for study plots ranging between
10 x 10 m and 750 x 750 m (Bilgili and Saglam 2003; Cruz et al. 2013; Van Wilgen,
Le Maitre, and Kruger 1985). However, this is not possible for wildland fires, which tend
to burn in more extreme weather conditions than do prescribed fires. Time-averaged FSR
of wildland fires can be derived over extensive areas by measuring distances between fire
perimeters, which are delineated from anecdotal information from firefighters, aerial
spotter flights or remotely sensed imagery (Riggan and Tissell 2009). However, with
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inconsistent data quality or infrequently captured remote sensing data, it is difficult to
determine accurately the displacement distance between flaming front locations. Thus, it
is difficult to study FSRs and direction and associate them with driving factors (e.g.,
weather, topography or vegetation fuel properties) with much certainty or detail.

Remote sensing provides a means for observing and measuring FSR, pre-fire vegetation
distributions and quantifying aspects of FSR that are attributable to spatial fuel, terrain and
wind variability. Airborne thermal infrared (ATIR) imaging systems based on frame array
sensors provide the potential to directly observe actual wildland fire spread processes (not
just prescribed fires) and measure FSR at spatial scales in the order of 10'~10° m and
timescales from 10% to 10° s. ATIR systems have not been explicitly employed to estimate
FSR at relatively short timescales because their primary mission has been monitoring the
extent (perimeter) of wildland or prescribed fires in support of fire suppression and
emergency evacuation activities. FSR has been estimated when supporting fire perimeter
mapping objectives; however, the imaging flight pattern strategy (relatively infrequent
repeat interval) and orientation (along the spreading axes of fires) for fire perimeter mapping
are limited in determining FSR at short timescales and over large spatial extents. There is
little published literature on the use of time sequential remote sensing imagery for measur-
ing FSR over relatively short time intervals, one example being measurements with an
extended dynamic range imaging spectrometer of a prescribed fire in the Brazilian Cerrado
(Riggan, Tissell, and Lockwood 2010). Ononye, Vodacek, and Saber (2007) provide useful
insights into the delineation of active fire front locations from airborne multispectral
imagery. The objective of this paper is to evaluate procedures for direct measurement of
FSR based on the extant repeat pass ATIR data and to identify requirements for more refined
measurements of FSR and environmental factors that influence FSR.

2. Data

The United States Department of Agriculture Forest Service (USFS) and Pacific
Southwest Research Station (PSW) developed an airborne remote sensing system for
high-resolution, quantitative fire measurements and mapping at short-, mid- and long-
wave infrared wavelengths (Riggan et al. 2004; Riggan and Hoffman 2003). The system
incorporates a high-dynamic-range indium gallium arsenide camera and FireMapper 2.0
imaging radiometers, in order to measure the very high radiances of wildland fires and are
the only instruments widely applied today in fire research and management. The
FireMapper system has primarily been utilized to map perimeters, to measure radiant
fire intensity and energy flux and to determine the effectiveness of fire suppression
actions, including aerial fire-retardant application for wildfires in the western US and
Brazil (Riggan et al. 2004; Riggan and Tissell 2009). FireMapper images of wildland fires
have been transmitted by satellite communications, orthorectified, assembled into geor-
eferenced mosaics and displayed at http://www.fireimaging.com/ to provide incident
command teams and the public with a current, detailed and synoptic view of fire spread
and activity.

The PSW FireMapper fire imaging system was deployed aboard a USFS research
aircraft in late September 2002 during a wildland fire event within the San Dimas
Experimental Forest that was known as the Williams fire and primarily burned as a
crown fire through chaparral vegetation. FireMapper data were mostly acquired from a
series of parallel, partially overlapping passes, providing multitemporal coverage of the
Williams fire at nominal spatial resolutions ranging between 5 and 9 m. At that time,
FireMapper did not incorporate an inertial motion unit (IMU) for tracking sensor attitude,
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and instead a low precision global navigation satellite system (GNSS) was utilized.
FireMapper image data used for this study were acquired on 23 September 2002, between
14:00 and 15:15 local time (Pacific Daylight Time) in a series of seven passes. Nearly, all
of the active fire areas were imaged twice and three times during the imaging mission.

Wind speed and direction from the San Dimas Remote Automated Weather Station
(RAWS) data archive were acquired for the Tanbark Flats station, matching the date and
time of the FireMapper image data utilized in this study. A digital elevation model (DEM)
based on a 10-m raster was obtained from the United States Geologic Survey (http://
earthexplorer.usgs.gov). ArcGIS 10.3 Spatial Analyst tools were used to calculate topo-
graphic slope and aspect based on the DEM.

3. Methods

Archived FireMapper images that had been captured with a relatively short repeat pass
interval (compared to typical missions where the emphasis is mapping an entire fire
perimeter) were selected for the study. Images were geometrically processed to achieve
implicit spatial registration. Active flaming fronts of registered images were manually
delineated, as were fire spread vectors and associated landscape segments. Median and
maximum FSR were estimated for each fire spread sequence and a frequency distribution
of FSR estimates was derived. Relationships between FSR estimates and wind speed and
direction, terrain and fuel conditions data were evaluated.

Image geoprocessing is a critical procedure for reliably estimating FSR from repeat
pass ATIR images, with the most important requirement being precise image-to-image
registration (Stow 1999). In this case, the images were captured in an ad hoc rather than
using a repeat station imaging approach (Stow, Coulter, and Baer 2003; Coulter, Stow, and
Baer 2003), such that they were captured from different sensor station positions with
different view geometries. This meant that image registration could only be achieved
implicitly by attempting to orthorectify each image precisely so that they shared a
common coordinate system and spatial resolution with minimal relief displacement and
sensor distortion.

The lack of IMU and precise GNSS data meant that a traditional, labour-intensive
approach to orthorectification was required. Horizontal and vertical ground reference data
were obtained and utilized as part of the orthorectification process. National Agriculture
Imaging Program (NAIP) colour imagery with 1-m spatial resolution was obtained from
the United States Geological Survey and utilized for collecting horizontal ground control
data. Gridded light detection and ranging (LIDAR) data collected for the US Forest
Service on 16—17 July 2007 that represented bare ground elevations were used for
collecting vertical control. Ground control points were matched between the FireMapper
and NAIP images by an analyst, and elevations at these locations were obtained from the
LIDAR digital terrain model. Tie points were collected between overlapping FireMapper
image frames for each flight line, and a unique triangulation solution was obtained for
each flight line. Following triangulation, individual orthorectified-FireMapper image
frames were output and mosaicked using the most nadir-viewing portions of each image
frame. Locating corresponding ground control points within the FireMapper and NAIP
imagery was complicated by the spectral and spatial resolution differences between the
images, as well as the fact that ground features were often obscured by fire flames and/or
smouldering ash.

After orthorectifying each image as well as possible, further corrections were applied
to sub-frames containing active fire zones by extracting them and shifting the origins of
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their map models (corner coordinates) in the horizontal (x and y) directions. This was
performed iteratively until locational differences between non-moving (smouldering)
hotspots of burned areas in the image sets were minimized to the sub-pixel level.

Sequences of two or three orthorectified and registered images of the much over-
lapping image extents containing segments of the active fire front were compiled for
analysis of FSRs. Definable flaming front locations on each image of a sequence were
delineated manually through visual interpretation in reference to cell values at or just
exceeding a benchmark value of 100°C — used to define the highest temperature of non-
fire areas (Beyers et al. 2007). The flaming front boundary is manifest as the gradient
between zones of distinctly high temperature (expressing fire activity) and low tempera-
ture background values (consistent with unburned surfaces). Although active flaming
fronts were more clearly distinguishable from unburned areas than were post-burn
zones of intermediate temperature (smouldering materials or less intense flames), the
spatial resolutions of the images are such that some convolving of flame and non-flame
portions of the fire front occurs. For this reason, active flaming front locations were
delineated conservatively, by constructing boundaries at the edges or partially within high-
temperature cells whose values suggest temperature mixing. This cartographic smoothing
or generalization is also appropriate because delineating pixel edges strictly would render
unrealistic geometric shapes. We refer to the polygon formed by the sequential flaming
front curves and the lateral sides that connect the end points at which they are no longer
clearly definable as a fire spread unit. The topographic characteristics and fuel conditions
within this fire spread unit (along with wind speed and direction) control the FSR
estimated by the displacement of the flaming fronts.

Vectors of fire front displacement between sequential stages of the fire were manually
constructed as line features between (and generally normal to) the flaming fronts
described earlier. Inferences of fire spread direction were based on visual interpretation,
by considering the temperature profiles and geometric relationships of the flaming fronts.
We used the logical rule that fire movement along a curvilinear advancing front occurs
between shortest path distances. To reduce the margin of potential error in comparing fire
front displacement from imperfectly aligned images, displacements of less than 3 pixels in
length (24-30 m) were omitted. Because there is some variability in direction (and even
more in distance) within fire spread units, spread vectors were delineated at regular 10- or
20-m intervals along primary fire fronts (depending on the length of fire fronts) in order to
ensure consistent measurements of each vector and delineations for each unit. Attributes
of length and direction were determined for each displacement vector. FSR was deter-
mined by the displacement distance per unit time between sequential TIR images. Median
and maximum spread rates were determined from at least 10 displacement vectors for
each fire spread unit.

A frequency distribution of FSR estimates for 73 definable fire spread units was
obtained. FSR estimates were compared with hourly mean wind speed and direction data
from the Tanbark CA RAWS station, which is located approximately 250 m from the
northeast flank of the Williams fire at the time of imaging.

4. Results

Active fire fronts and spread vectors associated with a sample fire spread unit, based on
the FireMapper images of the Williams fire and delineation techniques described earlier,
are depicted in Figures 1 and 2. Fire fronts are portrayed as curvilinear segments based on
the sharp temperature gradient between the unburned and active fire areas. Spread vectors
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Figure 1. Two-time-period sequence illustrating FSR measurements for a portion of the Williams
fire perimeter. (a) and (b) Co-registered FireMapper thermal infrared images covering the same
extent, captured 41 minutes apart. (c) Map of delineated fire front locations, fire spread unit and fire
spread vectors, with mean and maximum spread vector rate and direction provided. (d) Location of
fire spread unit (green rectangle) within the overall active burning portion of the Williams Fire in
relation to surface elevation; all active fire zones that had been mapped are shown in red.

along the lateral flanks of the fire spread unit are more subjectively delineated, but
represent a conservative estimate of the advancing fire front positions in the sequence.
Fire spread units with tri-temporal image coverage provide enhanced assessment of fire
behaviour, thereby allowing for interpretations of shifting fire directions relative to wind
or topographic factors (Figure 2). Shorter intervals between passes and a higher degree of
image registration precision would have been necessary to reliably capture the fire spread
dynamics of this and several other portions of the Williams fire.

Histograms of mean and maximum FSR values for 73 fire front segments (612 fire
spread vectors) derived from the perimeter of the Williams fire within a 1.25-hour period
are shown in Figure 3. Mean FSRs (Figure 3(a)) range from 0.01 to 0.3 ms ', with the
right-skewed histogram distribution. Over half of the segments have FSRs of less than
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Figure 2. Three-time-period sequence illustrating FSR measurements for a portion of the Williams
Fire perimeter. (a), (b) and (c) Co-registered FireMapper thermal infrared images covering the same
extent, captured 20 and 21 minutes apart, and (d) map of delineated fire front locations (three time
periods), fire spread unit and fire spread vectors. The shorter time interval between passes facilitated
more certain determination of fire spread vectors than was the case for the fire spread feature
depicted in Figure 1.

0.03 ms . Maximum FSRs (Figure 3(b)) range from 0.01 to 0.5 ms™ 'and exhibit a right-
skewed distribution. Only 4 of the 60 segments exhibit spread rates < 0.2 ms .

A scatterplot of mean and maximum spread rates against mean and maximum direction,
respectively, is shown in Figure 4. The fastest rates are associated with fire spread towards
the southwest, west and northwest, on the western and north-western flanks of the fire
perimeter. The fastest spread vector has a rate of 0.5 ms ' in the direction 205° (S/SW). The
predominant wind direction at the Tanbark Flats RAWS was north-westerly from 14:00 to
15:00 and shifted to a predominant south-easterly direction during the second hour. Median
wind speed was 3.1 ms™' during the first hour and 2.2 ms™' during the 15:00 hour. This
suggests that the fastest spreading fire fronts were driven by mild Santa Ana-like (dry,
north—north-easterly) wind conditions, which was the predominant weather pattern during
this stage of the Williams fire.

5. Discussion and conclusions

Magnitudes of estimated FSR from the time sequential ATIR imaging approach tested
for the fire conditions of the Williams fire are in line with prior estimates from
ground-based observations. According to Alexander and Cruz (2013), FSR for
crown fires in shrublands range from 0.01 to 1 ms '. Fire spread vector directions
derived from the procedures are consistent with the general wind flow implied by the
limited available wind data and in relation to their locations along the fire perimeter
(i.e., advancing and backing fire front locations). These FSR measurements for the
Williams fire are based on data from a suboptimal image collection strategy for
estimating FSRs and could benefit from higher-frequency image capture to better
track more detailed fire spread patterns.

In addition to a well-designed image acquisition plan, another key to making accurate,
fine-scale measurements of displaced fire objects (and therefore FSR) is precise
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Figure 3. Histograms of (¢) mean and (b) maximum FSR values for 73 fire front segments (612
fire spread vectors) derived from the perimeter of the Williams fire within a 1.25-hour period. FSR
intervals are 0.01 from 0 to 0.10 ms ' and 0.05 ms ' for > 0.10 ms .

registration or co-alignment of time sequential images. A repeat station image (RSI)
acquisition and registration approach that has been demonstrated to achieve registration
with errors less than one or two pixels, even for airborne images finer than 8-cm spatial
resolution (Coulter, Stow, and Baer 2003; Stow, Coulter, and Baer 2003; Coulter and
Stow 2005, 2008; Coulter et al. 2012), will help to ensure precise registration and can be
applied in conjunction with a true orthorectification approach to geometric processing.
The novel RSI approach utilizes location-based triggering to repeat image observations
over time and replicate view geometries. When RSI images are co-registered on a frame-
by-frame basis (preserving matched view geometry) using simple image transformations,
explicit and precise image registration is obtained.

While the ability to make reliable measurements of landscape-level FSRs is potentially
transformative in terms of studying landscape controls on fire behaviour, validating and
verifying fire spread model simulation results, and for fire management purposes, deter-
mining the validity of such measurements is challenging because of the inability to obtain
suitable ground reference data during wildland fire events. Determining the validity and
reliability of FSR measurements from this retrospective study is essentially impossible.
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Figure 4. Scatterplot of mean (blue dot) and maximum (red plus) spread rates against mean (blue
dot) and maximum mean (red plus) fire spread direction, respectively. North = 0° (and also 360°).

We envision and plan to test in subsequent studies an analytical approach to directly
relate remote sensing measurements of fire properties to wind, topographic and pre-fire
vegetation reflectance properties and patterns. A visualization example of a fire spread
unit (with associated spread vectors) overlaid on vegetation life form map that is draped
over a three-dimensional terrain model plot is shown in Figure 5. Direct measurements of
FSR will provide data for validating model simulated fire processes in operational and
state-of-the-art research models being adapted for operational tools of the future. With
proper design and adaptive control of imaging specifications, ATIR imaging systems
provide the potential to directly observe actual wildland fire spread processes (not just
prescribed fires) and measure FSR at spatial and temporal scales that enable landscape-
level studies of factors that control the spread of wildland fire.

3-D spread
indicator

Cover class:

[ Barren
Grass/sparse
vegetation

] Small shrub

[0 Full shrub

B Dense full shrub

Figure 5. Visualization of a fire spread unit (with associated spread vectors) overlaid on vegetation
life form map that is draped over a three-dimensional terrain model plot. The figure demonstrates the
potential for visually analysing FSR relationships with terrain (slope and aspect) and vegetation-type
distributions. Quantitative relationships can also be assessed at the level of the fire spread unit.
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Corrigendum
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rates from repeat pass airborne thermal infrared imagery. Remote Sensing Letters,
5(7-9), pp. 803-812. http://dx.doi.org/10.1080/2150704X.2014.967882.

When the above article was first published online and in print, the initial ‘J.” was
erroneously included in the third author’s name. It should read Emanual A. Storey.
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