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Abstract

The August 8, 2023 Lahaina fire refocused attention on wildfires, public alerts, and emergency management. Wildfire risk is on the rise,
precipitated through a combination of climate change, increased development in the wildland-urban interface (WUI), decades of
unmitigated biomass accumulation in forests, and a long history of emphasis on fire suppression over hazard mitigation. Stemming
the tide of wildfire death and destruction will involve bringing together diverse scientific disciplines into policy. Renewed emphasis is
needed on emergency alerts and community evacuations. Land management strategies need to account for the impact of climate
change and hazard mitigation on forest ecosystems. Here, we propose a long-term strategy consisting of integrating wildfire risk
management in wider-scope forest land management policies and strategies, and we discuss new technologies and possible scientific

breakthroughs.
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Significance Statement

Here, we draw from research on wildland-urban interface (WUI) fires from forestry and climate science to emergency management
and economics, and we summarize the complexity and offer recommendations for policy making. Its significance stems from the ana-
lysis of emergency response in recent deadly fires, and our integrated approach which brings together multiple, diverse disciplines to
explore policy-related, strategic, and operational approaches for addressing wildland fire risk in the era of climate change.

Introduction

Wildland fires have existed since the beginning of history, with
Paleontological evidence suggesting that early forest fires started
to spread about 383 million years ago (1). As humanity evolved,
forest fires were allowed to burn, depending on the objectives of
human settlers (2). For example, even with the advent of fire sup-
pression capabilities in the late 19th century, fire control efforts in
the United States focused around settlements, and those beyond
were left to burn unabated (3).

Despite impressive advances in forestry, fire science and fire-
fighting technologies, and the leaps in wildland firefighting cap-
abilities compared to 200 years ago, wildfire deaths are on the
rise. The early February 2024 wildfires in Valparaiso, Chile killed
over 130 persons and were the deadliest natural disaster in the
country since the 2010 Mw~8.8 earthquake and tsunami (4) and
occurred in what has been called a “megadrought” (5). The
August 8, 2023 Mauli fires resulted in the highest death toll in
the United States since the 1918 Cloquet and Moose Lake fires,
and they amount to the fifth deadliest incident on record nation-
wide (6). It has been argued that at least some of these casualties

might have been prevented had there been evacuation orders or
emergency alerts (7, 8). Less than two months after this catastro-
phe in Hawaii, the nationwide test of the Integrated Public Alert
and Warning System established by the Federal Emergency
Management Agency (FEMA), a state-of-the-art capability which
has served as a model for countries around the world, came as a
stark reminder of the complexity of wildfire risk.

The National Academies of Sciences, Engineering, and
Medicine (9) point out that wildfire smoke can be transported
over fairly long distances downwind and contaminate indoor
and outdoor air, indoor surfaces, soil, and surface and even drink-
ing water. Air pollution by plume transport is an insidious yet po-
tent source of morbidity and mortality. In Europe alone, Kollanus
et al. (10) estimated 1,080 premature deaths in 2008 from wildfire-
originated fine particles in the atmosphere, with southern and
eastern Europe disproportionately affected. The 2018 Camp Fire
(Butte County, CA) resulted in PM, s concentrations in downtown
San Francisco, 240 miles away, peaking about six times higher
than, and about double the US benchmark, for two weeks after
the event (11). Chen et al. (12) found that fine particulate
matter from wildfires was significantly associated with increased
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cardiovascular and respiratory mortality at a global level, and es-
timated the associated death toll at 33,000, or approximately 0.6%
of all deaths in 749 cities in 43 countries and regions, in 2000-2016.

The devastation caused by many wildfires does not come with-
out nontrivial societal and political ramifications. Communities
affected by wildfires face the trauma of death, injury, loss of
livelihoods, damage to homes, and psychological effects.
Notwithstanding the provision of relief aid, more often than not,
decision-makers face the outrage of their constituents for every-
thing they didn’t do, for example, issuing alerts and evacuation or-
ders. Electorates tend to punish incumbents for wildfire deaths
and damage, so there is scapegoating and denial of responsibility
by officials, which makes forensic analysis exceptionally difficult.

Wildfire risk lies in the confluence of climate change and devel-
opment in the WUI. According to the NASEM (9) report, the WUI in
the United States has expanded by 50% in the past 50 years, the
fastest growing land use type, and another 10% increase is pro-
jected by 2030. Stemming the tide of wildfire death and destruc-
tion will involve bringing together diverse scientific disciplines
into policy. Here, we will first review three fires to elucidate chal-
lenges posed, then we discuss how climate change is projected to
increase fire activity, that is the frequency and intensity of fires.
We will explore how governments are responding, and we argue
that improvements in fire suppression capabilities, although re-
quired in the short term, may be financially unsustainable in
the long run.

Three catastrophic fires in the past five years

Lahaina, Maui, HI

On August 8, 2023, fires broke out in different parts of Maui,
Hawaii. One of the fires destroyed the historic town of Lahaina
and claimed 98 lives, becoming the deadliest US wildfire in more
than a century.

Maul is no stranger to vegetation fires. However, on August 8,
dry vegetation and strong descending winds climbed up to about
125 kilometers per hour and caused the fire to quickly spread
out of control. Firefighting resources were stretched thin, re-
sponding to multiple incidents on the island. Lahaina was rav-
aged, and the majority of its about 1,800 buildings were
completely burned. Some people sought refuge at sea, whereas
others burned in their cars while trying to evacuate (7, 8).

As fires broke out, broadcast emergency messages and social
media posts from the County of Maui provided updates, alerts,
and evacuation calls for some areas but apparently not Lahaina,
a densely populated area with limited escape routes. Confusing
messaging and delayed evacuation alerts (if they even took place)
did not help.

Looking at milestones in the timeline, around 3:30 PM, a major
road was closed just north of Lahaina because of what appeared
then as just a flare-up of an earlier fire. Maui County’s social me-
dia page didn’t announce the closure until 4:46 PM Evacuation or-
ders for the entire area appear not to have been issued when the
road was closed, or even soon thereafter. Maui officials claimed
that text alerts were sent out, but that power and cellular disrup-
tions prevented residents from receiving them. Some survivors
have reported receiving no warning messages before the fire
reached them, whereas at least one visitor reported receiving an
emergency alert on their cellphone at 4:17 PM, 47 minutes after
the road closure. Many local residents reported that they didn't
know the flames were approaching until the fire was nearby,
and some said that they were informed by neighbors to evacuate.

By 5:19 PM the fire had reached the waterfront in Lahaina, and by
5:33 PM people were seeking shelter in the water.

All this is quite surprising. Not only was there a fire in Maui in
2018 with similar problematic issues, but Hawaii has one of the
most sophisticated tsunami warning systems in the world, fine-
tuned since 1946, when a 17-meter tsunami hit the islands in
the aftermath of the 1946 Aleutian tsunami (13), claiming 159
lives. Sirens are an integral part of the islands’ warning capabil-
ities, yet local authorities defended their decision not to activate
them in this fire. Mechanical sirens, as in Hawaii's All-Hazard
Statewide Outdoor Warning Siren System produce a single tone,
alerting people of an impending hazard, but provide no informa-
tion about the nature of the hazard, its severity and, most import-
antly, protective action guidance. Note that the siren system is
referred to as all-hazard, including wildfires, and claimed as the
largest in the world.

To be effective, sirens need to be associated with a single clear
protective action (14). In fact, Maui County had advised people
that “[w]hen a siren tone is heard other than a scheduled test,
tune into local Radio/TV/Cable stations for emergency informa-
tion and instructions by official authorities. If you are in a low-
lying area near the coastline; evacuate to high grounds, inland,
or vertically to the 4th floor and higher of a concrete building”.
In other words, Maui residents were given incomplete informa-
tion—the reference to evacuating to high ground is likely for tsu-
nami emergencies, yet there is no reference in the instructions to
tsunamis. This confusing messaging is exactly what emergency
managers are taught to avoid yet, in the aftermath, local author-
ities claimed they couldn’t have done anything differently.

A High Wind Watch issued on August 6 spoke of gale-force
winds from the northeast on Maui until the night of August 8, as
Hurricane Dora passed south of the Hawaiian Islands. It was up-
graded to a High Wind Warning for Maui on August 7, with fore-
casts of gale-force winds from the east. Fire danger in Hawaii is
weather-dominated, as vegetation grows rapidly with subtropical
rainfall extremes, and dries rapidly during drought periods (15).
On August 8, dry conditions on the island, strong easterly winds,
and densely populated areas on the west coast of the island com-
bined to create a dangerous situation. With hindsight, this com-
bination may have fulfilled the criteria for issuing a warning of
potential extreme fire behavior.

The Maui disaster triggered political backlash and legal battles.
State and national levels came under scrutiny over their handling
of the situation. The Maui County Emergency Management
Administrator resigned in the weeks following the disaster.
Three months following the fire, the Governor announced the cre-
ation of a $150 million recovery fund to help those who were in-
jured in the fires or lost family members if they waive their right
to file associated legal claims. The fund is initially paid for by
the State of Hawaii, Maui County, Hawailan Electric, and
Kamehameha Schools, all of which have been named in legal ac-
tions over the wildfires.

Mati, Greece

Emergency and civil defense managers in Hawaii should have
known better. Five years earlier, almost to the day, on July 23,
2018, a fairly small brush fire claimed 104 lives in Mati, Greece.
Mati is a seaside community of about 5,000, approximately
30 km west of Athens, and a popular summer destination. On
July 23, very strong winds descending from Mount Penteli at about
95 km/h (gusting to over 110 km/h) pushed the fire rapidly over
dry vegetation, causing it to spread quickly, covering one-half
mile in about half an hour from the nearest highway east of the
town to the sea. In total, the fire took two hours to spread from
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where it started to the nearest beach—there is security camera
video that captured the ignition. About 1,200 buildings were de-
stroyed by the fire.

People were burned in their cars as they attempted to flee,
while hundreds of people escaped to nearby seaside cliffs, hiked
down to the beach, and were evacuated hours later from the
water. A large number of firefighting resources had already been
committed to a major incident about 80 km to the east, leaving
limited resources available for the Mati fire.

In Mati, there was no warning, and people self-evacuated when
flames were hundreds of feet away or did so at the encouragement
of neighbors. Some police officers and firefighters reportedly went
door-to-door to urge people to evacuate, but the lack of evacu-
ation planning led to a series of traffic management failures, in-
cluding, in one case, leading evacuees back toward the fire. The
government and civil defense denied responsibility and claimed
they couldn’t have done anything differently, even with hindsight
(16). Despite the rapid spread of the fire, our calculations using
agent-based evacuation models showed that, with a proper
evacuation plan and public warning, the area could have been
evacuated in time.

Unlike Maui, the legal and political fallout of the Mati disaster
had historic proportions. At first, there were ad hominem attacks
against scientists who spoke out about the lack of evacuation or-
ders as contributing to the high death toll. This is also what hap-
pened in several countries in the first months of the COVID
pandemic—governments were shooting the messengers.
Eventually, however, the Alternate Minister for Citizen
Protection, the Secretary General for Civil Protection, the Chief
of the Hellenic Fire Service and the Chief of the Hellenic Police re-
signed. A series of negligence lawsuits were filed against the gov-
ernment by those who had lost loved ones and/or their homes. In
addition, a four-year criminal investigation culminated with a tri-
al which began on October 31, 2022, with twentyone senior elected
and appointed officials facing felony charges. On April 29, 2024,
six of the twentyone defendants were found guilty of negligent
homicide. Some have argued that the handling of the aftermath
of this fire led to the government losing national elections a year
later.

The new government that took over rolled out the 112
Emergency Communications Service, following our relentless ad-
vocacy, editorials in major newspapers, and actual implementa-
tion work. The new service integrates a unified, multi-agency
public safety answering capability, based on the European emer-
gency number 1-1-2 with a nationwide, integrated public alert
and warning system. This system is now used by the General
Secretariat for Civil Protection (i.e. the country’s national emer-
gency management agency) to deliver effective life-saving infor-
mation to the public. Alert messages are delivered primarily
through cell phone SMS and additional communications path-
ways. In addition, new legislation voted in 2020 established an all-
hazards planning approach, and municipalities are required to
prepare a single emergency operations plan with hazard-specific
and function-based annexes, as required. An evacuation annex
is now mandatory.

The Maui and Mati fires bear eerie similarities. Dry vegetation
and high winds, which pushed the fires downslope to densely
populated areas with poor evacuation routes, and insufficient fire-
fighting resources combined to cause both fires to quickly spread
out of control. Preparedness failures, poor warning capabilities,
and an apparent deficiency in evacuation planning led to the
high death tolls. In both locales, people were burned in their
cars, in Mati some because of a lack of evacuation planning that

resulted in drivers being redirected back to the inferno, while in
Lahaina possibly because of delays in evacuation and confusion
with closed roads. In both cases, officials claimed that call centers
were overwhelmed. Both events had political repercussions, and
in both cases officials abdicated responsibility, claiming they
wouldn’t have done anything differently even with hindsight.

WUI fires need not be so ghastly.

Rhodes, Greece

OnJuly 18,2023, a fire broke out on the Greek island of Rhodes.
The fire was initially confined to the island’s mountainous center,
but spread to the south on the fourth day, fanned by strong, north-
erly seasonal winds. By July 23, the fire had reached the southern
coast of the island, scorching more than 16,000 ha. With multiple
fires burning simultaneously throughout the country, resources
were stretched thin, despite the reinforcements sent by EU coun-
tries and the United States. The island is one of the most popular
tourist destinations in the Mediterranean, exceeding 2 million vis-
itors every year, and roughly the same size as Maui.

When it comes to evacuations, visitors are a vexing challenge,
not least because of their limited proficiency in the host country’s
language, and their lack of familiarity with the area they are visit-
ing. Yet, Greek authorities were able to evacuate over 20,000 local
residents and tourists from the affected areas in Rhodes, within
half a day, making it Greece’s largest ever wildfire evacuation
(17, 18). The country’s public alert and warning system was
used to send multiple evacuation messages, as the fire ap-
proached residential areas. The slower overall rate of spread of
the Rhodes fire may have allowed for the timely evacuation.
However, the scale of the evacuation was considerable for
Greece, and much more so for an island like Rhodes, and we
that without a public warning system and a tried emergency man-
agement program, such as 112, the outcome would have been
quite different. Ultimately, the fire devastated homes, hotels,
and other businesses, yet the only casualty was the tragic loss of
a volunteer firefighter. The efficacious crisis management in the
aftermath bears noting, as most evacuees were sheltered in hotels
or hosted by locals from night one. While at first tourist arrivals
drastically fell, and hundreds of incoming flights were canceled,
normalcy was restored within three weeks.

Wildland—-urban interface risk and climate
change

The wildland-urban interface challenge

More people living in WUI areas enhance ignition opportunities.
Moritz et al. (19) identified several socioecological linkages and
have focused on the impact to ecosystems by and their inter-
dependencies with humans. While fires in remote areas are usually
triggered by lightning storms, most wildfires appear to be human-
caused (20). It is therefore hardly surprising that hot spots of fire ac-
tivity have been identified in the WUI in the United States (21), and
95% of wildfires in Europe are reportedly caused by human negli-
gence or arson (22). Radeloff et al. (23) state that the number of
houses within wildfire perimentes has doubled since the 1990s,
due to both increased number of houses and larger burned areas.
The number of wildfire-related deaths worldwide in the last four
decades, based on the global EM-DAT database (24) shows that
10% of the fires appear responsible for 78% of the deaths
(Figure 1). Furthermore, the single deadliest fire each year was re-
sponsible for 65% of all the deaths in that year, on average. In other
words, a small number of fires produce the vast majority of deaths,
while eight out of the ten deadliest fires occurred in the WUIL.
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Wildfire deaths, 1970-2023
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Figure 1. Wildfire deaths per year, 1970-2023 (24).

Fires in the WUI pose unique challenges to fire suppression and
emergency response. First, whereas urban and wildland firefight-
ing tactics are fundamentally different, WUI fire suppression in-
herently involves both in close proximity, and tactical
incompatibilities may appear. Urban fires will typically have mul-
tiple exposures with a fixed source, and direct fire attack using
water or foam is the norm. On the other hand, wildland firefight-
ing techniques very often involve indirect attack (25, 26). For ex-
ample, a fireline may be used to interrupt fuel continuity or a
backfire may be employed to deprive the fire of oxygen. In the
WUI, exposure usually involves a long flame front and multiple
sources of ignition. In WUI fires, structural firefighters operate in
close proximity with their wildland counterparts, which often cre-
ates challenges in communications and coordination, especially
when they come from different organizations and jurisdictions.

Different firefighting tactics also mean different equipment.
Wildland firefighting personal protective equipment is lighter be-
cause structural and atmospheric hazards are more limited in the
open, and mobility is essential (26). Wildland firefighting engines
are typically smaller and carry less equipment to remain mobile.
This essential mobility in the wilderness may become a limiting
factor, and possibly a source of danger, to firefighters in the WUL

In addition, delayed fire reporting or increased response times
increase fire risk to isolated homes and other structures (27).
Fireline access can be challenging, as small backcountry roads
and covered bridges might constrain anything but the smallest
fire engines, and mutual aid resources could find navigating
poorly charted rural roads a hindrance. Also, water supply may
be scarce because of a lack of fire hydrants or failures during a
power outage (28). This was the case in Lahaina, in both 2018
and 2023 and in the 2024 Vifia del Mar fires in Chile, which took
place while this paper was under review.

Second, evacuations are often required in WUI fires but are
substantially different than organized evacuations implemented
before river floods, landslides, and other natural hazards, or fol-
lowing accidents involving hazardous materials. Wildfire evacua-
tions usually are decided and implemented on very short notice,
notably because of difficulties in forecasting weather and predict-
ing fire behavior. In Australia, in particular, there was debate

about “stay and defend or go”, but the discussion seems to have
settled in favor of “go” (29). Emergency planning helps alleviate
some of that uncertainty. A small number of evacuation courses
of action may be analyzed and included in emergency plans, offer-
ing options depending on the relative position of residential areas
and the fire perimeter, as well as the current and projected wea-
ther, topography, and fuels. In Portugal, for example, predesigned
evacuation routes and shelter locations are communicated to the
public before disaster strikes, thus reducing clearance times when
evacuations are warranted (30).

Regardless, many WUI areas have poor evacuee egress options,
not only because of narrow, winding roads, but also traffic conges-
tion (31). For instance, 23 people, including three seasonal fire-
fighters, were trapped and perished while evacuating the village
of Artemida, Greece during the 2007 fire south of ancient
Olympia (32), over a narrow backcountry road that was the only
option (33). In the 2018 Camp Fire in Northern California, staff
evacuated patients from the local hospital in their own vehicles.
On one occasion, the drive to safety out of the heavily wooded
area allegedly took about three hours. This was a very difficult ter-
rain for timely evacuations, nonetheless over 40,000 managed to
evacuate. Alerts were reportedly not received by at least 50% of
the residents, but completely without them the death toll would
likely have been much higher than the 84 who perished. In an-
other example, serious traffic congestion ensued when residents
in West Kelowna, British Columbia were asked to evacuate during
the 2015 Munt Law wildfire (34).

With this inadvertently rapid operational tempo, reducing the
time between decision-making and the actual evacuation by pro-
viding people advanced notice is paramount. Mati and Maui and,
to a lesser extent, Paradise—all three incidents were haunted by
the lack or failure of public alert and warning systems (35).

Third, wildfires can rapidly spread out of control and increase
in complexity. Large fires are among the most complex incidents,
not least because of the geographic area involved, the large num-
ber of resources involved, organizational complexity, jurisdiction-
alboundaries, weather, and difficulty in predicting fire spread (36—
39). WUI fires add more layers of complexity, due to the threat to
life, property and critical infrastructures, as well as political
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sensitivities. For example, it has been reported that, during the
Mati fires, politicians were calling the fire department asking for
prioritization of resources to favor friends and relatives. Climate
change is one of the factors increasing the potential for extreme
fire behavior, therefore making firefighting less routine while
making fires themselves more routine.

Fourth, wildland fires are intricately related to critical infra-
structure and form complex feedback loops which lead to com-
pound events (40, 41). The risk to energy production and
generation assets and the power grid increases with wildfire inci-
dence. Power lines can ignite wildfires through a variety of mech-
anisms, and fires can damage power utility assets, causing
widespread power outages (42). California’s largest utility,
Pacific Gas and Electric, pleaded guilty to manslaughter charges
and filed for bankruptcy in early 2019, accepting responsibility
for its downed power lines that triggered the 2018 Camp Fire, al-
legedly the costliest natural disaster in that year worldwide.
Hawaiian Electric is currently facing lawsuits for alleged negli-
gencein the Maui fires. On the other end, in Mati, the country’s na-
tional electricity corporation steadfastly refused to entertain even
the suggestion that one of its power lines near the point of ignition
may have triggered the fire, and thus far has gotten away with it.

The cascading effects of wildland fires increase agent-
generated demands and complicate response-generated de-
mands (40, 43). Almost any critical infrastructure asset may be af-
fected by wildland fires, even water treatment plants. Fires can
melt underground water pipes, thus affecting firefighting, and
they can destroy communication towers and power substations.
Operators then need to find workarounds or make temporary re-
pairs to restore service to priority customers, typically other crit-
ical infrastructure systems. At the same time, governments
need to work with operators and affected critical customers to
provide backup solutions. A vicious circle ensues, as infrastruc-
ture damage delays response and short-term recovery efforts,
which in turn slow down restoration and repair (44).

Climate change and wildfire risk

Wildland fires have an intricate relationship with climate change.
Bowman et al. (45) estimated that wildland fires are responsible
for 19% of the anthropogenic radiative forcing. Climate change
does yield higher temperatures and drier conditions that prime
the landscape for fires to catch and spread more easily.
Flannigan et al. (46) estimate that fire seasons will last 20 days
per year longer in the northern high latitudes by the end of the
century. The IPCC Sixth Assessment Report (47) notes that fire
weather is expected to increase in many parts of the world and,
a 2-degree global warming scenario is projected to increase
burned area globally by 35%. These estimates are corroborated
by regional studies, which point to an increase in the number
of human-induced wildfires, burned area, and wildfire risk (21,
48-56).

These scenarios are hardly fictitious, as climate change is al-
ready increasing wildfire risk around the world. Fire-prone areas
are extending poleward to areas previously unaffected. Jolly
et al. (2015) found that, by 2013, fire seasons had lengthened in
about one-quarter of the Earth’s vegetated surface, resulting in
anincrease of the global average fire season length by 18.7%, com-
pared to 1979. They also estimated that, between 1979 and 2013,
the burnable area affected by longer fire weather seasons had
doubled. Furthermore, the frequency of long fire-weather seasons
increased across more than half of the global vegetated area be-
tween 1996 and 2013, compared with 1979-1996. Regional studies

corroborate these global findings by showing an increase in the
number of fires and the burned area during fire seasons, as well
as in the size, extent, and frequency of large fires (49, 56-61).
Consensus is emerging that the conventional suppression-
centered wildfire and forest management strategies applied so
far no longer efficiently address megafires, variously defined,
but usually as fires that burn over 40,000 hectares.

Furthermore, overnight burning events (OBE), defined as fires
that burn through the night, have recently been changing what
used to be a familiar diurnal fire cycle. Luo et al. (62) found that
20% of the 1084 fires burning over 1000 hectares in the period
2017-2020 were OBEs, peaked in the summer, and were primarily
associated with droughts. Balch et al. (50) claimed that, worldwide
over the past 30 years, flammable nights have increased by seven,
across all burnable lands, and found that night fires are about 7%
more intense, while the vapor pressure deficit has increased by
25%. For the western United States, they estimated an 11-day in-
crease over the same period. There is little doubt that there has
been an acceleration of OBEs.

Figure 2 depicts megafires between 2012 and 2022 in Europe,
Canada, and the United States, compiled out of three different da-
tasets. The European Forest Fire Information System is operated
by the European Commission Joint Research Center. Burned areas
are estimated from satellite imagery, and information was avail-
able until 2023. Natural Resources Canada maintains the
Canadian Wildland Fire Information System, based on a compil-
ation of information provided by Canadian fire management
agencies including provinces, territories, and Parks Canada. At
the time of this writing, data was available only until 2021. In
the United States, the National Interagency Fire Center Open
Data Site provides a wealth of wildfire-related geospatial informa-
tion. This dataset includes wildland fires reported to the
Integrated Reporting of Wildland Fire Information incident ser-
vice until 2023.

One conclusion from the map in Figure 2 is the lack of a unified
system for reporting wildfires around the world. Wildfire data col-
lection around the world is a highly localized endeavor. Data col-
lection techniques vary widely, from the compilation of reports
from fire services to highly sophisticated uses of satellite imagery.
Although most G20 countries publish quasi-regularly annual
wildfire statistics in their official languages, data on individual
fires is generally scarce. To make matters worse, there is hardly
any consistency in either content or the granularity of the infor-
mation reported across countries.

Finally, although the short- and long-term effects of wildfires
on forests vary with the ability of tree species to regenerate after
fires, both the size and costs of wildland fire suppression opera-
tions are growing. The increase in cost is partially driven by the
high cost of protecting property in the WUI, and urbanization
will drive costs even higher. Wildfire suppression costs in the
United States have increased fourfold from 1985 to 2016 (21).

Discuss.ion apd reco;nmendatipns:
Improving wildfire risk reduction efforts

Wading into uncharted waters, governments have mobilized
funding for improving suppression capabilities, with aerial fire-
fighting absorbing the lion’s share. Improvements in prepared-
ness tend to follow particularly destructive fires or very active
fire seasons. For example, following an increase in wildfire inci-
dence across EU countries, the European Commission established
“rescEU”, for procuring fixed and rotary wing firefighting aircraft,
to create a last-resort capability buffer. Thus, rescEU’s aerial
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Figure 2. Megafires in Europe (63), Canada (64) and the United States (65) between 2012 and 2022.

firefighting fleet was doubled in 2023, reaching 28 aircraft in 2023,
with 12 additional aircraft on order (66, 67).

Greece has relied on a combined aerial firefighting fleet of na-
tionally owned and leased aircraft. The country found itself in a
double predicament, facing increasingly devastating fire seasons,
just as it was getting out of a deep financial crisis, which had es-
sentially prevented the acquisition of expensive assets. It has
been progressively leasing more firefighting helicopters and air-
planes. Following a series of devastating fire seasons, in 2020,
the government announced “Aegis”, a behemoth two-billion-euro
program, a third of which will serve to essentially double the
country’s aerial fighting fleet. In 2022, the Hellenic Fire Service
also instituted helitack crews, that is, teams of firefighters trans-
ported by helicopter to poorly accessible wildfire flare ups.

France faced a particularly active season in 2022. The total
burnt area was 72,000 hectares, or almost five times that of 2021
and about three times that of 2017. Preparing for 2023, it added
nine additional fixed and rotary wing aircraft to its 38. It also in-
creased the number of wildland fire-engine strike teams from 44
in 2022 to 51 in 2023 (68). According to the US Congressional
Budget Office (69), the federal government spent $17.5 billion on
wildfire suppression and disaster assistance between 2016 and
2020. In California, following expanding fire seasons and a series
of devastating fires, the Department of Forestry and Fire
Protection recently acquired 12 new firefighting helicopters and
is planning to add seven air tankers to its fleet (70).

On the other hand, wildfire mitigation and prevention have
traditionally received less attention and funding. For instance,
the Greek Forest Service had been understaffed, and activities
poorly coordinated and underfunded, for decades (71). Feo et al.
(72) noted a “long history of underinvestment in prevention and
mitigation” in California. These are examples of how voters often
reward politicians for delivering disaster relief, but not for inves-
ting in preparedness, and even less so for mitigation and adapta-
tion, hence governments underinvest (73).

Moritz et al. (19) have argued that “cultural and institutional
systems affect public response to wildfire, as do psychological
and social dynamics”. While true overall, the death toll in recent

WUI fires suggests the public is inching towards favoring
evacuation. Recent research suggests that public education can
motivate voter support in favor of mitigation and preparedness
(74). Anecdotal wildfire policy examples suggest that climate
change education in the last few years may have helped to sway
public opinion in favor of wildfire mitigation. For instance, in prep-
aration for the 2022 fire season, the Greek government spent 72
million euros, equivalent to the cost of two medium-sized fire-
fighting airplanes, in two nationwide wildfire hazard mitigation
programs, involving (i) fuel reduction and clearing and (ii) forest
thinning; such an investment was unthinkable five years earlier.
It also reorganized the Forest Service to improve coordination
and funding. In 2020 and 2021, the State of California
appropriated $2.7 billion over a four-year period to wildfire pre-
vention and mitigation, a number which dwarfs the Federal
Government’s $4 billion through the Infrastructure Investment
and Jobs Act and the Inflation Reduction Act (75).

With rising fire activity brought on by climate change and hu-
man development, and increased exposure of people and property
in WUI areas, itis unlikely that today’s suppression-focused para-
digm will remain sustainable, possibly not even in the near future.
Here, we present a new paradigm in wildfire risk management
that goes beyond suppression and even mitigation, by integrating
science-based land management.

First, in light of the projected increase in fire activity and deca-
des of unmitigated biomass accumulation in forests around the
world, maintaining adequate fire suppression capabilities, even
through mutual aid agreements, may no longer be a fiscally re-
sponsible option. On the other hand, the cost-to-benefit ratios of
wildfire hazard mitigation measures, including retrofitting build-
ings to meet or exceed building code standards, range from % to
¥ (76). Communities should consider mitigation strategies that
have worked for other hazards, such as insurance and drastically
limiting development in the WUL Fuel treatment strategies, such
as prescribed burning, fuel reduction and clearing, and forest
thinning, have all shown potential in mitigating wildland fire
risk (2, 77). In addition, retrofitting properties in the WUI to resist
fire hazards has paid off time and again (78). For instance, a
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photograph of a 100-year-old wooden house in Lahaina became
viral in the aftermath of the August 8 fire, as it was left unscathed
while surrounded by piles of charred debris (Figure 3). It was later
revealed that the owners had retrofitted the home to mitigate
wildfire risk. Furthermore, learning from indigenous fire steward-
ship practices can help mitigate wildfires and increase biodiver-
sity (79).

Nevertheless, even with increased investment, implementing
hazard mitigation strategies and developing additional capabil-
ities will take time. Therefore, improving wildfire response is still
needed. Given resource constraints, communities will likely have
to prioritize the development of both suppression and mitigation
capabilities by accounting for the effects of climate change on for-
est ecosystems. Multi-year, integrated wildfire risk management
plans extending beyond electoral cycles can help reduce the sen-
sitivity of risk management to shifting political short-term prior-
ities and ensure sustainable strategies. Governments need to
avoid the established pitfalls of short-sighted, political decision-
making and policy choices shaped by what just happened instead
of planning for future expectations (80).

Second, the growing number of megafires indicates that land
management strategies need to account for the impact of climate
change on forest ecosystems, as well as local effects, such as
the rate at which biomass re-accumulates. Governments need
to work closer with the forest products industry to integrate
land management and wildfire risk management policies.
Heterogeneity in vegetation type, age, and structure can help eco-
system resilience to climate change and reduction of biodiversity
loss. Fire hazard mitigation measures can be adapted to deliver
the needed heterogeneity, for example, by diversifying the condi-
tions of prescribed burns (19). Moreover, novel uses of wood prod-
ucts and creating markets for excess biomass and smallwood
removal and utilization can create local economic development
opportunities, while increasing the ecosystem’s resilience to wild-
fires. Several funding mechanisms are now being considered to
support appropriate public/private partnerships. Examples in-
clude green bonds and more complex schemes, such as partial
subsidization of economic opportunities, contingent on the imple-
mentation of wildfire mitigation or post-wildfire restoration
measures, including landslide and flood mitigation.

Third, in terms of crisis management, a fundamental shift is
needed from a mindset of fire suppression to one of emergency re-
sponse. The increased exposure of people reinforces the need for
community-based evacuation planning. Evacuation plans iden-
tify transportation routes and ways to increase evacuation
throughput (such as contraflow), transportation modes, including
mass transit, and shelter locations, so that emergency managers
know how little time they have to issue evacuation orders. It is
thus clear that public alert and warning systems are becoming
an increasingly critical link in the process. These systems provide
emergency information to the public, and save lives when disas-
ters are about to strike. Early disaster research (81, 82) highlighted
that to be effective warning messages need to be received from
multiple communication pathways and issued from credible
sources. Modern public alert and warning systems enable emer-
gency management agencies to disseminate information through
multiple pathways, including mobile and landline phones, radio,
television, highway variable-message signs and others. The com-
bination of evacuation plans, public education before disaster
strikes, and public alert and warning systems can create a power-
ful defense against wildland fires and can reduce the loss of life.

Because of the inherent complexity in combining all those
technologies, these systems should be tested to the limit of their

abilities at regular intervals. In addition to the obvious mainten-
ance benefit, these tests are opportunities for informing the public
about the capabilities of alert and warning systems, as well teach-
ing individual and family self-protection in disasters. In the
United States, nationwide tests of the Emergency Alert System
(which is based on radio and television, cable systems, and satel-
lite radio and television) and the Wireless Emergency Alert (WEA)
system, (which delivers alerts from cellular towers to mobile devi-
ces using a one-to-many technology called Cell Broadcast (CB)),
they have been required no less than every three years since
2015. Nonetheless, the third nationwide test on October 4, 2023
(Figure 4, left), which came after the Maui catastrophe (83), was
treated by the major news media everywhere as if it was the first
ever. In one way it was, because people paid attention to it and
could not have opted out, as was the case with the second test
message. For the record, the first test was conducted on October
3, 2018, using the Presidential Alert classification and the second
on August 11, 2021, using the State/Local WEA Test classification,
which requires users to opt in to receive the test alert.

As of December 2018, and likely following the realization that
lives could have been saved in the Mati fires earlier that year
had there been warnings, European Union countries have been le-
gally required to putin place public alert and warning systems us-
inglocation-based SMS, or similar technologies, no later than June
2022. However, there are no testing requirements. Although such
systems were already used in several European countries before
that deadline, Greece was one of the first countries to use Cell
Broadcast for wildfire evacuations. Tests are not legally required
in Greece as in the United States, but its first nationwide alert
was sent on March 11, 2020 (Figure 4, right), in response to mount-
ing cases of COVID-19, and served as a demonstration of the
capability.

Warning and evacuation processes also need to account for
populations with access and functional needs. Effective systems
can alert populations with disabilities or other special needs, in-
clude those with limited proficiency in the main language(s)
used in alert and warning messages and, ultimately, anyone
who may have difficulties obtaining alert and warning SMS and
information.

A combination of forward and reverse planning is required to
prepare such plans (84, 85). Forward planning builds the evacu-
ation process by describing potential decisions and actions se-
quentially. Plans should address both agent-generated demands
(for example, transportation and shelter) and response-generated
demands (for example, information management and logistics).
Then, reverse planning determines the time required to complete
each task, given the resources that can realistically be made avail-
able. Working backwards and using time estimates and task de-
pendencies, emergency managers can identify the times
required to complete evacuations once the decision is made.
The combination of forward and reverse planning informs the de-
velopment of time or land-benchmark triggers for evacuation
decision-making. For example, there will be evacuations regard-
less of conditions, if a fire reaches a particular critical location,
orif thereisless than x minutes for the fire to spread from its point
of ignition to the nearest shoreline.

Fundamentally, hard as it may be in practice, evacuations need
to be completed before the flame front spreads close enough to
populated areas. Fire smoke may cause serious injury to sensitive
individuals; this needs to be accounted for as well. Evacuation
modeling is necessary to inform evacuation planning and
decision-making. It can provide estimates of the time needed to
evacuate areas threatened by wildfires, as well as pedestrian
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Figure 3. Red-roofed Lahaina home left unscathed by the August 8 fire (Source: Getty Images).

and vehicle traffic flow rates, in different scenarios and allows
analysis of different courses of action (86, 87). As was done post-
facto in Mati (88, 89), combined with wildfire spread simulation,
evacuation modeling can be a powerful tool in setting triggers
for evacuation decision-making (90). Stefanakis et al. (91) used
an Al statistical model of a tsunami “experiment” constantly up-
dated as new results arrived, then future query points were se-
lected according to the objectives, until achieved. In this
manner, they identified worst-case scenarios that were previously
only obvious with 100% hindsight. Such active experimental de-
sign and machine learning algorithms can reduce the exception-
ally large number of numerical simulations needed to identify
time-optimal escape routes in advance, particularly in the pres-
ence of projectiles (embers), which change the spread dynamics.
Evacuation modeling is also a powerful tool in public outreach,
as people at risk can expect how much time they really have.
Coupled with avatars, people can visualize themselves evacuat-
ing, at different speeds, temperatures, and visibilities. Such an ap-
proach could become the gold standard for planning evacuations
and educating people.

Fourth, science and technology can be leveraged to improve
strategic, operational, and tactical emergency planning.
Evaluating variables, such as meteorological conditions, fire dan-
ger, fire location, time of day, and fire size at the time of dispatch
are now increasingly used in setting dispatch levels and resource
estimates, along with lessons learned from previous fires and in-
stitutional memory. Machine learning, again, can streamline
these processes. For example, Lam et al. (92) show how it can
best medium-range numerical weather predictions (NWP) fore-
casts very quickly. Introducing Al fire prediction operationally

remains vexing, given the varied locations, diverse data, and
one-of-a-kind fires, even in a single locale.

Even when such timely predictions materialize, resource man-
agement should become more dynamic and anticipatory through
the employment of other tools. For instance, mutual aid agree-
ments can be activated preemptively based on risk estimates. In
2023, Greece activated the EU Civil Protection Mechanism (the
European equivalent to the Emergency Management Assistance
Compact in the United States) to preposition fire engines and
hand crews from other countries in high-risk areas, during the hot-
test and driest summer months. The Hellenic Fire Service hires sea-
sonal firefighters every year, aiming to increase its force by 10%
during the “hot” season (8). These actions are particularly useful
in islands, which present additional tactical challenges, not the
least of which is related to their insularity and limited options for
evacuation. Emergency management worldwide needs to consider
the option of evacuating to beaches, which has made fires on Greek
islands far less deadly than the mainland.

Earlier, we discussed how advances in forestry and biology can
supportintegrated management of wildfire risk, how cutting-edge
communications systems enable alert and warning messages to
reach millions of people in seconds, and how evacuation modeling
can support emergency planning and rapid decision-making.

Satellite images are a staple in many crisis management cen-
ters. Landsat has been around for decades, but the time windows
between images do not allow for effective proactive modeling.
Algorithms convert observations of the Earth'’s surface in the vis-
ible and infrared domains from meteorological and other satel-
lites into measurements of fire hot spots and assessments of
wildfire impacts in near real-time (93-95). Recently, advances in
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!
National Alert
THIS IS A TEST of the National Wireless
Emergency Alert System. The purpose is to
maintain and improve alert and warning
capabilities at the federal, state, local, tribal
and territorial levels and to evaluate the
nation's public alert and warning
capabilities. No action is required by the
public.

Additional Details
Wireless Emergency Alerts (WEAs) are
short emergency messages from
authorized federal, state, local, tribal and
territorial public alerting authorities that can
be broadcast from cell towers to any WEA-
enabled mobile device in a locally targeted
area. WEAs can be sent by state and local
public safety officials, the National Weather
Service, the National Center for Missing and
Exploited Children and the FEMA
Administrator or the President of the United
States.

&\ EMERGENCY ALERTS

Emergency Alert

I'T MoA Mpootaciag 11/03. Odnyieg yia kopovoido
EuntaBeig opddeg: Meivete omitt 000 yivetal
TIEPLOCOTEPO. MEVIKOS TTANBLOUOG: MeiveTe ottt
LE TO TIAPAULKPO CUNTITWHA (wong. Av €xeTe
CUUTTTWHATA, UANOTE e ylatpoTply Tdte
VOOOKOLELD. TNPELTE KAVOVES LYLEWNG. Mnv
Balete eoag & alhoug oe kivbuvo. GSCP 11/03.
Coronavirus alert High risk population: Stay
home as much as possible. General pop: Stay
home at first symptom of infection. If you have
symptoms, consult with doctor before going to
hospital. Maintain personal hygiene. Don't
putyourself & others at risk.

Figure 4. Screenshots of the 2023 nationwide WEA testin the United States (left) and the first nationwide Cell Broadcast message ever in Greece, in 2020
(right). An estimated 300 national messages have followed since then this 11 March 2020 first CB message.

earth observation have allowed scientists, at least in Europe and
North America, to track wildfires and even calculate fire spread,
every twelve hours, based on satellite imagery (96). NASA's Fire
Events Data Suite is claimed to provide more frequent monitoring
of fire activity, growth, and behavior than has ever been available
(59). In a significant breakthrough, private operating satellite con-
stellations now claim they are able to provide end users with pre-
dictions of the spread of wildfires and floods, informed through
data assimilation, as images become available from successive
satellite passes. In one example, a satellite constellation of
Portugal and Spain, possibly to be augmented by Greek satellites,
beginning (it's been claimed) in 2024, will provide high resolution
synthetic aperture radar (SAR) images about every four hours. The
consortium will also provide estimates of the projected evolution
of the fire perimeter, until the next set of images becomes avail-
able. When augmented by thermal imaging and comprehensive
vegetation spatial distributions, the evolution predictions can im-
prove further and can become game changers in megafire sup-
pression. Once such analyses become standard, Al fire modeling
could become routine, given that there will be uniform image da-
tasets associated with specific weather parameters to mine from.

Moreover, artificial intelligence is already in use to streamline
real-time or near real-time detection of wildfires in poorly access-
ible areas (97, 98). State-of-the-art robots provide situational
awareness, and autonomous systems operating closer to the fire-
line are under development for improving information manage-
ment (99). The integration of satellite imagery with feeds from
other sources, such as thermal, surveillance and traffic cameras
and weather stations, they can vastly accelerate information
management in the Emergency Operations Centers of the next
decade.

Conclusion

Climate change, increased development in the WUI, and a long
history of emphasis on fire suppression over hazard mitigation
has increased wildfire risk worldwide. Governments are exploring
the issue, but spending is mostly geared toward fire suppression.
Here, we propose a long-term approach, incorporating wildfire
risk management in wider-scope forest land management policies
and strategies. The latter need to account for the impact of cli-
mate change and hazard mitigation on forest ecosystems.
Improving suppression capabilities is like performing CPR on a
cardiac arrest patient: it buys needed time until a more sustain-
able strategy takes effect, but will not, in and by itself, suffice
for longevity. A renewed focus and increased spending on hazard
mitigation and fire prevention is also required to stem the impact
of megafires threatening human settlements and ecosystems in
the WUL Furthermore, a fundamental shift is needed from a
mindset of fire suppression to one of emergency response.
Evacuation planning supported by public alert and warning cap-
abilities always saves lives, and more so with prior planning.
Last, we urge the wildland fire community to invest in the uptake
of scientific breakthroughs and new technologies, including ma-
chine learning and earth observation, to help improve decision-
making and, ultimately, save more lives. Until then, in at-risk
WUI areas, everyone needs to understand that a threatening wild-
fire could happen anytime from spring to fall and that they may
need to leave immediately.
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