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One Earth

Anthropogenic climate change is driving extreme fire seasons, challenging the effectiveness of fire manage-
ment practices developed over the last 50 years. New and diverse strategies are needed to achieve safe
coexistence in an age of megafires. A redefinition of the wildfire management paradigm is central to the shift,
placing greater emphasis on the adoption of high-tech solutions for early fire detection and rapid ignition sup-

pression.

Fire is a natural process, an intrinsic
element in many landscapes. It has
shaped ecosystems, and it has been
embedded in local, Indigenous cultural
practices for thousands of years. However,
anthropogenic activities such as industrial-
ization, land clearance, human population
growth and consequent climate change,
the displacement of Indigenous fire cul-
tural practices, and the subsequent adop-
tion of large-scale firefighting and fuel
management have significantly intensified
fire activity.” A fire ignited 200 years ago
in the Australian bush would have had a
vastly different outcome to the “Black
Summer” fires of 2019 and 2020. That
disaster stood out for its unprecedented
scale, encompassing 23 million hectares
of forest, significant radiative power, and
hundreds of fires evolving into extreme py-
roconvective events. Nearly 20% of Aus-
tralia’s eucalypt forest was affected, the
largest extent since at least 1851.%

Over the last 50 years, two main strate-
gies, suppression and prescribed burning,
have been adopted globally to manage
fire-prone landscapes to reduce the risk
of catastrophic wildfires and to promote
safer coexistence with fire. Suppression
involves actively fighting wildfires to pre-
vent them from spreading and causing
damage. Prescribed burning, also known
as controlled burning, involves the delib-
erate and planned setting of fires by
trained professionals under specific condi-
tions to achieve a reduction of accumu-
lated fuel and to reduce potential fire
impacts.

These practices differ from traditional
Indigenous fire management, which tends

to be smaller in scale and more localized,
aligning with cultural objectives. Contem-
porary land management strategies are
beginning to integrate traditional Indige-
nous practices with modern approaches.
However, suppression continues to be the
primary method of wildfire management.®

Neither of these two fire management
strategies are without drawbacks. Recent
research indicates that prescribed
burning can disturb natural forests and
exacerbate long-term flammability poten-
tial.* However, any reduction in pre-
scribed burning can only increase depen-
dence on fire suppression strategies,
which in turn have become increasingly
costly® and inefficient under extreme fire
risk conditions. At the same time, other
recent studies suggest that aggressive
fire suppression efforts may paradoxically
intensify wildfire severity and amplify the
impacts of climate change and fuel accu-
mulation in the longer term.®

In these difficult circumstances it ap-
pears that a staged approach to fire sup-
pression is appropriate. Suppression ac-
tivity must necessarily be intense and
rapid in the case of ignitions that risk
growing into high-intensity catastrophic
fires. These actions should be more mod-
erate in the case of ignitions that will
lead to the lower-intensity fires that are
more consistent with the natural cycle of
flammable landscapes like the Austra-
lian bush.

Navigating complexity in fire
management decision-making

Any decision about the timing of prescribed
burning, or any decision about whether to
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suppress a fire or not, requires the consid-
eration of a variety of factors, such as
weather conditions, terrain, landscape
flammability, fuel availability, available fire-
fighting resources, and potential impacts
on ecosystems and communities. An
appropriate balance of these elements is
crucial to effective and strategic manage-
ment decision-making in fire-prone areas.
However, this balance is becoming more
and more difficult to achieve. This is
because the frequency, size, and severity
of wildfires are projected to continue
increasing.” Flammability levels are espe-
cially critical to any decision about sup-
pressing a fire or letting it run. By the
end of the century, forests are expected
to become highly flammable for an addi-
tional 30 days per year,” so vegetation
will be even more likely to ignite and
sustain flames. Flammability is influenced
by a range of factors across various
scales, such as leaf moisture, fuel distribu-
tion, vegetation density, seasonal changes,
and fuel layer complexity.® As an example,
reduced rainfall and prolonged droughts,
observed globally from Canada to
Australia, disrupt natural flammability con-
trols and typically turn moist valleys into
environments where even small fires can
quickly escalate into large scale megafires
before intervention is feasible. The threat
extends beyond traditional fire-prone
areas. Regions like central Europe, Scandi-
navia, and the Amazon are anticipated
to face heightened risks in the coming
decades.”

Increasingly dry landscapes adds
complexity to the task of balancing con-
ventional and traditional practices. As



mailto:marta.yebra@anu.edu.au
https://doi.org/10.1016/j.oneear.2024.05.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oneear.2024.05.017&domain=pdf

One Earth

suitable days for prescribed and cultural
burning are reduced and the available
response time for initial attack success
diminishes, it becomes more difficult
to sustain lower-intensity fires in the
landscape.

Early detection and suppression are
critical

Escaped fires pose significant threats to
communities and entail substantial sup-
pression costs.’ The availability of accu-
rate and timely fire location information
allows fire crews to arrive at fires earlier,
enhancing the prospect of initial attack
success and supporting more detailed
planning for larger fires.’

However, it is inevitable that unplanned
wildfires often ignite unnoticed, compli-
cating accurate later determination of
their locality. This is especially significant
in the context of lightning ignitions, which
currently contribute 77% to the total
area burned during wildfires in forested
extratropical regions, including the west-
ern United States, southeast Australia,
eastern Siberia, and western Canada.'®
Moreover, with each degree of warming,
the frequency of lightning ignitions is pro-
jected to increase by 11%-31%.'° Light-
ning strikes present a unique challenge
because they frequently occur in remote
and inaccessible areas, decreasing the
likelihood of initial attack success.’
Although meteorological services can
predict weather events, a dry lightning
storm typically involves thousands of
lightning strikes, which can only be
located with limited accuracy. It is time
consuming and dangerous to inspect all
potential ignition points.

Lightning strikes also occur predomi-
nantly in the afternoon and early evening,
adding the complication of darkness to
detection and early suppression. Safety
concerns and logistical constraints often
limit crews and aircraft to daylight opera-
tions. Trials of night-time operations,
including the use of night vision devices
in helicopters, are being undertaken in
countries like Australia and the US, but it
remains difficult to address newly ignited
fires promptly outside daylight hours.
Moreover, it is essential to recognize the
observed changes in night-time fire
behavior. Nights are becoming warmer
and drier, creating more favorable condi-
tions for fire spread and depriving fire-
fighters of night-time relief. Globally,

night-time fires became 7.2%
intense between 2003 and 2020.""
The new challenges relating to fire
detection and firefighting, especially dur-
ing night-time hours, require innovative
strategies and technologies to protect
lives, property, and natural resources.

more

Technologies for early fire

detection and suppression

Remote sensing technology can predict
which landscapes will be most vulnerable
to fire. Satellites play a role in assessing
ecosystem flammability by monitoring
vegetation and identifying areas suscepti-
ble to ignition and rapid fire spread and
therefore, permitting more strategic
planning and effective deployment of fire
detection resources.'® However, current
satellite systems do not adequately
address the unique difficulty of identifying
all the vegetation traits that make the
landscapes highly flammable. The devel-
opment of specialized satellite technology
tailored to monitor vegetation flamma-
bility at a landscape scale, such as the
innovative OzFuel short-wave infrared
(SWIR) multispectral instrument, repre-
sents a promising approach.'® Aditionally,
ongoing research into novel algorithms
aims to improve early fire detection using
existing satellite imagery.'* Current satel-
lite technologies, however, encounter dif-
ficulty in the detection of fires in their early
stages due to limitations in the spatial or
temporal resolution of sensors on both
geostationary and low Earth orbit (LEO)
satellites. Cloud cover can also hinder ac-
curate detection by optical sensors on
both types of satellite: a particular issue
for lighting ignitions occurring during
thunderstorms. SWIR sensors, with their
ability to penetrate certain types of
clouds, offer improved performance in
such conditions, especially at night-
time."® Additional investment is needed
to accelerate the advancement and vali-
dation of satellite technology and to fully
demonstrate its ability to enhance deci-
sion-making.

However flammable a landscape may
be, a fire will not occur without an ignition
source. Lightning detection networks can
identify potential sources of ignition by
accurately locating strikes and by identi-
fying specific attributes of lightning that
contribute to ignition probability. Some
lightning strikes display a particular char-
acteristic, a long continuing current,
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thought to be responsible for most light-
ning ignitions,'® but further research is
needed to characterize lightning ignitions
and to increase the accuracy of lighting
strike detection.

Not all fires are caused by lightning.
High tension power lines are also a source
of ignition in remote bushland. Closer to
population centers there are burnt cars,
ignitions caused by trains, sparks from
equipment such as angle grinders or
chainsaws, firearms, glass refraction,
electric fences, and more. Machine vision
or thermal cameras installed on fire
towers and other infrastructure such as
transmission towers can provide surveil-
lance for heat or smoke indicating a
growing ignition. Novel computer vision
algorithms are being developed to
segment smoke from images and esti-
mate the location of fires, addressing
some of the issues of false alerts in exist-
ing systems while enabling better discrim-
ination of ignition points."” Ground based
Internet of Things (IoT) sensors are also a
powerful technology for fire detection.
Such sensors measure temperature, hu-
midity, air particles, and combustion
gases and provide detailed information
about fires even during the night. How-
ever, comprehensive ground level
coverage of these sensors is expensive
and therefore spatially limited.

The job is not finished once a fire is de-
tected either. Characterizing the fire and
providing emergency services with infor-
mation that allows them to plan a suitable
response is critically important. Drone
fleets equipped with thermal sensors
capable of validating ignitions identified
by lightning detectors, ground based sen-
sors, or cameras regardless of weather
conditions or time of day offer a promising
solution. Once an ignition is located and
confirmed, a drone can circle the ignition
site and provide fire services with real-
time situational awareness of fire growth.
Such information is critical in allowing
effective prioritization of scarce resources
to target responses to control and extin-
guish the most significant high-risk igni-
tions in remote bushland.

Finally, controlling and extinguishing
a fire in remote bushland brings its
own challenges. Remote-area fire teams
(RAFTSs) are specialized firefighting units
that are deployed to remote or difficult
to access areas by helicopter to con-
trol and extinguish wildfires. For safety

One Earth 7, June 21, 2024 933




- ¢? CellPress

—~
P )
o~

*

Terrestrial
sSensors

@ How they sense fire
@ Strengths @ Current limitations

Thermal hotspots

RGB smoke

Cannot see through clouds

Atmospheric monitoring

P
—
L)

Smoke detection

Cannot identify small ignitions

Thermal hotspots  §

Audio detection Low cost loT | Deployable in areas of high risk
Deployable in blind spots | Limited spatial coverage

g X%

cameras

Thermal hotspots I RGB smoke detection

Dynamic coverage | Detect smaller fires

Regulatory restrictions

Large (50 kg) UAVs
travelling (470 km)

X

A

L)

Ly

— T~
—~

Figure 1. An overview of some fire-detection technologies
For each technology, the sensing methods, strengths, and limitations are highlighted.

reasons, RAFTs are limited to situations
where they can get in and out safely
even if there are changes in environmental
conditions, such shifts in wind direction or
other unforeseen challenges that might
arise during their mission. Technology
offers the potential to suppress fires at
night and in adverse weather conditions.
GPS-guided and cost-effective un-
manned autonomous vehicles such as
“water gliders” offer promising solu-
tions.'® These vehicles can be accurately
deployed from high altitudes, even in
inclement weather, enhancing the capac-
ity to combat fires efficiently. Their adapt-
ability for deployment by non-specialized
aircraft further increases the available fire-
fighting resources during crisis situations.
Using autonomous drones to provide wa-
ter drops and support for RAFTs is also
an important technology that is under
development.

Beyond the use of individual technolo-
gies, fire managers must be skilled in the
selection of the optimal combination of
fire-response solutions as each technol-
ogy comes with its own strengths and lim-
itations (Figure 1). We urge the research
community to investigate integrated ap-
proaches to early fire detection and to
thoroughly evaluate innovative technolo-
gies across a range of ignition type,
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weather, and fuel flammability scenarios.
Understanding the strengths and limita-
tions of different sensor modalities per-
mits the design of solutions that address
specific capability gaps and collectively
enhance overall capacity. For example, a
lightning detection network can be inte-
grated with weather data and satellite-
derived vegetation flammability informa-
tion, such as that provided by OzFuel.
Machine learning algorithms can then
identify lightning strikes that are highly
likely to start a fire. loT sensors strategi-
cally located in high-risk areas, regions
of high ecological value or spots not
covered by other detection technologies,
can promptly trigger alarms. In areas
lacking loT sensors near potential igni-
tion points, fire tower cameras can
autonomously focus on suspected igni-
tion sites to monitor for signs of heat
or smoke. Drones can then be deployed
to verify these ignitions, prioritizing light-
ning strikes which have the potential
to escalate into major fires or those occur-
ring outside the coverage of the cameras.
Drones can also provide situational
awareness of fire propagation. Addition-
ally, satellites can be tasked to gather
data over ignition sites, further enhancing
situational awareness. Detection by one
or more of these technologies can trigger
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the rapid deployment of resources such
as a water glider or manned water bomber
to deliver fire retardant to contain small
fires, thereby buying valuable time for
RAFT crews to arrive to the scene.

Novel technologies such as the ones
we have described offer the potential for
more efficient detection and suppression
of ignitions. Importantly, they can reduce
resource demand while enhancing safety
measures for firefighting personnel or
ground crews, for instance, by minimizing
their exposure to dangerous ground or
airspace conditions. It is critical to inte-
grate technologies and data sources and
to understand the opportunities they bring
for our understanding of wildfires and
their prevention. Effective integration of
these technologies will necessitate care-
ful evaluation of their performance as a
system, modeling to assess the cost-effi-
ciency and a thorough assessment of the
benefits of implementation compared to
business-as-usual operations.
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