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Assessing wildland fire suppression effectiveness with infrared 
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ABSTRACT 

Background. Suppression effectiveness is often evaluated by measuring the extent to which it 
slows fire spread and reduces fireline intensity. Although studies have used infrared (IR) imaging 
methods to explore suppression effectiveness, most do not measure or assess the influence of 
water application on energy release. Aims. This preliminary analysis uses IR imagery to quantify 
the impact of suppression on fire behaviour and the reduction in energy released from a flaming 
fire. Methods. We conducted a series of small-scale experimental burns representative of pine 
and grass surface litter in the Canadian boreal forest and suppressed these fires while actively 
monitoring fire behaviour with overhead IR imagery. We used detailed measurements of fire 
radiative power to estimate fire radiative energy density, forward rate of spread and fireline 
intensity. Key results. We observed changes in fire behaviour due to suppression, quantified the 
duration of those reductions and detected a suppression signal through an analysis of radiative 
energy during the flaming combustion phase. Conclusions. IR methodology is able to capture the 
changes in energy released from a fire due to known aspects of water application. Implications. 
Our findings can inform methodologies for field studies on suppression effectiveness, where 
ground sampling techniques are impractical but airborne IR methods can be employed.  

Keywords: Byram’s fireline intensity, experimental burning, fire management, fire radiative 
energy density, fire radiative power, fire suppression, infrared imaging, rate of spread, remote 
sensing, suppression effectiveness, wildfire. 

Introduction 

In Canada, an average of nearly 3 million ha of forest is burned by wildland fires every 
year (Canadian Interagency Forest Fire Centre (CIFFC) 2021), with almost CA$1 billion 
spent annually on wildland fire management (Stocks and Martell 2016). Although fires 
are a natural disturbance and they can provide ecological benefits, wildland fire man
agement agencies commonly suppress fires to mitigate the potentially disastrous social 
and economic impacts of wildland fires. 

Initial attack ground suppression crews are personnel that are trained, equipped and 
deployed to conduct initial suppression action on fires to halt fire spread (Merrill and 
Alexander 1987; CIFFC 2023). The suppression tactics and equipment initial attack crews 
use to build fire line in the province of Ontario include hand tools, soft backpack pumps, 
portable power pumps with hose and heavy machinery (e.g. dozers). Ground suppression 
can include the use of both direct and indirect suppression tactics. Where water is 
available, direct suppression by ground crews often consists of ‘knocking down flames’, 
adding water to the combustion zone to decrease the rate at which energy is released by 
the fire (and thereby slow its growth), and mop-up of residual smouldering or glowing 
combustion using pumps and hose. In Ontario, indirect suppression is more commonly 
carried out by airtankers, and consists of wetting the fuels ahead of the fire front, with the 
aim of slowing fire spread once the fire reaches the treated area. 

Suppression effectiveness can be examined at the flame, fireline, incident and land
scape scales (Plucinski 2019a, 2019b). Evaluating fire suppression effectiveness at the 
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flame or fireline scale often addresses two main factors. 
First, it estimates the extent to which the suppression action 
slows the advance of the flame front, essentially, the extent 
to which it reduces the fire’s rate of spread. Second, it 
focuses on the extent to which suppression decreases fireline 
intensity, the rate of energy release per unit time per unit 
length of fire front (in units of kilowatts per metre), which is 
often described using visual characteristics such as flame 
length, height and depth (Byram 1959). 

One approach to assessing suppression effectiveness at 
the flame scale is by observing the experimental burning of 
fuel beds in combustion wind tunnels. This method allows 
researchers to control factors such as fuel load, moisture 
content and wind speed. Studies focused on the flame scale 
have examined both indirect and direct suppression effec
tiveness (Giménez et al. 2004; Àgueda et al. 2008; Plucinski 
2019a). Indirect suppression studies typically focus on sup
pression enhancers (Gibos and Ault 2007) or retardants 
(Plucinski and Sullivan 2024) as opposed to water alone.  
Stechishen (1970) and Stechishen and Little (1971) 
conducted laboratory experiments using direct suppres
sion methods, and developed equations that related the 
water depth required to extinguish low-intensity fires 
(<1000 kW/m) in pine litter fuel beds. Other direct sup
pression studies using combustion wind tunnels have com
pared the effectiveness of various gels, foams and 
retardants (Blakely 1985; Blakely 1990; Plucinski et al. 
2017; Plucinski and Sullivan 2024) to produce estimates 
of the suppressant volume per unit area required to extin
guish flaming combustion (Plucinski et al. 2017; Plucinski 
and Sullivan 2024). 

Emerging innovative technologies based on the use of 
remote sensing infrared (IR) imagery have been used at 
incident and fireline scales, to quantify fire behaviour 
attributes with enhanced spatial and temporal resolution, 
eliminating the need for ground sampling (e.g. Loane and 
Gould 1986; George 1985, 1988; Budd et al. 1997). Such 
remote sensing studies have often focused on processing 
IR data to quantify aerial suppression drop effectiveness. 
Suppression effectiveness has been measured using a 
‘cooling factor’ by comparing the temperature of the 
drop zone before and after suppression (e.g. Pérez et al. 
2011), and changes in fire spread rate, measured by 
analysing the percentage reduction of the short-term (i.e. 
1 min) rate of spread in the drop area (e.g. Plucinski and 
Pastor 2013). 

An important missing component of these experiments is 
the ability to objectively quantify the influence of suppres
sion on energy released from the combustion zone, which is 
essentially the change in fireline intensity due to that sup
pression action. Physics-based models, which predict the 
theoretical water amounts required to extinguish fires of 
various fireline intensities, are often used as surrogate mea
sures to fill this gap in our understanding of the impact of 
suppression on the combustion process (e.g. Hansen 2012;  

Penney et al. 2019; Van Wagner and Taylor 2022). The 
increasing availability of remote sensing technologies to 
fire management agencies (e.g. Johnston et al. 2020;  
McFayden et al. 2023a) offers opportunities to assess the 
extent to which such technology can be used to study the 
direct impacts of suppression on a fire front. 

Previous studies have established methods for estimating 
both forward rate of spread (e.g. Pastor et al. 2006; Paugam 
et al. 2012; Johnston et al. 2018) and Byram’s fireline 
intensity (e.g. Johnston et al. 2017) using IR imagery of 
experimental fires. Byram’s fireline intensity, in kilowatts 
per metre, is commonly represented by the following 
equation: 

I H w r= × ×B

where H is the heat of combustion (kJ/kg), w is the mass of 
the available fuel per unit area (kg/m2) and r is the rate of 
spread (m/s). An alternative formulation proposed by  
Byram (1959) that can be used to calculate frontal fireline 
intensity when measuring inputs using IR methods is: 

I E r= ×B tot

where Etot represents the total available fuel energy per unit 
area (kJ/m2). Etot can be estimated using the measured Fire 
Radiative Power (FRP) or Fire Radiative Power Density 
(FRPD) when accounting for pixel area. The temporal inte
gration of FRP produces Fire Radiative Energy, or Fire 
Radiative Energy Density (FRED), representing the total 
radiative energy released from the fire during combustion. 
FRED can therefore be used to estimate the total fuel con
sumed (Wooster et al. 2003, 2005), and hence Etot, but 
requires scaling by an estimate of the radiative fraction to 
yield the total energy release (Johnston et al. 2017). 

The need for further suppression effectiveness research 
was discussed nearly three decades ago (Hirsch and Martell 
1996), but since then, there has been little scientific 
research to explore this problem (Plucinski 2019a, 2019b). 
Although some authors have demonstrated that remote 
sensing technology can be used to measure the spatial and 
temporal variation in fire behaviour metrics (e.g. Johnston 
et al. 2017, 2018), there have been few studies that have 
aimed to quantify suppression effectiveness using such 
technology. As emerging technology and remote sensing 
capabilities will be increasingly available to provide near 
real-time information to support fire management opera
tions and response decision-making (e.g. WildFireSat;  
Johnston et al. 2020; McFayden et al. 2023a), an improved 
understanding of suppression effectiveness on spreading 
wildfires could be enhanced by these newly available data. 

In this study, we conduct a preliminary exploration of 
how water delivered during ground suppression operations 
influenced the behaviour of a series of small experimental 
fires representative of the boreal forest using measurements 
of fire intensity and rate of spread obtained from IR 
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imagery. For the period immediately before and after sup
pression, we explicitly examine the influence of two differ
ent water application approaches and two different water 
volumes on:  

1. Fire behaviour expressed in terms of the immediate 
change in both fireline intensity and rate of spread;  

2. The duration of holding time for the observed 
suppression-induced reduction in fire behaviour (i.e. 
the time required for a fire to resume spreading actively 
after suppression);  

3. The energy released from a fire, as measured by a 
decrease in FRED. 

The first two measurements described above can be used to 
estimate the influence of suppression on flame front advance 
and holding time. The third allows us to explore whether the 
direct energy sink of water applied to a combustion zone as 
part of ground suppression can be measured by IR imaging. 

Methods 

Experimental burns were conducted to observe the impact 
of fire suppression (i.e. the depth of water applied on and in 
advance of a flaming fire front) on fire behaviour. Several 
treatment factors were investigated including fuel type, fuel 
load, suppression type and the amount of water applied. IR 
imaging cameras mounted on a 30-m  scaffold tower beside 
the experimental burn plots were used to measure both fire 
intensity and rate of spread throughout the duration of 
each burn. 

Data collection 

Experiment description 
Twenty-two experimental burns were conducted between 

5 and 12 September 2019 at the Canadian Forest Service’s 
Rose Experimental Burn Station, near Thessalon, Ontario, 
Canada. A burn platform of 7.34  × 4.88 m was located at 
the base of a 30-m  scaffold tower where IR imagery cameras 
and one visual camera were mounted 15 m above the plat
form and angled (~21°) to capture the full platform within 
their field of view (see Table 1 for IR camera specifications). 
The base of the burn platform consisted of 12 ‘fire-proof’ 
Marinite boards arranged into three rows of four panels 
(2.34 × 1.21 m). This experimental burn set-up and IR 
imagery methodology for measuring fire behaviour has 
been used in previous studies at this location (e.g.  
Johnston et al. 2017, 2018). Fig. 1 is an annotated photo
graph of the burn platform and tower. 

Fuel types and arrangement 
Prior to the burns, a bed of cured fine fuels was evenly 

distributed on each panel of the burn platform. Two 

different fine fuel types were used: dried longleaf pine nee
dles (Pinus palustris), and cut and cured Timothy grass 
(Phleum pretense). Although stored in a location that was 
mostly sheltered from rainfall, storage was not environmen
tally controlled and moisture content in both fuel types 
varied with ambient conditions on the day of the burn. 

All fuel was sorted and dispersed to remove coarse woody 
material to ensure the fuel consisted of only fine fuels. Two 
different fuel loadings were used: a moderate fuel loading 
consisting of a wet mass of 1.0 kg/m2 of fuel and a heavy 
fuel loading consisting of a wet mass of 1.5 kg/m2 of fuel. 
The moderate fuel load of 1.0 kg/m2 of pine needles has 
been used in previous experiments at this site (e.g. Johnston 
et al. 2017, 2018) and sustainably carried spreading fires 
through the entire fuel bed. The heavy fuel load was chosen 
to represent 50% more fuel, to potentially generate higher- 
intensity fires. All of the 12 sections of the fuel bed (Fig. 1) 
were loaded with the same amount of fuel to ensure homo
geneity in the distribution of the fuel across the burn pad. 
Ten fuel bed moisture samples (~20–30 g per sample; this 
sample weight is ~1% of the fuel on each panel in the 
moderate fuel load grouping and it is therefore reasonable 
to assume that it did not impact the fire intensity calculation 
while still providing a robust moisture sample) were taken 
5 min prior to each burn, one from each of the outer sections 
of the fuel bed (all sections excluding nos 6 and 7 in Fig. 1). 
Samples were weighed and dried in the lab at 95°C for 24 h 
and an average moisture content (gravimetric moisture by 
dry weight) for each fuel bed was calculated. Fuel bed depth 
was also measured on the outer sections of the fuel bed prior 
to the burn and used to calculate an overall average depth 
and fuel bed bulk density. 

Suppression treatments 
The experimental suppression treatment applied to each 

fire was water delivered from soft backpack pumps with a 
jet stream nozzle. Two different water application tactics 
were used: direct and indirect suppression. During direct 
suppression, water was precisely targeted using a forceful 
stream directly into the flaming combustion zone of the fire 

Table 1. Specifications of the mid-wave infrared (MWIR) and long- 
wave infrared (LWIR) cameras used in the experiment.     

Data MWIR LWIR   

Infrared imagery FLIR SC6703 FLIR T450SC 

Detector array 640 × 512 320 × 240 

Spectral band Narrow 3.9 µm filter 8–14 µm 

Dynamic 
range (K) 

423–1123 273–1773 

Imaging 
approach 

Superframing three 
integration times 

Single 
integration time 

Frame rate (Hz) 45 30   
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front. For indirect suppression, water was applied with a 
dispersed stream on the fuel immediately ahead of the 
advancing fire front and sprayed to attempt to cover a 
wider coverage area, targeting a suppression width of 30 cm. 
Although typically ground suppression in Ontario does not 
involve indirect suppression using backpack pumps, this 
wetting of the fuels ahead of the flame front is sometimes 
used by aerial suppression and in sprinkler applications. 
Indirect suppression provided an opportunity to mimic the 
wetting of fuels of aerial suppression while also providing 
paired contrasts with direct combustion zone suppression. 

There were two different dose levels for suppression: a 
low suppression effort amount consisting of ‘10 pumps’ or 
approximately 1000 mL of water delivered in total, and a 
high suppression effort amount consisting of ‘16 pumps’ or 
approximately 1600 mL of water. Water amounts were 
delivered uniformly across the width of the fuel bed. 

Experiment execution 
We ignited each burn using a standard forestry drip torch 

across the width of the fuel bed along the upwind side of the 
platform (typically panels 9–12 in Fig. 1). When wind flow 
was in the opposite direction, the ignition line spanned 
panels 1–4 to ensure the fire was spreading with the wind 

and exhibiting head fire spread; this occurred for six of the 
burns (B15, B16, B17, B18, B19, B21 in Table 2). Two 
suppression treatment passes were made during each burn. 
The first suppression pass was delivered once the flame front 
had spread a third of the distance down the burn pad 
(2.34 m). The fire was left to re-establish and to then spread 
another third down the burn pad before the second suppres
sion pass. The suppression tactic used for the first and 
second suppression passes alternated between indirect and 
direct suppression (i.e. if the first suppression pass for a burn 
was direct suppression, then the first suppression pass for 
the next burn would be indirect suppression), with each 
suppression tactic being used once for each burn. The sup
pression dose level (i.e. low and high water) was held 
constant for the two suppression passes on a specific burn 
but varied between the two dose levels from burn to burn. 
Note that in some cases, suppression eliminated the 
re-establishment of sustainable flaming spread and the fire 
had to be re-ignited (the decision to re-ignite was made if 
the fire was exhibiting no flaming or active spread after 
5 min since the suppression treatment and it was clear 
that glowing combustion was decreasing, and the fire was 
approaching extinguishment). In these cases, the establish
ment of fire spread was consistent with the first observation 

Fig. 1. Annotated photograph of the experimental burn platform. The fuel bed is 7.34 by 4.88 m and comprises 12 
Marinite boards. Fuel moisture samples were taken from each outside edge panel (i.e. all panels excluding panels 6 and 7) 
and fuel consumption measurements (i.e. post-fire ash weight) were taken for each panel immediately after the burn. 
Primary ignition occurred (when the general wind direction was upwind from the platform) on panels 9–12, whereas 
secondary ignition (when the general wind direction was downwind from the platform) occurred on panels 1–4.   
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Table 2. Pre-burn information for each of the 22 experimental burns.             

Burn ID Date/time 
(dd/mm/ 

year, hours) 

Fuel 
type 

Fuel load 
(kg/m2) 

Average fuel 
depth 

(s.e.) (cm) 

Amount of 
water applied 

Average moisture 
content (s.e.) (%) 

Weather 

Temperature  
(°C) 

Relative 
humidity (%) 

Wind 
speed 

(km/h) 

Maximum wind 
speed (km/h)   

B1 05/09/ 
2019 18:30 

Pine  1.0 8.1 (0.3) High 22.4 (1.99)  21.9  47  7.6  16.3 

B2 08/09/ 
2019 10:24 

Pine  1.0 9.1 (0.4) Low 24.8 (1.04)  3.3  97  1.1  5.9 

B3 08/09/ 
2019 11:33 

Pine  1.0 7.4 (0.3) High 25.3 (1.39)  3.6  97  4.1  9.1 

B4 08/09/ 
2019 13:17 

Pine  1.5 11.9 (0.5) Low 21.7 (1.49)  7.8  97  5.9  13.1 

B5 08/09/ 
2019 14:26 

Pine  1.5 12.2 (0.4) High 22.7 (1.23)  14.2  53  5.1  15 

B6 08/09/ 
2019 16:00 

Pine  1.0 7.1 (0.4) Low 25.0 (2.06)  14  50  6.4  15.5 

B7 09/09/ 
2019 12:55 

Pine  1.0 7.3 (0.3) High 21.6 (1.54)  2  95  0.6  2.1 

B8 09/09/ 
2019 14:00 

Pine  1.5 10.3 (0.5) Low 17.4 (1.05)  11.6  96  2.6  7.4 

B9 09/09/ 
2019 15:14 

Pine  1.0 6.8 (0.3) Low 36.0 (5.02)  16.5  55  5.2  11.6 

B10 09/09/ 
2019 16:14 

Pine  1.0 7.3 (0.3) High 25.4 (2.33)  16.4  53  6  14.5 

B11 09/09/ 
2019 17:08 

Pine  1.0 7.4 (0.3) Low 26.2 (2.77)  16.3  50  4  17.8 

B12 11/09/ 
2019 11:57 

Grass  1.0 16 (0.4) Low 14.7 (0.41)  13.5  94  3.4  17.4 

B13 11/09/2019 13:15 Grass  1.0 19.8 (0.8) High 13.0 (0.34)  13.7  88  5.5  12.8 

B14 11/09/ 
2019 14:12 

Grass  1.0 17.9 (0.7) Low 9.9 (0.35)  13.8  84  8  17.9 

B15 11/09/ 
2019 14:50 

Grass  1.0 15.9 (0.5) High 12.7 (0.36)  14.8  77  4.9  16.1 

(Continued on next page) 
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Table 2. (Continued)            

Burn ID Date/time 
(dd/mm/ 

year, hours) 

Fuel 
type 

Fuel load 
(kg/m2) 

Average fuel 
depth 

(s.e.) (cm) 

Amount of 
water applied 

Average moisture 
content (s.e.) (%) 

Weather 

Temperature  
(°C) 

Relative 
humidity (%) 

Wind 
speed 

(km/h) 

Maximum wind 
speed (km/h)   

B16 11/09/ 
2019 15:30 

Pine  1.0 4.5 (0.5) Low 25.8 (2.21)  15.4  75  3.8  13.5 

B17 12/09/ 
2019 11:55 

Grass  1.0 13.7 (0.5) Low 11.1 (0.53)  7.1  90  2.7  10.5 

B18 12/09/ 
2019 12:38 

Grass  1.0 16.5 (0.3) High 9.2 (0.21)  9.9  76  7.3  17.4 

B19 12/09/ 
2019 13:50 

Grass  1.0 15 (0.5) Low 7.0 (0.17)  12.5  65  9.4  27.4 

B20 12/09/ 
2019 14:35 

Grass  1.0 13.9 (1.2) High 6.6 (0.19)  14.4  59  7.8  21.3 

B21 12/09/ 
2019 15:40 

Grass  1.0 14.6 (0.7) Low 9.5 (0.66)  16.2  52  8.8  20.8 

B22 12/09/ 
2019 16:30 

Grass  1.0 12.4 (0.4) High 9.9 (0.79)  17.2  51  7.4  20.3 

The weather observations are from the closest hour to when the fire was ignited. Maximum wind speed reflects the maximum wind speed within the hour the fire was ignited. s.e., standard error.  
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before the second suppression pass occurred. Once each 
burn was complete, the residual ash was collected immedi
ately and weighed by burn panel to provide a measure of the 
fuel consumption. Note that the application of water 
required individuals to walk across the burn pad, which 
may have compacted fuels; however; we feel that the varia
bility in wind and its subsequent effect on fire behaviour 
would have masked the effects of any small, compressed 
pockets of fuel on the burn pad. Table 2 shows details for 
each experimental burn, including fuel type, fuel load, fuel 
depth, suppression amount, moisture content of fuels and 
weather. Weather observations (i.e. temperature, relative 
humidity, wind speed and maximum wind speed) were 
recorded by a fixed station located 100 m from the burn 
site with an anemometer height of 10 m. The weather 
observations collected are from the closest hour to when 
the fire was ignited. 

Each burn was observed using two IR cameras, one mid- 
wave infrared (MWIR) and one long-wave infrared (LWIR) 
and a visual imagery video camera, all mounted 15 m above 
the platform. The MWIR camera was used to capture spatial 
and temporally detailed thermal imagery used to estimate 
fire intensity and rate of spread, which allowed us to esti
mate the change in fire behaviour as a result of suppression 
actions. The methods used are consistent with those 
described in Johnston et al. (2017, 2018). The LWIR camera 
was used for ambient thermal imaging and to capture the 
timing and coverage area of water application. The visual 
imagery was used to reference fire behaviour attributes from 
the IR camera. 

Data processing 

The IR imagery was extracted at 2 Hz for both the MWIR 
and the LWIR imagery. For data processing of fire behaviour 
measurements, the MWIR data were orthorectified (i.e. 
removing image distortions due to the camera angle) using 
the burn pad features for reference. A direct linear transfor
mation was applied to reproject the pixel radiance data into 
a uniform 10-cm grid while conserving energy, creating a 
constant pixel size across the full burn extent (e.g. Paugam 
et al. 2012; Johnston et al. 2017, 2018). The corrected 
10-cm resolution IR data were processed to produce esti
mates of five different fire behaviour attributes: rate of 
spread (m/min) (Fig. 2b), FRP (kW), FRPD (kW/m2), 
FRED (kJ/m2) (Fig. 2c) and fireline intensity (kW/m) 
(Fig. 2d) (Table 3). Supplementary Appendix S1 summarises 
the data processing procedures applied to each of these 
outputs. 

Overview of data analysis 

In the analysis of the effect of suppression on fire behaviour 
and fireline holding time, the spatial IR data for each burn 
were extracted to isolate the inner two rows (2.44 m; rows 2 

and row3), or panels 2, 3, 6, 7, 10 and 11 of the burn 
platform (Fig. 3) to eliminate potential edge effects. The 
first 1 m strip of pixels on the end of the platform where 
ignition occurred was omitted from the analysis to remove 
surges in fire behaviour during ignition (Fig. 3). Note that in 
analyses reported here, row 2 and row 3 are treated as 
separate experimental units. Therefore, for each of the 22 
experimental burns, there are two observations of fire beha
viour summarised from the pixel-based information derived 
from the IR imagery (one for row 2 and one for row 3; each 
row is 1.22 m wide) to produce 44 different experimental 
observations. For each row, time series of rate of spread and 
fireline intensity were created for each of these burns to 
show changes in fire behaviour based on the fire arrival time 
at each pixel (Table 3). To obtain a more robust estimate of 
temporal fluctuations in fire behaviour, the pixel observa
tions (for each row) were grouped for each second, and the 
median fire behaviour observation for each second in the 
data was used. 

Analysis and results 

The summary of fire behaviour metrics for each of the 
experimental burns is listed in Table 4. The average pre- 
suppression rate of spread was 0.61 m/min for pine fuels 
and 1.40 m/min for grass fuels. The average fireline 
intensity was 118 kW/m for pine fuels and 245 kW/m 
for grass fuels, which corresponds to the mid-range of fire 
intensity Class 2 as defined by the Field Guide to the 
Canadian Fire Behaviour Prediction (FBP) System 
(Taylor and Alexander 2018). The following sections pro
vide the results of the analysis of our experimental obser
vations arranged by the three distinct measurements 
outlined in the Introduction. 

Impact of suppression on fire behaviour 

Objective 
This analysis was designed to examine the impact of fire 

suppression treatments on both rate of spread and fireline 
intensity by using time series data for each row of the burn 
pad and examining the period immediately before and after 
suppression. 

Analysis 
Pre-suppression fire behaviour estimates were obtained 

using the 10-s interval prior to the time when suppression 
began, and post-suppression fire behaviour estimates were 
obtained using the 10-s interval after the application of 
suppression. For direct suppression, pre-suppression esti
mates were calculated using the median observations during 
the 10-s interval prior to the time suppression began, and 
post-suppression estimates were calculated using observa
tions during the 10-s interval after the application of 
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suppression across the 1.22 m panel. For indirect suppres
sion, the time suppression took place was not the time when 
the flame front reached the area where water had been 
applied, as the water was applied slightly ahead of the 
flame front. We used the LWIR imagery to estimate the 
time the flame front reached the treated area and the time 
when the flame front passed beyond the treated area. 
Therefore, the pre-suppression time interval ended when 
the flame front reached the start of the treated area and 
began 10 s prior to that point. The 10-s post-suppression 
time interval started after the entire flame front had reached 
the treated area. In some cases, after suppression was 
applied, the fire moved so slowly that it stayed within the 
same pixel for the entire 10-s duration. To estimate rate of 
spread for these missing time periods when the fire exhib
ited no active spread, we used the next observation of fire 
spread. 

To calculate a ‘fire behaviour difference’ value, the 
median post-suppression value was subtracted from the 
median pre-suppression value for both the rate of spread 

(referred to as ROSdiff) and fireline intensity (referred to as 
FIdiff). This method of estimating ROSdiff and FIdiff was 
repeated for rows 2 and 3 in each of the burns (i.e. 44 
ROSdiff values and 44 FIdiff values). 

To quantify the impact of the four treatments on fire 
behaviour, two different four-way factorial ANOVA compar
isons were made, one using ROSdiff as the metric of compar
ison and the other using FIdiff for each burn. When treatment 
groups or interactions between treatments showed strong 
evidence of a difference between groups (P < 0.05), Tukey’s 
Honest Significant Difference post-hoc tests were used to 
determine which specific treatment group means were dif
ferent and to identify the direction of any such differences. 

The influence of the pre-suppression fire behaviour on 
the difference in fire behaviour was also examined in terms 
of the extent to which this relationship varied with suppres
sion type and the amount of water applied. After graphical 
exploration of these data, two different linear regression 
models were developed: one for indirect suppression and 
one for direct suppression. In both models, the independent 
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Fig. 2. Images of four fire behaviour attributes measured for a single burn (B8). Burn pad is rotated 90° clockwise from the layout in   
Fig. 1. Ignition occurred on the leftmost edge and the fire spread to the right. The x and y axes represent the distance from the lower 
left corner in decimetres. (a) Fire arrival time in seconds, at each 10 × 10 cm pixel on the burn pad. (b) Estimated rate of spread 
(m/min) at the arrival time in each 10 × 10 cm pixel. (c) FRED (kJ/m2) for each 10 ×10 cm pixel. (d) Fireline intensity (kW/m) for each 
10 × 10 cm pixel. Note that the white pixels in (b) and (d) represent pixels for which the attributes were beyond the upper thresholds 
in the axes shown.   
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variables were the 10-s average pre-suppression fire beha
viour estimate, the amount of water applied (i.e. low or 
high) and an interaction term between the two, with the 
response variable being either ROSdiff or FIdiff. Ta
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Fig. 3. (a) Layout of the burn pad that depicts each ‘row’ on the 
burn platform ( Fig. 1b rotated 90° clockwise). Most of the experi
mental fires were ignited along the leftmost edge from top to 
bottom and spread to the right. Rows 1 and 4 were removed from 
fire behaviour analysis to eliminate any potential edge effect. The 
first 1 m strip of pixels where ignition occurred was removed from 
analysis to remove surges in fire behaviour during ignition. The inner 
two rows (row 2 and row 3) were treated as separate burns. 
(b) Example of a burn (B9) showing fire behaviour before suppression, 
and (c) immediately after indirect suppression was applied.  
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Findings 
On average, suppression reduced the rate of spread by 

0.5 m/min (s.d.  0.7), or ~60%, and fireline intensity by 
50 kW/m (s.d.  159), or 50%. For pre- and post-suppression 
rate of spread and fireline intensity observations, refer to 
Supplementary Appendix S2. As fireline intensity is a 
product of estimated rate of spread and FRED, there is a 
very strong correlation between rate of spread and fireline 
intensity. We therefore present only the results for the 
ROSdiff analysis here (for FIdiff results, see Supplementary 
Appendix S3). 

The four-way ANOVA comparison of ROSdiff showed no 
evidence of differences in fire behaviour across treatment 
groups except for fuel type, where only weak evidence was 
observed (F = 7.00, P = 0.1). Tukey’s post hoc test results 
suggest that for the main effect of fuel type, grass fuels 
generally exhibited a greater change in fire behaviour than 
pine fuels (P = 0.16). These results are consistent with  

Fig. 4, showing that the average ROSdiff for grass fuels is 
higher than for pine fuels, a finding likely due to the fact 
that grass fuels generally supported faster spread rates 
(Table 4), and therefore had more potential for ROS to 
decrease. Similarly to the ROSdiff findings, the four-way 
ANOVA comparison showed no evidence of differences in 
FIdiff across treatment groups except for fuel type (F = 5.2, 
P = 0.03). 

The analysis of the relationship between the pre- 
suppression rate of spread and the average ROSdiff showed 
a positive linear relationship between the two variables 
(Fig. 5), with strong evidence (P < 0.001) of this increasing 
relationship for both indirect and direct suppression 
(Table 5). For fires with greater spread rates, the ROSdiff is 
greater than fires with slower spread rates, which would 
imply that both treatments are reducing spread rate to the 
minimum level that is measurable with the IR camera and 
arrival time methodology we used. However, this 

Table 4. Summary of fire behaviour attributes measured or estimated for each experimental burn.         

Burn ID Fuel type and dry fuel 
load (kg/m2) 

Dry fuel consumption 
(kg/m2) 

Rate of spread 
(m/min) 

Fireline intensity 
(kW/m) 

FRED 
(kJ/m2) 

F-FRED 
(kJ/m2)   

B1 Pine (0.82) 0.69 (0.06) 0.33 (0.08) 39 (11) 2247 (1042) 995 (444) 

B2 Pine (0.80) 0.66 (0.04) 1.03 (0.21) 137 (51) 1718 (1078) 840 (451) 

B3 Pine (0.80) 0.59 (0.06) 0.33 (0.12) 72 (26) 1490 (808) 756 (397) 

B4 Pine (1.23) 1.05 (0.07) 0.55 (0.11) 165 (60) 2856 (1609) 1014 (578) 

B5 Pine (1.22) 1.07 (0.05) 0.15 (0.07) 44 (4) 3085 (1698) 1019 (546) 

B6 Pine (0.80) 0.66 (0.05) 0.63 (0.23) 106 (57) 1689 (948) 829 (374) 

B7 Pine (0.82) 0.70 (0.03) 0.17 (0.05) 18 (5) 1436 (739) 832 (334) 

B8 Pine (1.28) 1.05 (0.07) 0.77 (0.12) 233 (56) 3046 (1339) 1068 (554) 

B9 Pine (0.74) 0.64 (0.08) 1.05 (0.46) 195 (134) 1877 (911) 895 (463) 

B10 Pine (0.80) 0.69 (0.04) 1.41 (0.16) 258 (32) 1887 (970) 903 (501) 

B11 Pine (0.79) 0.68 (0.06) 0.75 (0.36) 118 (54) 1847 (939) 854 (471) 

B12 Grass (0.87) 0.68 (0.07) 0.47 (0.01) 65 (13) 1487 (800) 830 (369) 

B13 Grass (0.88) 0.72 (0.07) 1.92 (0.17) 352 (13) 1664 (1002) 925 (390) 

B14 Grass (0.91) 0.79 (0.03) 0.47 (0.05) 44 (10) 1818 (1068) 1163 (495) 

B15 Grass (0.89) 0.73 (0.05) 2.26 (0.18) 325 (122) 1637 (1009) 699 (520) 

B16 Pine (0.79) 0.49 (0.17) 0.21 (0.06) 29 (22) 1252 (676) 588 (327) 

B17 Grass (0.90) 0.79 (0.03) 1.04 (0.12) 133 (93) 1679 (1003) 711 (494) 

B18 Grass (0.92) 0.80 (0.03) 2.50 (0.37) 454 (101) 1779 (1030) 681 (522) 

B19 Grass (0.93) 0.82 (0.03) 1.88 (0.64) 483 (229) 1795 (1020) 774 (505) 

B20 Grass (0.94) 0.79 (0.07) 0.87 (0.11) 167 (4) 1810 (1065) 795 (505) 

B21 Grass (0.91) 0.82 (0.04) 1.18 (0.12) 224 (35) 1806 (1137) 961 (480) 

B22 Grass (0.91) 0.76 (0.08) 1.35 (0.03) 198 (62) 1588 (1090) 871 (446) 

Mean with s.d. in parenthesis. Fuel consumption represents the average dry fuel consumption across all 12 panels of the burn pad. Rate of spread and fireline 
intensity represent the mean for rows 2 and 3 for the 10 s before the first water treatment was applied to the fire to avoid bias from both the suppression areas 
and the associated recovery of spread. Fire radiative energy density (FRED) and flaming fire radiative energy density (F-FRED) are shown for the no-suppression 
areas of the burn pad.  
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relationship does not seem to change between indirect and 
direct suppression, and there seems to be little influence of 
the amount of water applied on ROSdiff (as indicated by the 
absence of evidence of an interaction between water amount 
and pre-suppression rate of spread in Table 5). 

As the area treated varied between the two suppression 
techniques, the amount of water per unit area (as deter
mined using estimates of coverage area from the LWIR 
imagery) applied to the fuel differed; the depth of water 
delivered was equivalent to approximately 1.4 and 2.3 mm 
for the low and high water direct suppression treatments 
respectively, and 0.7 and 1.1 mm for the low and high 
water treatments for indirect suppression. In these experi
ments, we applied more water than the amount suggested 
in fire suppression models to extinguish fires with a flame 
front fire intensity of 1000 kW/m (e.g. Loane and Gould 
(1986) and McFayden et al. (2023b) suggest ~0.5 mm of 

water is required to extinguish a flame front with a fire 
intensity of 1000 kW/m for pine fuels). Although the water 
depths applied did reduce spread rate to nearly zero, the fires 
often continued to burn and were not completely extin
guished. The discrepancy between our results and those 
from the literature may stem from differences in how 
water was applied, as models (e.g. Loane and Gould 1986,  
McFayden et al. 2023b) usually assume water is uniformly 
distributed across the entire combustion zone, reducing the 
energy levels in all portions of the combustion zone and 
eliminating potential reheating to ignition temperatures. In 
our experiment, water was applied to the actively flaming 
portion of the combustion zone at the leading edge of the 
flame front and, as a result, the glowing combustion of 
the litter bed remained active. The partially consumed fuel 
in these areas continued to release energy, reheating the 
unburned fuels nearby. 
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Fig. 4. Boxplots of the difference in spread rate before and after suppression, ROSdiff (y-axis; units are metres per minute), for 
each of the four treatment groups examined: (a) suppression; (b) water amount; (c) fuel type; (d) fuel load. The grey dashed line 
(y = 0 m/min) indicates no change is observed pre and post suppression treatment. In some cases, the post-suppression rate of 
spread was higher than the pre-suppression rate of spread (as indicated by a negative ROSdiff).   
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Direct suppression almost always reduced spread rate to 
the minimum level that could be estimated by this method
ology (as demonstrated in Fig. 5); however, this was not the 
case for the indirect suppression treatment. This different 

result is likely due to the difference in effective water depth 
(per unit treatment area) delivered in each suppression 
method. Indirect suppression distributed the experimental 
treatment water volume over approximately twice the area 
of our direct suppression treatment and therefore the effec
tive water depth delivered by indirect suppression was 
approximately half that of the direct suppression treatment 
(e.g. 0.7 mm water depth compared with 1.4 mm water 
depth for the low water treatment). The two suppression 
treatments also physically impacted fuel bed structure dif
ferently and this may have led to some observed differences. 
The forceful stream of the direct suppression tactic resulted 
in fuels in the combustion zone being moved around and 
broken up, thereby disrupting the ability of the flame front 
to continue passing through the fuel bed, whereas indirect 
suppression was applied with a more dispersed stream and 
did not disrupt the continuity of the fuel bed. 

Duration of suppression-induced fireline hold 

Objective 
This analysis was designed to examine the impact of 

suppression treatments on the duration of fireline holding 
time by using time series data and examining the period 
immediately before suppression with the length of time 
required for a fire to resume active spread. 
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Fig. 5. Observations and regression lines of the average rate of spread before suppression compared with the 
average ROSdiff for both (a) direct, and (b) indirect suppression. This figure shows four regressions: one for 
low and high water for each suppression type. The solid horizontal black line at y = 0 represents the 
theoretical relationship that we would see if suppression did not have any influence on fire behaviour 
(i.e. ROSdiff = 0). The dashed y = x line represents the theoretical relationship that we would see if suppression 
always reduced rate of spread to 0, indicating that any amount of water applied was fully effective at 
eliminating spread. Models were built using the following number of observations: direct suppression, low 
water (n = 24); direct suppression, high water (n = 20); indirect suppression, low water (n = 24); indirect suppression, 
high water (n = 20).   

Table 5. Regression analysis comparing the pre-suppression average 
rate of spread and the ROSdiff.        

Coefficient (s.e.) P-value   

Direct Intercept  −0.44  (0.23)  0.06 

Pre-suppression ROS  0.90  (0.16)  <0.001 

Water (Low = 1)  0.14  (0.31)  0.65 

Pre-suppression ROS × 
Water  

−0.11  (0.26)  0.68 

Indirect Intercept  −0.05  (0.14)  0.70 

Pre-suppression ROS  0.61  (0.12)  <0.001 

Water (Low = 1)  −0.16  (0.20)  0.43 

Pre-suppression ROS × 
Water  

0.08  (0.19)  0.68 

Two generalised linear regression models were fit, one for direct suppression 
(n = 44) and one for indirect suppression (n = 44). Interaction terms between 
pre-suppression rate of spread (ROS) and water amount were included to see 
if there was evidence that the low and high water amount slopes are different. 
Table shows the estimates (s.e.) and P-values for the coefficients from each 
model.  
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Analysis 
The duration of suppression-induced fireline holding 

time was determined by examining the length of time, in 
seconds, for which the rate of spread was reduced and 
showed less variability after suppression. Typically, the 
post-suppression spread rate was reduced close to 0 m/s 
and these spread rate observations exhibited virtually no 
variability. The resumption of more vigorous flaming spread 
was indicated by not only an increase in rate of spread, but 
also an obvious increase in variability of the spread rate 
observations in the IR-based time series. In cases where the 
rate of spread did not decrease after suppression, the dura
tion of hold was determined to be zero. 

A four-way factorial ANOVA comparison of suppression 
hold time in seconds for each of the four treatment factors 
was made to assess whether there was evidence of an 
influence of the four treatment factors on duration of 
suppression-induced hold. When treatment groups or inter
actions between treatments showed strong evidence of a 
difference between groups (P < 0.05), Tukey’s Honest 
Significant Difference post-hoc tests were performed to 
determine which specific treatment group means were dif
ferent and the direction of this difference. 

Findings 
On average, suppression held the fireline for 2 min (average 

123 s; s.d. 17 s). In the cases where suppression eliminated the 
re-establishment of sustainable flaming spread (n = 17), the 
duration of the suppression-induced hold was set equal to 

infinity. There were also nine cases where the suppression- 
induced hold was 0 s. The amount of water was the only 
treatment factor that exhibited some evidence of a main effect 
(F = 6.43, P = 0.1), with interactions (P < 0.05) between 
suppression type and water amount, suppression type and fuel 
type, and suppression type, water amount and fuel type. 
Tukey’s post hoc test revealed strong evidence that the high 
water treatment resulted in a greater duration of hold, with an 
average hold time 64 s longer (P < 0.05) than the low water 
treatment condition. This interaction between suppression 
type and water amount was further examined, showing very 
strong evidence of a difference for indirect suppression and 
water amount; the high water treatment resulted in a 120-s 
increase in duration of hold compared with low water for 
indirect suppression only (P < 0.01). This finding is likely 
due to the increased fuel moisture content as a result of the 
high water condition. This increase in fireline holding time as 
a function of the water treatment amount was not observed for 
the direct suppression treatments, likely because the water was 
being applied directly into the combustion zone, and any 
impact of the effects of the greater water amount used here 
might be hidden by the reheating possible from the remaining 
active combustion zone. 

The comparison between average fire behaviour before 
suppression and the resulting duration of suppression- 
induced hold was then examined to see if spread rate 
and intensity influenced fireline hold time. In general, as 
expected, as the average rate of spread (Fig. 6) or fireline 
intensity before suppression increased, the ability of 

(a) (b)

0

100

200

300

400

500

0 1 2 3

D
ur

at
io

n 
of

 h
ol

d 
(s

)

Rate of spread (m/min)

0

100

200

300

400

500

0 1 2 3

Rate of spread (m/min)

Low water (~1.0 L)

High water (~1.6 L)
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infinity.   
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suppression to hold the fireline decreased. The interaction 
of suppression type and water amount is evident for 
indirect suppression, with low and high water treatments 
showing separation in the hold durations in both rate of 
spread (Fig. 6) and fireline intensity plots (Supplementary 
Appendix S3). 

Influence of suppression on fire radiative energy 
release 

Objective 
This analysis was designed to examine the impact of 

water application on the energy released from a fire, as 
measured by a decrease in FRED. 

Analysis 
For the analysis of FRED, the entire burn pad, as opposed 

to isolating the inner 2.44 m, was used to account for fuel 
consumption across the entire fuel bed. First, the pixels on 
the burn pad that received suppression treatment were 
extracted by isolating the pixels that had fire arrival times 
between the suppression start and end times. Consequently, 
for each burn, each pixel in the fuel bed was classified as 
being one of three types; pixels that had (1) no suppression, 
(2) direct suppression, or (3) indirect suppression. FRED 
values were summarised for each of these groupings. The 
mean FRED values for each of these groups for each burn 
were compared using visualisations of the distributions and 
one-way ANOVA comparisons of the means to determine if 
water did affect the total energy released from the fire, and 
to estimate the strength of evidence of any difference 
between direct versus indirect suppression. Interactions 
between water amount, fuel type and fuel load were exam
ined for each of the suppression categories. 

Because FRED integrates radiative energy released over the 
full duration of the burn, which includes both the flaming and 
extended period of smouldering combustion, the smouldering 
or glowing combustion contributed to this total energy release. 
The energy from this extended period of fuel burn-out could 
mask any signal of suppression being applied to influence 
flaming combustion. We therefore examined an energy release 
measure that represents energy released during only the flam
ing portion of the fire, which we refer to as ‘flaming FRED’ 
(F-FRED). This metric integrates radiative energy measured 
from each pixel starting when the FRPD at that pixel exceeds 
a value of 0, indicating the cell is now likely flaming, for a 
pre-defined period of time. Flaming combustion times of 45 s 
(slightly longer than the time observed by Kidnie and Wotton 
(2015) for grass fuels, and 60 s (consistent with Taylor et al. 
2004) for pine fuels were used. 

Findings 
In the no-suppression areas, the low fuel load pine fuel 

group (1.0 kg/m2) had an average FRED of ~1700 kJ/m2 

(s.d.  295), the high fuel load pine fuel group (1.5 kg/m2) 
had an average FRED of ~3000 kJ/m2 (s.d.  123), and the 
grass fuel group (1.0 kg/m2) had an average FRED of 
~1700 kJ/m2 (s.d. 113). Although a reduction in FRED 
was anticipated in cells that received suppression treat
ment, statistical evidence supporting this was not strong 
(F = 2.29, P = 0.1), with FRED reductions of 246 kJ/m2 

for direct suppression and 117 kJ/m2 for indirect suppression. 
The primary factor contributing to differences in FRED was 
fuel load (F = 86.35, P < 0.001). On average, the high fuel 
load released nearly 80% (1265 kJ/m2) more energy than the 
low fuel load. Assuming both fuel loadings burned with iden
tical consumption efficiency, we would expect to observe an 
~50% greater energy release from the higher fuel loading. 

The absence of clear differences in energy release 
between treated and untreated cells is likely due to FRED 
integrating energy release throughout the burn, including 
the smouldering combustion phase. An analysis of F-FRED 
(which focuses specifically on the flaming combustion 
phase) indicated that F-FRED represents ~50% of the total 
radiative energy of FRED (Fig. 7a). This proportion 
remained consistent across various cells on the burn pad 
(Fig. 7a). Examples of a typical FRPD time series observed 
from untreated (Fig. 7b) and treated cells (Fig. 7c, d) show a 
clear decrease in FRPD with suppression. 

Comparisons between untreated areas of the burn pad 
and cells that received suppression demonstrated strong 
evidence that the cells that received suppression had less 
radiative energy release, as demonstrated by reductions in 
F-FRED, than the untreated areas (F = 10.91, P < 0.001). 
Direct suppression resulted in an average reduction of 
258 kJ/m2, and indirect suppression led to a reduction of 
189 kJ/m2 compared with energy observed from the 
untreated portions of the fuel bed. However, there is no 
evidence that suggests there was a difference in flaming 
energy between the suppression treatment types (P = 0.45), 
or the amount of water delivered to the treatment areas 
(F = 2.16, P = 0.15). The high fuel load grouping had a 
34% higher F-FRED, a difference of 233 kJ/m2 compared 
with low fuel load experiments, below the expected 50% 
increase due to increased fuel loading. 

Water inhibits the heating of forest fuels to combustion 
temperature by absorbing energy from the combustion 
reaction to heat and vaporise it. That energy, ~2600 kJ/kg 
at 100°C, accounts for the latent heat of vaporisation of 
water and the energy required to heat the water in the 
suppression zone from ambient (assumed to be ~20°C) up 
to 100°C. If we assume the entire mass of water added to the 
fuel during suppression acts as an energy sink during com
bustion, the reduction in net energy release expected com
pared with untreated portions of the fuel bed can be 
estimated. Once scaled down by the radiative fraction of 
0.15 (Johnston et al. 2017), the impact of 1 L of water in 
the combustion zone on the observed radiative energy is 
~390 kJ/m2. When accounting for the water coverage area 
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of the suppression treatments, this results in a theoretical 
energy reduction of 550 kJ/m2 for the low water and 
900 kJ/m2 for the high water direct suppression treatments 
(Fig. 8a), and 270 kJ/m2 for the low water and 430 kJ/m2 

for the high water indirect suppression treatments (Fig. 8b). 
These observed values are lower than the theoretically 
expected energy loss (Fig. 8), although the reduction in 
F-FRED alone suggests the IR imagery captures the physical 
effects of water application in a flaming combustion zone. 

The comparison of reductions in radiative energy release 
measured by F-FRED revealed that suppression areas had 
30% less energy measured compared with unsuppressed 
areas, whereas the same comparison with FRED only 
showed a ~15% reduction in measured energy. Although 
the energy measured from F-FRED in the suppression areas 
is slightly lower than we would expect given the heat of 
vaporisation of water (Fig. 8), this outcome is not surprising 
because there is a possibility of water loss in both suppres
sion treatments. The direct suppression stream likely pene
trates through the fuel complex to the surface of the 

Marinite boards, which would reduce the ability of the 
water to inhibit combustion energy release. Similarly, for 
the indirect suppression treatment, it is likely that some of 
the water sprayed onto the fuel bed evaporated as the flame 
front advanced towards the suppression area. 

Discussion and considerations for future 
experiments 

This experiment was a preliminary investigation of the use 
of IR imagery to quantify fire suppression effectiveness by 
examining its direct impact on fire behaviour (i.e. reduction 
in fire spread rate and duration of holding time), and also by 
specifically estimating the reduction in the energy released 
from a flaming fire front due to water application. Using fine 
temporal and spatial scale IR imagery methods, we observed 
changes in fire behaviour due to suppression and quantified 
the duration of the reduction (i.e. holding time). 
Additionally, we detected the suppression signal on energy 
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Fig. 7. (a) Cumulative FRED i(kW/m2) through time for a sub-sample (n = 10) of pixels in a burn that did not receive suppression. 
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release through an analysis of radiative energy during the 
flaming combustion phase (i.e. F-FRED). 

The site where these experimental burns were conducted 
was designed specifically to assess the capabilities of IR 
technology to measure fire behaviour, rather than to con
duct controlled experiments that isolate specific fire beha
viour attributes (e.g. controlling wind speed to control for 
fire spread and fireline intensity) as was the case in previous 
studies (Plucinski et al. 2017; Plucinski and Sullivan 2024). 
Our goal was to explore the ability of this IR technology to 
measure the influence of suppression on fire behaviour, 
which did not necessarily require a strictly controlled envir
onment. However, in retrospect, we recommend that future 
studies be carried out under more controlled experimental 
conditions. Future experiments should consider increasing 
power by using just one fuel type, or using more replicates 
of each fuel type, to ensure a larger sample of burns in each 
treatment category. To estimate the variability in the 
amount of suppression effort applied between treatments, 
the suppression system (e.g. soft backpack pump) should be 
weighed before and after suppression to precisely quantify 
the amount of water applied to the treatment area. 

The absence of a clear signal regarding the impact of 
water amount and coverage level on fire behaviour is likely 
due to environmental variability, particularly the high fluc
tuations of wind velocity thatled to temporal variation in 
fire behaviour during each burn. Hourly wind speed esti
mates from a nearby weather station (~100 m from the burn 
site at an anemometer height of 10 m) were used, but having 
fine-scale (i.e. seconds) wind observations at ~1.5-m  height 
directly at the site would provide insight into the fine 
temporal scale dynamics of fire behaviour observed, distin
guishing between suppression and wind effects. 

We recognise that the water amounts chosen for this 
experiment may be less than what might be delivered in 
practice. We chose a water delivery method and volume that 
would yield varying effects on fire behaviour with the 
anticipated fire intensities according to the fuel loads 
used, as reported by Johnston et al. (2017). However, we 
note that the water amounts applied in the present study, 
ranging from 0.7 to 2.3 mm of rainfall equivalent, align 
closely with coverage levels observed from a single drop 
of commonly used airtankers in the boreal forest. For exam
ple, the Canadair CL-415 skimmer airtanker – a widely used 
airtanker across the globe – delivers most (75%) of its drop 
footprint with a coverage level of less than 2.5 mm 
(McFayden et al. 2023b). This demonstrates that our sup
pression treatment amounts are comparable, at least in 
terms of coverage levels, with operational aerial suppression 
practices. Future studies should adapt the methods to more 
accurately measure the area over which the water was 
applied and to relate suppression treatment levels directly 
to coverage levels in terms of rainfall equivalent (e.g. 
0.5 mm or greater). Doing so would enable a more consist
ent comparison of suppression treatment methods and align 
more closely with the concept of coverage level commonly 
used in studies of aerial suppression effectiveness. Such 
refinements would allow researchers to better connect 
experimental findings with real-world suppression practices 
and could help validate and provide quantitative evidence 
for already developed suppression models (Stechishen and 
Little 1971; Loane and Gould 1986; McFayden et al. 2023b). 

Safety concerns and fuel bed characteristics precluded 
our ability to ignite higher-intensity fires to investigate the 
impact of suppression effort on fires of greater intensities 
(i.e. fireline intensity >500 kW/m). For the lower-intensity 
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fires we ignited (<500 kW/m), we found that suppression 
coverage amounts of 1.0 mm and greater reduced the rate of 
spread to the minimum observable level. Despite this limita
tion, the finding that IR technology captures the impact of 
suppression on energy release is a significant contribution for 
future research considerations. Fireline intensity, and there
fore the amount of energy release from the fire, is an impor
tant fire behaviour attribute often used to assess suppression 
resource use thresholds and the extent to which ground 
suppression crews can safely work on the fireline (Hirsch 
and Martell 1996; Taylor and Alexander 2018). Airborne IR 
platforms offer an advantage for studying suppression effec
tiveness in actual wildfire settings and on fires with higher 
intensity. Unlike ground-based methods, which often require 
pre- and post-fire access, airborne IR can be used to measure 
fire behaviour attributes and suppression impacts at fine 
spatial and temporal scales without the need for ground 
sampling. These platforms can also be deployed in real time 
during suppression operations, capturing thermal imagery 
that can be used to determine fireline intensity, rate of spread 
and other metrics immediately before, during and after sup
pression efforts. Such research is under way; Wheatley et al. 
(2024) describe ongoing research using an airborne IR plat
form to observe airtanker suppression action on actual wild
fires where they quantify the reduction in fireline intensity 
and assess the duration of suppression effects under opera
tional conditions. By using airborne IR imagery, researchers 
are able to evaluate the immediate and lasting effects of 
suppression on fire behaviour, providing critical insights 
into the effectiveness of various suppression resources. 

Supplementary material 

Supplementary material is available online. 
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