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Abstract. A new instrument to quantify firebrand dynamics during fires with partic-

ular focus on those associated with the Wildland-Urban Interface (WUI) has been
developed. During WUI fires, firebrands can ignite spot fires, which can rapidly
increase the rate of spread (ROS) of the fire, provide a mechanism by which the fire

can pass over firebreaks and are the leading cause of structure ignitions. Despite this
key role in driving wildfire dynamics and hazards, difficulties in collecting firebrands
in the field and preserving their physical condition (e.g. dimensions and temperature)
have limited the development of knowledge of firebrand dynamics. In this work we

present a new, field-deployable diagnostic tool, an emberometer, designed to provide
measurement of firebrand fluxes and information on both the geometry and the ther-
mal conditions of firebrands immediately before deposition by combining a visual

and infrared camera. A series of laboratory experiments were conducted to calibrate
and validate the developed imaging techniques. The emberometer was then deployed
in the field to explore firebrand fluxes and particle conditions for a range of fire

intensities in natural pine forest environments. In addition to firebrand particle char-
acterization, field observations with the emberometer enabled detailed time history of
deposition (i.e. firebrand flux) relative to concurrent in situ fire behaviour observa-
tions. We highlight that deposition was characterised by intense, short duration

‘‘showers’’ that can be reasonably associated to spikes in the average fire line inten-
sity. The results presented illustrate the potential use of an emberometer in studying
firebrand and spot fire dynamics.
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1. Introduction

Firebrands are recognized as a crucial component of wildland fire spread and rep-
resent a threat to values at risk. Surveys of Wildland Urban Interface (WUI) fire
events have highlighted the dominant role that firebrands play in the ignition of
structures [1] and the ignition of spot fires ahead of the flame front [2] (see Fig. 1).

In simple terms, the firebrand hazard is related to the potential of firebrands to
ignite new fires. In general, there are two possible mechanisms by which firebrands
can start a spot fire: (1) a single firebrand with properties (e.g. temperature and
mass) such that it can directly ignite a substrate; (2) the accumulation of fire-
brands in a location resulting in sustained smouldering combustion leading to
ignition of a substrate. In both cases, the hazard associated with firebrands is gov-
erned by the geometry and temperatures of individual firebrands and the rate at
which they are deposited on a substrate material.

Despite the clear importance of these parameters, relatively little is known
about the size and temperature distribution of firebrands generated in real fires, or
their rate of deposition (the firebrand flux). This is a complex problem with fire-
brand characteristics likely to be affected by the fuel properties, fire behaviours
and environmental conditions.

Koo et al. [3] review the role of firebrands in historical, large-scale fires and give
an overview of the problem. Investigations of wildland fires have reported infor-
mation on the characteristics of firebrands generated. The work conducted by Ris-
sel and Ridenour [4] on the Bastrop Complex Fire, Texas, USA provided
information on firebrand dimensions. Using the area of holes in a trampoline
located near the burned area as a proxy for projected area they showed that more
than 90% of the holes showed a size less than 0.5 cm2 and that 85% were less
than 0.05 cm2. In addition, they related the fire behaviour with the number of fire-
brands collected at a location and estimated that hot firebrands travelled distances

Figure 1. Example of firebrands generated during a wildfire.
Prescribed fire, Franklin Parker Preserve, New Jersey Pine Barrens,
USA, March 2017.
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of 30 m and note that cold firebrands were recorded up to 15 miles (24 km) from
the fire.

The ultimate size and shape of a firebrand upon landing on a substrate will
depend on, among other things, the distance that the firebrand travelled from the
location it was generated. This will depend on many factors which are generally
not known a priori (e.g. the local plume dynamics, the injection height, firebrand
size). This issue has been explored by Manzello and Suzuki [5], who proposed
using the Tachikawa number [6] (the ratio between aerodynamic and gravitational
forces) as a proxy of the distance a firebrand can travel from the point it is gener-
ated. However, they did not find the expected relationship. This indicates that
accurate prediction of the firebrand hazard requires knowledge of the flow field
within the fire plume and the shape and temperature of firebrands. The complex-
ity of this problem requires detailed field experiments which allow the firebrand
characteristics and deposition dynamics to be related to fire behaviour and envi-
ronmental variables.

Previous studies [7, 8] have relied on measurements of firebrands captured in
prepared sites after the fire. This means that the temporal dynamics of firebrand
deposition and the thermal, dimensional and geometric properties of the fire-
brands are not preserved. Furthermore, such techniques are labour intensive and
not appropriate for capturing the firebrands generated from wildland fire events.
However, methods with the specific purpose of collecting firebrands and extracting
information pertaining to their generation [8], temporal flux, and geometry, and
the associated fire behaviour [7] have been conducted. For example, Filkov et al.
[9] recorded the number and temperature (from infrared thermography) of fire-
brands close to the ground and related this to physical measurements of hot fire-
brands. Data collected allowed a relationship between the number of falling
firebrands and those flying through a control volume per second to be derived. A
relationship between firebrand velocity and wind speed was also established.
Results revealed that most of the firebrands are relatively cold (< 100�C) and their
velocity is positively correlated to that of the wind while negatively correlated to
their size.

Although approaches have been developed that aim to replicate firebrand expo-
sure conditions experienced during a wildfire (e.g. [10–12]), there remains a need
for field-based observations during actual wildland fire conditions, to ensure that
the conditions explored in laboratory settings are representative of real scenarios.

In order to gather such data, we present a new apparatus which has been cali-
brated and tested to measure and analyse firebrand flux, size and temperatures
that is field-deployable during field-scale fire events.

2. The Firebrand Flux and Condition Measurement
System

The firebrand flux and condition measurement system (emberometer) is composed
of an aluminium rectangular body with a cross-section dimension of 250 �
350 mm. Firebrands are collected in an aluminium funnel (diameter of 550 mm,
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located 400 mm above the body of the emberometer) and fall through a rectangu-
lar slot of 250 9 100 mm. As the samples enter the body of the emberometer,
they pass in front of a back lit screen of 250 9 350 mm (see Fig. 2).

Images of particles passing in front of this screen were captured by both a visi-
ble spectrum camera (Sony HD Handycam, framerate of 50 Hz) and a longwave
infrared (IR) camera, recording in the spectral range of 7.5–14 lm (FLIR A615).
The emberometer length was designed to accommodate the IR camera at a dis-
tance which allowed the entire screen to be captured in a single frame. End caps
are used to provide a controlled lighting environment.

Given the short residence time of the firebrands in front of the screen (on the
order of 0.2 s), a high frame rate is needed to ensure that each particle is captured
in more than one frame (i.e. a minimum of 50 fps) thereby increasing the accuracy
with which firebrand dimensions can be estimated. Furthermore, high shutter
speeds are required to avoid a blurred image, and backlighting is used to record
objects with high contrast and well-defined borders. Once particles have fallen in
front of the screen, they are captured in a collection can to allow physical mea-
surements for validation of the image analysis techniques.

Before proceeding with the analysis, it is worth discussing the use of the term
‘flux’. In this work we are counting the number of falling firebrands that cross the
area of the emberometer funnel. This area is known and therefore the flux could
be expressed as the number of firebrands per unit area and time. However,
accounting for the number of particles per unit area will possibly lead to an inter-
pretation of the results as representative for the entire study area rather than at
the measurement location. Therefore, in the following, we will refer to firebrand
flux as the number of particles entering the emberometer per unit time.

Two distinct analyses were conducted: one for the video footage recorded from
the visible (RGB) and IR camera positioned inside the emberometer; and one for
a static image of the firebrands in the collection can. Figure 3 shows the schematic
of the image analysis performed.

Figure 2. a Schematic of the emberometer structure and b the
emberometer deployed in the field.
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2.1. Analysis of the (Visible) RGB Footage

To identify the number of firebrands and their properties (arrival time and dimen-
sions), a motion based multi-object tracking technique was adopted [13]. This
technique makes use of the free-falling nature of the particles to propagate infor-
mation from frame to frame. For the analysis, the method identifies the back-
ground first and then extracts the foreground moving particles. In each frame,
particles are identified, and a free-falling trajectory is computed for each of them,
which allows the tracking of each particle from frame to frame. In the subsequent
frame, the detected particles are assigned to the inferred trajectories to determine
whether the object is the same particle identified in the previous frame or not. If
no such match is found, a new tracking path is initiated, and the particle is coun-
ted as new firebrand. Therefore, for each object it is possible to know the centroid
coordinate, the position in time and the projected area in each frame due to the
simultaneous rotation (‘‘tumbling’’) of the firebrand as it passes through the field
of view. The steps of the method are detailed below:

(1) The images were corrected for inclination of the camera, frames were cropped
to fit the backlit emberometer screen, and pixel size was calculated. In order
to reduce processing time, frames which did not include any particles were fil-
tered and removed. Frames were excluded from further analysis if they did
not have any pixels in the blue band with digital numbers (DN) greater than
30, which was the threshold at which particles saturated due to the high con-
trast of the backlighting. The frames in which firebrands were detected were
then compiled into a new video so that additional image analysis could be
performed.

(2) In order to account for variation in the background due to changes in light or
instrument jitter, the background is defined by interpreting each pixel within
the frame as a mixture of 3 normal Gaussian distributions, one for each col-
our band. Although the colour intensity of a pixel constituting the back-
ground is known, this will slightly change in time due to a noise given by the
image recording, e.g. light variation. The mixture of Gaussians results in a

Figure 3. The schematic of the workflow of the image analysis
conducted. Image analysis techniques.
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multi-modal colour distribution for a pixel, which helps in recognizing fore-
ground pixels in the presence of camera jitter [14]. This is required due to the
camera jitter associated with the increase in (induced) wind intensity during
the fire.

(3) Foreground particles are detected, and a series of morphological operations
are applied. These operations modify the shape of an object according to the
value of the neighbour pixels (i.e. erosion: remove pixels, dilation: add pixels).
A further operation is conducted to cluster together pixels belonging to the
same particle and generate the foreground ‘blob’ that represents the firebrand.
This constitutes the track.

(4) Trajectories and tracks are estimated using a Kalman filter [15].
(5) In the following frame (or time step), the detected particles are assigned to a

track by applying the Munkres’ version of the Hungarian algorithm [16] to
minimize the Euclidean distance between the centroid of the track and that of
the detected object, i.e. cost. Once such a distance is computed, all the values
are organized in a m 9 n cost matrix, where m and n are the number of tracks
and detections, respectively. The maximum distance for the cost of not assign-
ing a detected particle to a track was set equal to a 3-pixel square. This value
was adjusted experimentally on the basis of particle size and velocity, and kept
constant for all the analyses. If the distance threshold is too short, the model
will separate the same track into multiple particles. Conversely, if the distance
limit is too long, several particles may be included in one track.

(6) When a detection does not belong to any previous track, a new track is gener-
ated. When a particle has not been visible for a defined number of frames
selected based on the problem under investigation, the track is deleted. This
value was chosen to be three frames.

This process is applied at each pixel within a frame and for every frame. Com-
putational time was reduced by preselecting the frames to be analysed based on
the manual observation of firebrands. Each selected frame was time stamped to
the original time of the experiment and each firebrand is labelled with a unique
reference number according to the order of arrival from the ignition time. The
result of the tracking analysis is a matrix containing the temporal values for cen-
troid position and area of the firebrands. The arrival time was estimated as the
time the firebrand enters the emberometer chamber (frame) for the first time.
Before the start of an experiment, an object of known area was recorded on each
camera to enable a re-scaling of size from, pixels to square-millimetres, for subse-
quently detected particles. This is a crucial step to compare dimensions of fire-
brands extracted from the footage with those extracted from the image of the
collecting can.

2.2. Analysis of the Infrared Footage

The infrared footage was analysed following the framework presented above. This
allowed the number of hot particles and their arrival time at the emberometer to
be determined.
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For the field study, a threshold temperature of 100�C was used to discriminate
between hot and cold particles. This threshold was identified during the calibra-
tion of the thermal camera in the laboratory and is discussed in Sect. 4.

A fixed range of temperature was selected from 5�C to 100�C, and pixel colours
extracted from the footage frames were scaled linearly, i.e. white and black corre-
sponding to 5�C and ‡ 100�C, respectively. Because true radiometric measure-
ments of firebrand temperature are complicated by a number of factors, including
the spectral emissivity [9], the temperatures associated with each pixel are not pre-
cise measurements. A range of emissivity values have been reported for wood and
these can vary with factors such as surface temperature (including reacting state),
moisture content, and spectral range considered. A value of 0.9 was used. The
exact value is of less importance, as the infrared measurements are used to classify
the state of the particles, guided by the laboratory calibration experiments, rather
than to determine exact temperatures.

2.3. Analysis of the Collection Can

After passing through the image analysis, particles were collected for a posteriori
analysis. Still images of the collection cans were taken to extract the number and
projected area of the firebrands. The original RGB image was converted into a
binary image, to differentiate the firebrands from the background. Morphological
operations were applied to the binary images to estimate the shape of each fire-
brand within the collecting can. To allow conversion from pixels to area, a cali-
bration picture was taken which included an object of known area. A US one-cent
coin (19.05 mm diameter) and a 20 � 20 mm square were used in the field and
laboratory, respectively. The firebrands extracted from the collection can were
used as ground truth for the validation of the analysis of the video footage. To do
this, a minimum area was chosen, both for the analysis of the visual footage and
the can image, below which pixel clusters recognized as firebrands were discarded.
Overlapping or attached firebrands were carefully separated to avoid misinterpre-
tation.

3. Laboratory Calibration Experiments

Laboratory experiments were conducted to assess the accuracy of the emberome-
ter and image processing techniques using synthetically generated firebrands with
known properties. Three types of calibration experiments were undertaken: evalu-
ation of the particle size using cold particles; evaluation of the particle size and
temperature using simulated cork firebrands; and evaluation of the particle size
and temperature using synthetically generated bark firebrands.

3.1. Particle Size Calibration

First, simulated firebrands were cut from cork sheet (1–2 mm thick). The fire-
brands were cut into rectangles 12.5 � 10 mm and 12.5 � 20 mm, such that their
surface-to-volume ratio was 1.69 mm-1 and 1.59 mm-1, respectively. These sizes
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were representative of firebrands measured and reported in previous field studies
[7, 8]. The cork pieces were painted black to provide higher contrast with the
backlit screen and to represent a colour closer to that of charred organic material.
A checkerboard image with 20 � 20 mm squares was positioned in front of the
camera to extract the dimensions of a single pixel and to allow the firebrand
dimensions and area to be extracted from the images. For the lab experiments the
pixel size ranges between 0.15 mm2 and 0.17 mm2. Change in pixel dimensions
between experiments was due to different distance of the camera from the backlit
screen. Hereinafter, we will refer to the firebrands with size 12.5 � 10 mm and
12.5 � 20 mm as small and large firebrands, respectively. The known initial geom-
etry of the simulated firebrands was used as validation data to assess the image
analysis performed on both the video (i.e. RGB and IR) and the static images of
the collecting can. The area for each synthetic firebrand was estimated as the max-
imum projected area observed from the frames in which the firebrand was detec-
ted. The maximum temperature within each frame was extracted, and in the case
of multiple particles (e.g. pieces detached from a reacting firebrand), this was asso-
ciated to the firebrand with the largest area. Three trials were undertaken with
small firebrands only and three with larger firebrands only. For each study,
twenty firebrands were deposited into the emberometer funnel manually. Six stud-
ies were undertaken in which 40 synthetic firebrands (20 small, and 20 large) were
deposited into the emberometer.

Figure 4a shows the area distribution of synthetic firebrands estimated from the
image analysis for the cold experiments. Each area value is estimated as the maxi-
mum value of the projected areas observed for a single particle at different times.
The projected area distribution of the larger firebrands is larger than the small
firebrands. The central part of the distribution (i.e. 25th and 75th percentile) of
the estimated area for large firebrands ranges between 160 mm2 and 250 mm2,
while for small firebrands it is comprised between 50 mm2 and 100 mm2. This
wide range is due to the rotation of the particle while falling. Indeed, by rotating
around three axes during its descent, small projected area values can be produced.
This effect is apparent in Fig. 5 for both the particle sizes. The presence of areas
above the maximum projected area expected of 250 mm2 in the distribution for
large firebrands is due to overlapping with another firebrand or issues associated
to motion blur and lighting, making it difficult to obtain well-defined boundaries
of the firebrands.

The distribution of the projected area when measured using images of the col-
lection can was much smaller compared to the emberometer (Fig. 4b). Area distri-
butions for both small and large particles were quite narrow, with an overall
variation of 23 mm2 and 45 mm2, respectively. The average estimated firebrand
area for small particles increased from 105 mm2 to 128 mm2 (actual value 125
mm2) and from 205 mm2 to 240 mm2 (actual value of 250 mm2). This indicates
that the visual analysis as implemented can reproduce the particle sizes (and that
there were no changes to particle sizes as they landed in the collecting can) and
that underprediction in the visual footage from the emberometer arises due to the
issues previously discussed.
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3.2. Particle Size and Temperature Calibration: Cork

The hot experiments were performed to calibrate the infrared camera. Synthetic
hot firebrands were created by heating cork particles in a muffle furnace at tem-
peratures of 150�C, 250�C and 300�C. Such temperatures were chosen to represent
the ranges of different firebrand conditions: hot but not reacting firebrands
(150�C), charred firebrands (250�C), and reacting firebrands (300�C). Ten experi-
ments divided between large and small firebrands were conducted to investigate
whether a relationship exists between firebrand surface temperature and dimen-

Figure 4. Boxplots for the projected area of the firebrands extracted
from the a visual footage and b collecting can, in the laboratory
experiments. The box indicates the portion of the distribution
included between the 25th and 75th percentile, the red line is the
median of the distribution and the red cross the outliers. Black dots
represent the actual area of the particles (Color figure online).

Figure 5. Frame montage showing the position of the falling particle
at distinct times for both a large and b small firebrands. The image
shows how particle rotation induces large variations in the area
recorded by the camera associated to large particles while it has
minimal effect on the area associated to small particles.
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sions. It should be noted that in these experiments, the conditioning temperature
did not result in significant shape changes of the cork.

Figure 6a shows the measured surface temperatures for particles heated to 150,
250 and 300�C. The results indicate that the surface temperature of non-reacting
firebrands (< 300�C) dropped abruptly once removed from the muffle furnace.
This is particularly evident from the results obtained for the firebrands heated up
to 250�C that show temperatures in the range 70 to 170�C recorded using the IR
camera. The data from Fig. 6a are used to define a threshold of 200�C to distin-
guish between reacting (hot) from non-reacting (cold) firebrands.

Particle size and temperature calibration (Fig. 6b) shows the distribution of the
highest temperature recorded by the IR camera for small and large firebrands
conditioned to 300�C. The box represents the 25th and 75th percentile, the red
line is the median value of the distribution and a cross indicates an outlier, i.e.
values greater than + /-2.7r from the mean of the distribution. The temperature
distribution associated to large firebrands presents higher values, with almost the
entire distribution falling above 300�C. Small firebrands show a wider temperature
distribution, and a lower median temperature of 230�C compared to that obtained
for the large firebrands. Small firebrands have a slightly larger surface-to-volume
ratio, which will increase the rate of cooling and hence the ability to sustain a
combustion process.

The maximum temperature recorded in the IR camera and the associated parti-
cles are shown in Fig. 7. This demonstrates the ability to uniquely link each parti-

Figure 6. a Estimated temperatures recorded by the IR camera for
the firebrands heated to temperatures of 150�C, 250�C, and 300�C.
The marker indicates the average value while the bar represents the
maximum and minimum value. b Boxplots for the temperature of
small and large firebrands in the laboratory experiments. The box
indicates the portion of the distribution included between the 25th
and 75th percentile, the red line is the median of the distribution and
the red cross the outliers, i.e. the values greater than + /22.7r from
the mean (Color figure online).
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cle with a temperature measurement. Closer inspection allows further information
to be obtained from the RGB images.

The presence of a red spot in firebrand 5 indicates that this firebrand is glow-
ing, and this is consistent with the temperature measurement in excess of 500�C.
There is an appearance of a plume associated with firebrands 2 and 7, which
again is indicative of a combustion process. Finally, firebrand 1 shows small pie-
ces detaching from the firebrand, which indicates that the firebrand structure is
changing. Although not explored further in this paper, these sources of informa-
tion can be used to develop further insights into firebrand characteristics.

3.3. Particle Size and Temperature Calibration: Bark

Finally, a series of experiments was conducted using bark pieces. A total of 70
bark pieces of random size were conditioned in the muffle furnace. This allowed
the physical measurements of firebrand dimensions before and after the experi-
ments to be compared with those extracted from the visual footage and for the
temperature recorded by the infrared camera to be related to firebrand conditions.

Having demonstrated the functionality of the system using idealised particles,
further calibration was undertaken using synthetic firebrands generated from bark.
Bark flakes ranging in size from 100 mm2 to 700 mm2 in size were mechanically
removed from Pitch Pine (Pinus rigida Mill.) trees located in the New Jersey Pine

Figure 7. Example showing results from the combined use of the
visual and IR camera. Maximum temperature recorded by the IR
camera within 1-s time window and images from the visual footage
showing the related firebrands. The dashed line indicates the
threshold discriminating between reacting (hot) and not reacting
(cold) firebrands.

Development of a Field Deployable Firebrand Flux



Barrens, USA. This species was chosen to align with the vegetation used in the
field deployment. [17]. The bark pieces were heated in the muffle furnace at 500�C
before being dropped into the emberometer.

The cumulative distribution of the bark pieces is shown in Fig. 8a, and a typical
selection of particles before conditioning is shown in Fig. 8b. A total of 70 bark
pieces were used in this study, and approximately 80% of the pieces had an area
between 100 mm2 and 400 mm2 prior to conditioning.

A total of 76 firebrands were detected by the image analysis (six more than
were deposited into the emberometer) indicating the tendency of bark pieces to
break up on heating. The detected firebrand sizes were less than those measured
prior to heating and insertion into the emberometer, due to due to mass loss asso-
ciated with particle heating chemical processes that continued while the particle
travelled through the emberometer, and due to the previously mentioned underes-
timation that is common due to particle orientation in the view space. However,
further analysis of the collection can indicates that the effect of the particle rota-
tion is small relative to the consumption of the particle by burning. 123 firebrands
were detected in the collection can and these were again shifted to smaller sizes
than the image analysis, suggesting further fragmentation (assumed to be due to
impact). A small percentage (tail of the distribution above the 90th percentile) of
the firebrands collected in the can (dashed yellow line) are larger than the maxi-
mum size measured in the visual analysis (continuous red line). This may be due
to the rotational effects described previously or the particles overlapping in the
can. The total firebrand area from all particles in the visual analysis was 7,730
mm2 and the total firebrand area in the can analysis was 10,500 mm2.

Figure 8. The graph a shows the cumulative distribution for the
firebrands’ projected area extracted from the image of the collecting
can before (point-dashed line) and after (dashed line) the laboratory
run, and from the visual footage (continuous line). The number of
firebrands recorded from the can pre-run, the visual camera and the
can post-run are, respectively, 70, 76, and 123. Images show an
example of collecting cans b before and c after the laboratory runs.
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Using infrared temperature measurements of the bark pieces, a temperature
threshold for classification was developed. All particles were observed to be react-
ing upon deposition into the emberometer. The recorded infrared temperature
range was between 20 and 570�C. Particle temperature is plotted against particle
size in Fig. 9. A weak positive correlation with particle size is observed. Based on
these data, a temperature threshold of 100�C is proposed for use in field experi-
ments to differentiate between hot and cold firebrands. This leads to 12% of the
reacting particles being identified as cold.

The discrepancy in the temperature threshold between the cork and the bark
indicates that this value is dependent on the firebrand geometry, material proper-
ties (e.g. emissivity, density) and burning characteristics (e.g. oxidation rate) of the
materials. This means that the threshold value must be calibrated for a given sys-
tem.

4. Field Measurement of Firebrand Characteristics
and Dynamics

Two field-scale fire experiments were conducted, at the Franklin Parker Preserve
in the New Jersey Pine Barrens, USA in March 2017 and March 2019. The New
Jersey Pinelands is a high fire-frequency forest region dominated by highly fire-
adapted pines whose flakey-bark, for over a century, has been cited as a critical
source of embers that contribute to the enhancement of wildfire spread [9, 18, 19].
Hereinafter we will refer to the 2017 experiment as Parker Preserve North (PPN)
and the 2019 as Parker Preserve West (PPW). The study areas were each approxi-
mately 6.25 ha, with overstory vegetation mostly dominated by pitch pine (Pinus
rigida Mill.) and tree oaks (Quercus spp.). The understory consisted of shrub oaks
(Quercus spp.), blueberry (Vaccinium spp.), and huckleberry (Gaylussacia spp.).

Figure 9. Relationship between firebrand projected area and
temperature for the pieces of bark used in the laboratory hot runs
(Color figure online).
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For a detailed description of the species assemblages of the New Jersey Pine Bar-
rens [20, 21] and examples of experimental fire behaviour and firebrand produc-
tion, see [8] and [22]. This section first discusses the measured fire behaviour to
provide context for the firebrand measurements.

4.1. Fire Behaviour

The progression of the fire front in these experiments was tracked using an array
of GPS-enabled single channel temperature measurement devices. These were
deployed in a 10 9 10 array over the burn area, with a spacing of 25 m. The
localized fire arrival times, determined from the temperature signal, were interpo-
lated to create isochrones of fire position. The inverse gradient of the fire arrival
times was then used to obtain spread rate values. Figure 10 provides information
on the spatial position of the fire front during the experiments at a time interval
of 1 min and 2 min, respectively for PPN and PPW. The shaded contour plot rep-
resents the local rate of spread computed from these fire front positions.

The average rate of fire spread in PPN was 0.26 m/s compared to 0.09 m/s for
PPW. This can be partially explained by the dominant wind direction. In both
cases the fire was ignited as a line on the northwest edge. Therefore, in the PPN
experiment the wind pushed, on average, the fire along a direction perpendicular
to the ignited edge. On the other hand, during the PPW experiment the wind shif-
ted several times, yielding an average wind direction of � 45� to the ignited edge
(Fig. 10).

Two emberometers were deployed for each experiment. In the PPN experiment,
both emberometers were positioned outside of the burn, 25 and 50 m perpendicu-
lar to the edge of the burn unit (Fig. 10). During the PPW experiment one
emberometer was deployed inside the burning plot and the other immediately out-
side at 25 m from the plot edge (Fig. 10). In the following, we will refer to the
closest and further emberometer of the PPN burning as N1 and N2, respectively.
Analogously, the emberometers inside and outside the plot in the PPW burning
will be respectively named W1 and W2. W1 was located within the plot to evalu-
ate very short-range firebrand deposition and was buried leaving only the collec-
tion funnel above the ground. After the calibration operation required to rescale
the size from pixel to mm2, the size of a pixel for the images recorded from each
emberometer deployed is: N1 0.05350 mm2, N2 0.06539 mm2, W1 0.14871 mm2,
W2 0.15805 mm2.

4.2. Firebrand Characteristics

The number and size distributions of firebrands collected at sites N1, N2 and W1
are shown in Fig. 11. Key information is summarised in Table 1. The data show
that a large number of firebrands were collected during the experiment conducted
at PPN compared to those collected at PPW. Hot firebrands were only observed
at N1. The size distribution is consistent among sites N2, W1, and W2, but tends
towards higher values for N1.

The distribution of the maximum projected area for all the firebrands collected
during the field experiments are shown in Fig. 11 with distinction made between
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hot (brown bars) and cold (blue bars) firebrands. As for the experiments using
bark, data from the field does not show a clear relationship between firebrand size
and surface temperature. Due to the very few firebrands collected at the site W2
this site does not present a significant distribution of the maximum projected area
and thus it was omitted from the results.

The area distribution extracted from N1 shows 83% of the firebrands have an
area £ 50 mm2 and 93% £ 100 mm2. The firebrands collected at N2 and W1 are
smaller with a maximum area around 70 mm2 and an average area of 31.5 mm2

(N2) and 13.8 mm2 (W1). Furthermore 93% of the collected firebrands show an
area< 40mm2 for the embrometers N2 and W1. These findings are in agreement
with previous field observations [4, 7, 8].

Comparisons of the area extracted from the visual footage to that from the sta-
tic image of the can at the end of the field experiments are shown in Fig. 12.
Qualitative agreement is observed between the curves for N1 and W1. In the case
of N2, the curves overlap only for areas larger than 50 mm2 and the curves differ
significantly for W2. However, in this latter case the few firebrands collected (only
7) and their small dimensions (90% of the firebrands below 15 mm2) diminish the
significance of the distribution. The low number of firebrands collected at N2 (29)
also limits the comparison between the two curves.

4.3. Firebrand Dynamics

The primary motivation behind the emberometer is to determine the time-depen-
dent firebrand dynamics and to relate this to fire behaviour. Figure 13 shows the
cumulative number of firebrands collected in the PPN and PPW fires alongside

Figure 10. The study area. Representation of the two burning plots
PPN and PPW, and the position of the two emberometers deployed in
each experiment N1, N2 and W1, W2, respectively. The shaded
contour map shows the rate of spread computed from the position of
the fire front recorded during the experiments and represented by the
contour lines; the labels highlight some specific times from the
ignition, for reference. The black arrow indicates the average wind
direction.
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the estimated rate of spread. The average rate of spread, which can be correlated
to the fire intensity, is approximately three times higher in the PPN compared to
PPW. This demonstrates that higher fire intensities result in a larger number of
firebrands (at approximately comparable locations and positions relative to the
fire front).

Distinct periods of high deposition of firebrands occurred during each experi-
ment, as illustrated by curve in Fig. 13 and Fig. 14. These firebrand showers are
evident at location N1 between 12–14, 15–17, and 19–21 min from the fire igni-
tion. At position N2, a smaller number of firebrands were recorded but again

bFigure 11. Histogram and cumulative curve (inset) for the area of
the firebrands collected at a N1, b N2, and c W1, as extracted from
the analysis of the visual and thermal footage. The brown and blue
bars are associated, respectively, to hot and cold firebrands. Due to
the very few firebrands collected at the site W2 this site does not
present a significant distribution of the maximum projected area and
thus it was omitted from the results (Color figure online).

Table 1
Characteristics of Firebrands Detected at Each Measurement Site

Location Total firebrands Total hot firebrands 10–90th percentile size range, mm2

N1 150 20 2.67–74.9

N2 29 0 2.07–37.8

W1 41 0 1.79–35.98

W2 7 0 2.3–24.0

Figure 12. Cumulative distribution of the firebrands area extracted
from the visual footage (continuous line) and the collecting can
(dashed line) for the PPN and PPW burning. Line thickness and colour
indicates the emberometer: the thick blue lines are associated to N1
and W1 while the thin red lines to N2 and W2. The image shows the
collecting can for each of the emberometers (Color figure online).
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there is evidence of deposition occurring in two distinct showers between 10–12
and 15–16 min after ignition. The final shower at N1, resulting in hot particles,
may be associated with the period of intense fire behaviour (high spread rate)
identified immediately upwind of the N1 location (Fig. 10), which was less likely
to impact N2. The number of firebrands collected during the PPW experiment was
41 and 7 at locations W1 and W2, respectively. For emberometer W1, it is possi-
ble to recognize two firebrand showers occurring approximately 19 min and
40 min after the ignition.

If it is assumed that the firebrands collected were generated during the periods
of high spread rates, then the average travel time of a firebrand is approximately
5 min (see Fig. 13). This transit time is likely to be an upper estimate as there is
some evidence to suggest that firebrands are generated after the passage of the fire
front.

5. Practical Considerations

The above data show that coupled visual and IR image analysis can allow insights
into the temporal nature of firebrand flux and allow relationships to be made
between firebrand deposition and fire behaviours. The current technique however
is constrained by several practical issues which are explored below.

5.1. Measurement Locations

The results presented above indicate that there is a large spatial variability in fire-
brand deposition due to factors such as fire behaviour, and plume dynamics. This
is captured in Fig. 15, which shows the firebrand density measured using an array
of collection cans in the PPW fire. The results indicate that the maximum fire-

Figure 13. Temporal distribution of the firebrands for the
emberometers deployed in the field (blue lines) and the average rate
of spread estimated with a 1 min frequency (red line)—respectively
emberometer N1,W1 (blue continuous line) and emberometer N2,W2
(blue dashed line). The black circles indicate the presence of hot
firebrands within the firebrand shower (Color figure online).
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brand density was as high as 300 pcs m-2 adjacent to areas of rapid fire spread
(and hence high fire intensity).

Firebrands were collected in discrete firebrand collection sites each covering an
area of 1.5 9 3 m in which 15 collection cans were positioned. Details on the
method used to generate the results reported in Fig. 15 are in the supplementary
material attached to the paper.

Clearly this indicates the value of multiple devices covering a larger area in
order to fully characterise the temporal and spatial firebrand distribution. To
achieve this in practical terms, it is necessary to reduce the dimensions and cost of
the emberometer.

5.2. Reduction of Scale and Cost

Optimising the emberometer for field deployment (small, lightweight, low cost)
and obtaining high quality images for analysis (larger capture area, higher resolu-
tion imagery, etc.) requires a series of compromises to be made. Consumer-grade
visual cameras have been shown to be adequate for obtaining data at sufficient
quality to obtain reliable measurements for image processing. Indeed, the majority
of the measurement uncertainty here is due to the tumbling nature of the particle
as it falls. However, further laboratory and field testing would enable a firmer sta-
tistical understanding of actual and detected particle size.

The primary optimisation to reduce cost and scale would be to substitute the
infrared camera with a modified consumer grade camera. Since it has been
demonstrated that accurate measurement of a falling, rotating particle’s tempera-
ture is complicated by the variability in orientation and actual temperature and
the relatively low time in the field of view, a bespoke calibration is likely to be
required so high resolution optical pyrometry is not required and alternative tech-
niques may be appropriate [23]. Reducing the thermal information to this level
would allow for significant cost reduction while only introducing the need for a
laboratory calibration to determine the appropriate thresholds to distinguish
between hot and cold firebrands.

5.3. Some Uncertainty about Particle Recognition

While the emberometer was shown to give a good estimate of overall particle size
distributions when deployed in the field, a limit was found in terms of characteris-
ing fine particles such as pine needles. The large aspect ratio of such particles
means that they are difficult to identify and are susceptible to variabilities in the
lighting in the frame. This may result in misclassification as one particle is classi-
fied as multiple separate firebrands. Improvements to the image processing tech-
niques e.g. creation of a shape library or tuning to expected firebrand material
may be a useful development.

5.4. Variable Fire Dynamics and Variable Distance to Flaming Front

The spatial scale of the fire also presents a challenge when selecting the number
and locations of sampling points. This is due to the limited information collected
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so far on the dynamics of firebrands generated during wildfires. In addition, chan-
ges in wind direction induce spatial variations in ROS that make it difficult to
relate firebrand fluxes to the observed fire behaviour.

Subsequent information collected by deploying several emberometers during
prescribed fires will relax such a simplification of fire dynamics and allow to spa-
tially link fire dynamics with firebrand fluxes. Figure 15 shows an example of
results obtainable. However, this is a static image presenting the distribution of
deposited firebrands observed after the fire and does not account for the delay in
the generation of firebrands, neither for the changes in wind direction. Therefore,
in the supplementary material an animation has been added to show how time-re-
solved results can allow a firebrand deposition pattern to be associated to time
changes in fire intensity and wind direction.

bFigure 14. Firebrand arrival time within the observed firebrand
showers (distinct colours) for the emberometer a N1, b N2, and c W1.
The coloured boxes are associated to the firebrand showers and
indicate the firebrand distribution, according to their area. Due to the
very few firebrands collected at the site W2, this site does not present
a significant distribution of the maximum projected area and thus it
was omitted from the results (Color figure online).

Figure 15. Contour plot obtained by interpolating the number of
firebrands collected in each collection site during the PPW burning.
The black and white image shows the average rate of spread of the
fire at different points in time. The arrow on the top left of the graph
represents the average wind speed and direction computed from the
measurements taken during the field experiment. The triangles
indicate the location of the two emberometers W1, and W2. The
complete animation from which this image has been extracted can be
found in the supplementary materials.
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These new relationships will further help future research to place the emberome-
ters also during natural, i.e. uncontrolled, fires. Further information is also
required on plume characteristics to allow the travel time of firebrands to be
assessed. This would allow the firebrand fluxes (arrival times) to be strongly corre-
lated to fire behaviours.

6. Conclusions

A tool for the monitoring of firebrand fluxes, sizes and thermal status has been
developed, calibrated in the laboratory and deployed in field experiments. The
analysis conducted has demonstrated the ability of the measurement and analysis
techniques to provide new types of data on temporal firebrand dynamics. This
method, if widely deployed, will rapidly allow a large coherent set of data to be
generated to better understand the fire spread and structural ignition hazards aris-
ing from firebrands.

Using a combination of visual and infrared data, the emberometer overcomes
the main issues associated with the collection and characterisation of firebrands.
In particular, this new tool provides crucial new insights into firebrand dynamics
by gathering reliable information on.

� the total number of firebrands and their real dimensions;
� the total volume and mass by combining the above information with vegetation

type;
� the arrival time; and
� the thermal status of the firebrand approaching the ground.

Laboratory calibrations demonstrated the capability of the system to quantify
primary firebrand characteristics in a controlled setting. It was found that the
maximum projected area of the falling firebrand images gives a reasonable esti-
mate of true firebrand size. Temperature thresholds could also be developed to
differentiate between hot and cold firebrands. These thresholds were found to be
material dependent.

In field experiments, the system was shown to be able to capture firebrand geo-
metrical properties as well as discriminate between hot and cold firebrands. For
the fires studied � 9% of the particles were hot. No correlation between particle
size and temperature was observed.

Currently the instrument is limited to research applications due to the size and
cost. However, improvements have already been identified which would reduce the
size and cost, thus increasing the ease of deployment.

By generating a coherent and consistent dataset through a common approach
to measurement of the temporal dynamics of firebrands (and linking these to the
fire behaviour) it is envisioned that significant advances in quantifying the hazards
arising from firebrands can be made.
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