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Despite the increased frequency and scale of wildfire-related catastrophes, there has

been little or no effective and coordinated international policy to address their highly

negative impact. Possibly a generalized approach to respond to such major events

could be modeled on existing international safety investigation policies and agreements

that already have proved successful. The International Civil Aviation Organization

(ICAO) outlines safety investigations after international fatal aviation accidents. Although

this well-established safety investigation protocol cannot be directly applied in acute

wildfire-related accidents, it can offer a useful framework for establishing international

guidelines to reduce risk of future wildfire catastrophes. The co-operation between safety

investigation authorities has been shown to be fruitful especially for those less developed

countries that have limited resources and experience related to accident investigations.

While primarily an adaptive measure that can set practices to reduce vulnerability and

fragility of ecosystems and human societies, the same policies could be seen as a

climate change mitigation measure, as wildfires can contribute significantly to global

CO2 emissions. Finally, the concept of independent and qualified safety investigations

represents the principle of serendipity: disclosing by accident something that has not

been foreseen. Feedback from reality compensates assumptions and limitations of

feedforward analysis of complex systems that can only reveal their dynamics and

performance in reality and over time.
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INTRODUCTION

Large-scale fires, such as those that raged across Australia during the “Black Summer” 2019–2020,
can cause destruction both to the local ecosystems and global environment. The risk of wildfires
is increasing as climate change progresses (Bowman et al., 2020, Figure 1). In addition, human
lives have been lost and societies disrupted as a result of such fires. Rainforest fires have occurred
periodically in Sumatra, Indonesia since the 1960s (Field et al., 2009), usually during the dry season
when fires are set by farmers to clear waste. Although these rainforest fires cannot be considered
traditional accidents in all respects, their unexpected overall effects have caused environmental
disasters. In 2015 the Indonesian fire season was extremely severe. The CO2 equivalent biomass
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FIGURE 1 | Increasing trend of wildfires in the United States. The graph depicts the total area (in acres) affected by wildfires in the United States between the years

1983 and 2019. Data from the National Interagency Fire Center (www.nifc.gov).

burning emissions were estimated to be equal to the combined
fossil fuel emissions generated by Japan and India in 2013 (Field
et al., 2016).

In addition to ecosystem disturbance, wildfires can
cause colossal economic losses. For example, in 2020 in the
United States, there were about 57,000 wildfires compared with
50,477 in 2019 based on the statics provided by the National
Interagency Fire Center (Insurance Information Office, 2021).
These above-mentioned numbers also reveal that 10.3 million
acres were burned in 2020, compared with 4.7 million acres
in 2019. The costs of the Australian Black Summer have been
estimated to exceed $100 billion, including over $2 billion of
smoke-related health costs (Roach, 2020). As a result of wildfires,
there are often disruptions in transportation and water and
power supply lines. The health effects of wildfires have been
clearly established (Stefanidou et al., 2008; Liu et al., 2019;
Xu et al., 2020; Yu et al., 2020). Remarkably, during wildfire
episodes, the concentrations of the smallest (even submicron-
sized) particles were increased (Makkonen et al., 2010). The small
particles (<2.5µm) contain toxic trace elements and, as they can
penetrate deep into the respiratory system, are the most harmful
particles to human beings. A recent analysis of out-of-hospital
cardiac arrest data for 5,336 individuals identified through the
Cardiac Arrest Registry to Enhance Survival for 14 counties in
California (2015–2017) showed that the risk of cardiac arrest
increased with fire-related smoke exposure (Jones et al., 2020).
Cheong and co-workers reviewed studies that had investigated
the acute health impact of the Southeast Asian transboundary

haze caused by forest fires and found increases both in the
occurrence of acute myocardial infarction and in mortality due
to out-of-hospital cardiac arrest (Cheong et al., 2019).

Thus, natural and human resources continue to be vulnerable
to devastating events with serious consequences unless proactive
measures are enacted. It is noteworthy that the Australian
prime minister Scott Morrison in early 2020 called for a high-
level government inquiry into the response to the country’s
devastating bushfires (New York Times, 2020). Despite the
increased scale of fire-related catastrophes and their effect on
societies and the environment, there has been no effective and
coordinated international policy to address these highly negative
impacts. Furthermore, the current international agreements to
prevent the increase of atmospheric CO2 do not consider
ecological catastrophes which can contribute significantly to
CO2 emissions (Rogelj et al., 2016). Proactive measures
should be enacted.

The first version of Forensic Investigations of Disaster
(FORIN) was published in 2010 and the second in 2016
presenting methodological approaches for forensic disaster
investigations (Oliver-Smith et al., 2016). It is recognized in the
FORIN 2016 edition that there is a need for additional application
of the FORIN for disaster risk reduction and climate change
adaptation. It highlighted that FORIN can be used to analyse root
causes of risk factors helping to provide bases for policies and
strategies to decrease future disasters. At this point, however, the
guidance has been given at a general level, and there is clearly
room for further development.
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We propose in this perspective article that international
aircraft investigations, which have roots starting from the year
1944 have potentially significant guidance for FORIN incident
investigation methodology in several areas (International Civil
Aviation Organization, 2016). First and foremost, the most
important principle of international aircraft investigation is
that it is blame-free (Dekker and Breakey, 2016). Our
proposed approach attempts to mollify the blame game. In
the current FORIN protocol, there is an effort to start to
analyse legal capabilities. In aircraft accidents investigation
and legal processes are independent. Secondly, international
aircraft accident investigation has a clear protocol by which
stakeholders and shareholders participate in the investigation
process (International Civil Aviation Organization, 2016). The
current forensic investigation of the disaster management system
would benefit from an international coalition to address solutions
because there may be substantial conflicts of interest with
government officials and what could be best practices to
reduce future fires. An international approach may mitigate
some of the conflicts of interest. Some fire-related issues
may prove to be politically complex and challenging, but
on the other hand, there is already evidence that progress
has also been made in mitigating the impact of wildfires
through international cooperation and knowledge exchange
(van Lierop and Moore, 2016). This type of guidance is still
not yet well-established in FORIN. Thirdly, climate change-
related disasters like wildfires are very complex events. Aircraft
investigation offers systematic approach techniques to analyse
complex interactions (Dekker et al., 2011). In the FORIN
protocol, there is an attempt to find the root cause. However,
in complex investigations often several causes emerge, and in
certain circumstances, it is very difficult to define a single
root cause. Fourthly, safety investigation offices need to be
juristically independent, and they need sufficient governmental
funding (International Civil Aviation Organization, 2016). Both
of these conditions are essential to the success of accident
investigation. There is also long-term experience of international
co-operation between safety authorities in different countries.
This relationship can be beneficial for those less developed
countries that may have limited resources and experience.
These various elements still need to be developed for forensic
disaster investigations.

LACK OF SAFETY INVESTIGATION
PROTOCOLS AND WILDFIRES

Considering the wildfire events, there is a clear need to develop
better outcomes that will identify fragile systems (i.e., the most
ones at high risk to suffer from devastating fires), reduce
the exposures that impact human health, and also protect
from significant resource losses. This kind of a generalized
approach for the development of better outcomes could be
modeled on other international safety investigation policies
and agreements that have proved successful. Currently, for
example in Indonesia, the responsibilities for forests are divided

between several ministries leading to governmental inactivity
in wildfire emergencies (Burki, 2017). In some other countries,
such as Australia, major wildfires have led to public inquiry
(Inspector-General for Emergency Management, 2020). While
one of the aims of the public inquiry is to prevent future
catastrophes, as is done in safety investigations, the nature
of public inquire is more like a review of events; systematic
analysis which could be provided by safety investigation is mostly
lacking (Sulitzeanu-Kenan, 2010; Underwood and Waterson,
2013).

Recently, De Sisto and Handmer (2020) suggested the
creation of an ongoing and continuously improving learning
culture, in which daily based investigative knowledge and
experiences are shared at the agency level. Unfortunately,
however, such learning mode by co-operation is still missing.
One plausible framework is provided by the International Civil
Aviation Organization (ICAO): the safety investigations that
can be carried out after international fatal aviation accidents,
based on the ICAO-approved Annex 13 to the Convention
on International Civil Aviation in 1944, and subsequent
regular updates (International Civil Aviation Organization,
2016). Indeed, this agreement has demonstrated its effectiveness
in improving aviation safety substantially. Therefore, it is
reasonable to pose the question of whether international aircraft
safety investigation processes would apply to environmental
accidents, such as wildfires, and if implemented could they
reduce risk and vulnerability to natural resources and human
health in those fragile environments where devastating fires
are more probable. The overall principle is the same: to
prevent similar catastrophes from occurring again and again,
or to provide more effective response mechanisms to manage
the event and thereby reducing its severity. Importantly, the
investigation is carried out not to determine liability, but
to develop recommendations of proactive approaches for the
prevention of future accidents i.e., learning from previous
experience to reduce the risk and vulnerability constructively.
These principles have been accepted as a part of European
Union directives; thus, international support has been gained
(European Union, 2010).

Typically, in aviation accidents, a final report is
published within 12 months of the event, but in exigent
circumstances, a safety investigation team can report
preliminary recommendations much earlier. An example of the
recommendations in a preliminary report being expeditiously
and widely promulgated was the case of a lithium battery
fire in a Boeing 787 aircraft in Boston in 2013. This report
led to the worldwide grounding of all Boeing 787 aircrafts
to prevent further accidents until the underlying cause was
identified and appropriate corrective actions were implemented
(National Transportation Safety Board, 2013). We proposed a
similar application within the international chemical industry,
which lacks a review process despite the occurrence of large-
scale catastrophes such as the methyl isocyanate gas leak
at a pesticide plant in Bhopal, India in 1984 (Vuorio et al.,
2017). Of note, an aviation safety investigation also examines
the health issues associated with an accident (International
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Civil Aviation Organization, 2012) and thus could address the
morbidity and mortality due to methyl isocyanate exposure
in Bhopal.

EVOLUTION OF SAFETY INVESTIGATIONS

Safety investigations have seen a gradual evolution in scope and
methodology. Safety investigations in aviation were conducted
in the United States by the National Transport Safety Board
(NTSB) in a multimodal context, based on a legally assured
independence from governmental interference (National
Transportation Safety Board, 2021). The NTSB conducts
its investigative efforts in an independent federal institute,
combining all modes of transportation: air, maritime, rail, roads
and pipelines. Gradually, the NTSB expanded its scope to victims,
family assistance, training of investigators, and event-driven
occasionally also to other industrial sectors, such as space and
civil infrastructures.

In aviation, the focus during investigations is gradually
widening from preventing similar events to improve
understanding of the system itself in its behavioral variety,
assumptions and limitations, including responding and recovery
from destabilizing events. The AF447 case [Bureau d’Enquêtes
et d’Analyses (BEA), 2012] revealed fundamental deficiencies
in man-machine interfacing, while the B737MAX cases (The
House of Committee on Transportation Infrastructure, 2020)
disclosed the limitations of certifying disruptive adaptations with
derivative certification procedures. Their accidents can be traced
back to system properties that did not manifest themselves before
as catastrophic and have become foreseeable instead of inevitably
being labeled as “emergent” properties. Safety investigations
serve the category of “low probability/high consequences”
beyond statistical confidence in predicting failure of more
frequent, foreseeable events. The concept of independent safety
investigations represents the principle of serendipity: disclosing
by accident something that has not been foreseen. Feedback from
reality compensates assumptions and limitations of feedforward
analysis during the design and certification of complex systems
that can only reveal their dynamics and performance in reality
(ESReDA, 2020).

The NTSB served as a role model for independent
investigations, establishing European and other world regional
counterparts. Together with its Scandinavian, Canadian and
Dutch counterparts, it participated in ITSA, a forum of legally
independent, national investigative authorities established in
1993 to learn from each other and to exchange experiences
(ESReDA, 2020). A major breakthrough was achieved by posing
the question in sharing not what to investigate, but how to
investigate. This approach enabled each investigative agency
to remain independent from its legal and institutional context
and simultaneously achieve a high-level playing field concerning
tools, techniques and above all, a common methodology,
irrespective of mode, sector or domain. Such a methodology
discriminates three phases of the investigative process, each with
its specific goals, principles and deliverables. These phases are
(ESReDA, 2020):

- Investigative reconstruction, based on forensic principles and
techniques for collecting raw data, on-site and off-site. This
phase makes the step from description to explanation of
the event.

- Analytic interpretation, mobilizing (multi-)disciplinary
knowledge and sectoral, specific expertise and experience
enables the step from understanding the event into
understanding the system and intervention in the system
throughout its life cycle and levels.

- Adaptive intervention, based on input from the previous steps,
applies engineering design and system change management
principles, enabling the transition to sustainable change and
feasible and credible safety enhancement.

These steps facilitate insight into the causal relations between
events, interrelations between system components and functions
and clarify dynamics and time dependence of phenomena. The
gradual transition in focus from event to system during the
investigation creates oversight over the system architecture,
structure, culture and operational processes (Dekker et al.,
2011). Identification of change drivers, change agents, and their
underlying values and goals clarify the potentials for system
change and adaptation. This approach also clarifies the dynamics
of a system with respect to the presence of showstoppers, whistle-
blowers and change opportunities. It creates opportunities
for foresight, predicting future safe performance. In doing
so, the legacy nature and specifics characteristics of major
systems put high demands and restrictions in developing
this methodology for specific applications. Application of this
investigative process elevates the investigations from a factor
and actor-oriented scope—focusing on performance—to an
additional focus on systemic properties and principles, aspects,
change vectors, institutional arrangements, values and transition
management strategies. A plausibility, feasibility and credibility
assessment indicates which safety enhancement options are
realistically implementable. Recommendations may focus on
optimizing procedures, derivative from existing operational
practices, on the introduction of disruptive system adaptations
or even on prospective options for changing principles and
concepts. Such strategies are case-based, evidence-based and
above all, knowledge-based due to the in-depth analysis of
the event that triggered a need for safety enhancement. The
investigative process bears elements of serendipity: learning
by accident something that has not been observed before.
Safety investigations represent a specific category of analytical
approaches. Generic, statistical analysis of data focuses on trends
and patterns, (mono-)disciplinary research provides knowledge
and understanding of specific phenomena, specific, conditional
analysis of data serves policymaking for specific contexts and
target group. Investigations link understanding of events to their
systemic context and operating conditions. Safety investigations
are the problem providers for knowledge development and
system change. The analytic potential of investigations has
gradually expanded the interest in understanding the behavior
of earthquakes, tsunamis, bushfires and wildlife fires, and
other major, low-frequency events without allocating blame and
liability (ESReDA, 2020).
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COMPARISON OF ADMINISTRATIVE
PROTOCOLS BETWEEN AN
INTERNATIONAL AIRCRAFT ACCIDENT
INVESTIGATION AND THE PROPOSED
INTERNATIONAL WILDFIRE
INVESTIGATION

Interestingly, some national initiatives regarding wildfires can be
traced back to 1910 in the United States, although they were
based on an economic rather than an ecological perspective
(Silcox, 1910). The investigation of international air accidents
began in 1944 with the adoption of Annex 13 of the Chicago
Convention by the International Civil Aviation Organization
(ICAO) (Stoop and Kahan, 2005). The motivation of the ICAO
Annex 13 was to try to prevent similar accidents from occurring
again without taking a position on legal liability. Often the safety
investigations provide recommendations that suggest enactment
of effective legislation addressing the root cause and mitigation
of the cause of the event. A criminal investigation, if necessary,
is a separate process independent of the safety investigation
(Imam and Aspan, 2020). We propose, in an analogous manner,
that an international wildfire accident investigation agreement
could be developed with an intergovernmental agreement that
possibly could be part of the Paris Climate Agreement. Also,
guidance provided by the Food and Agriculture Organization
(FAO) of the United Nations could be useful to identify the
key elements of useful legislation on forest fires (Food and
Agriculture Organization of the United Nations, 2009).

At the state level, the ICAO Annex 13 defines those
stakeholders who take part in the investigation. Commonly,
countries that have been involved in aircraft accident
investigations have established accident investigation
organizations. In many countries, these organizations are
multipurpose; they investigate not only aircraft accidents, but
also other major catastrophes that impact society and the
environment. The number of permanent staff is rather limited
but in the case of an acute investigation (e.g., a critical incident),
additional specialists are hired temporarily. From the legal
perspective, for example, in the European Union, the ICAO
framework is part of the European Parliament Regulation
(European Union, 2010), and international cooperation is at
the heart of this regulation. During the investigation process,
usually the country in which the accident occurred takes
responsibility to coordinate the investigation process. The
stakeholders (investigators/representatives) will be from the
countries representing the aircraft or major aircraft component
manufacturers, aircraft registration and deceased passengers.
Regarding international wildfire safety investigations, these
principles could be adopted as shown in Table 1.

The national accident investigation authorities could take on
the responsibility of the investigation process also regarding
wildfires. This investigation would probably be smoothly
undertaken in countries having an established multipurpose
accident investigation organization and having traditionally
been accustomed to investigating different types of accidents.
In countries where safety investigations have mainly focused

on accidents involving specific modes of transport, special
arrangements for wildfire investigations would be required. An
agreement on the investigation of international wildfires, parallel
to international air accident investigations, should sanction the
participation of representatives from countries affected in the
investigation process.

COMPARISON OF TECHNICAL ASPECTS
BETWEEN INTERNATIONAL AIRCRAFT
ACCIDENTS AND PROPOSED
INTERNATIONAL WILDFIRE
INVESTIGATIONS

The investigation process in use in aviation has developed based
on experience gained over decades. Similarly, the development of
a wildfire safety investigation will take considerable time to gather
experiences and develop best practices. As a useful example in
aviation accidents pre-accident data gathered from flight data
recorder and cockpit voice recorder can be used and combined
with pilot performance analysis received from airborne image
recorders (Li et al., 2020) to assist the investigation to determine
the factors to address to reduce risk and vulnerability.

Regarding wildfire safety investigations satellite-based
measurement technology can be applied to assist in determining
causes of an event, conditions affecting the severity of the
outcome in terms of damage to ecosystems and human society
as well as potential remediation. Furthermore, this would allow
the measurement and analysis of wildfire-caused emissions
(Li et al., 2000; Jang et al., 2019; Hislop et al., 2020). The
satellite-based emission measurements combined with fire
activity and vegetation productivity have been successfully
applied internationally in the Global Fire Emission Database
(2021). These data provided by the Global Fire Emission
Database include (1) burned area (Giglio et al., 2013), (2)
carbon and dry matter emissions (van der Werf et al., 2017), (3)
fractional contribution of various fire types of total emissions
and (4) list of emission factors to compute trace gas and aerosol
emissions (Akagi et al., 2011).

DISCUSSION

We propose in this perspective article that wildfire accident
investigations could apply safety investigation process
principles which potentially can model methodological and
legal bases provided by the ICAO Annex 13 based aircraft
accident investigation process. It is not, however, possible
to “copy-and-paste” this protocol because each system has
different requirements and features and much remains to
be done in developing a specific international protocol for
wildfire safety investigations. However, there are examples of
successful forensic investigations of disasters that are related
to environmental change caused by humans. One interesting
investigation is related to analyzing vulnerabilities in society and
the environment that increase climatological hazards (Stonich,
2021). This comprehensive investigative analysis well combines
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TABLE 1 | Comparison of administrative protocols between current international aircraft and proposed forest fire accident investigations.

Issue Existing aircraft accident investigation protocol Proposed wildfire investigation protocol

International Agreement ICAO Annex 13 Chicago Convention Additional protocol of Paris Climate Agreement in

co-operation with WHO and FAO

State-level legislation State-level and alliances-wide legislation State-level and alliances-wide legislation

Investigation authority National accident investigation authorities of the country of

accident occurrence

National accident investigation authorities with temporarily

hired professionals from the country where fire occurs

Stakeholders in the investigation

process

Investigation

Countries representing aircraft or major aircraft component

manufacturers, aircraft registration and deceased passengers

Independent and conducted without prejudice to any

judicial action

Countries representing countries of fire occurrence or countries

having environmental and/or health impact due to fire

Independent and conducted without prejudice to any

judicial action

WHO, World Health Organization; FAO, Food and Agriculture Organization of the United Nations.

the impact of ecological and political issues on the vulnerability
of society.

Safety investigation processes related to forest fire
catastrophes are likely to be more complex especially if
they are related to additional accidents (Beresford et al., 2021).
However, aircraft investigations may be complex in addition to
matters relating to the airplane itself. For example, El Al Flight
1862 crashed into the neighborhood of Amsterdam on 4 October
1992 destroying an entire block of flats and killing several people
on the ground (Netherlands Aviation Safety Board, 1992).

However, similar overarching quality systems may be
applicable, focusing on identifying and implementing solutions
based on experience and continuous improvement (International
Civil Aviation Organization, 2016; Oliver-Smith et al., 2016).
The fundamental elements of the safety (or perhaps mitigation)
investigation process are: (1) investigator independence, which
requires establishing international agreement to investigate
acute environmental catastrophes (International Civil Aviation
Organization, 2016); (2) a holistic conceptual process for
examining accidents (Dekker et al., 2011); (3) an established,
international institutional framework to provide investigator
resources for large-scale catastrophes (International Civil
AviationOrganization, 2016); and (4) continuous and sustainable
training of competent investigators supported by governments
(Vuorio et al., 2017).

Although the aviation accident safety investigation protocol
cannot be replicated when designing a protocol for acute wildfire-
related accidents, it provides a useful framework to establish
international guidelines for response and reference to use a
similar process to develop approaches to reduce the number
and severity of future catastrophes. Transformational rather than
incremental changes in current thinking and practice are needed
to address the impact of wildfire-related catastrophes on local
and global environments, as well as on human, animal and plant
health, and to protect the basic functions of society (Kates et al.,
2012). Analysis of risk and vulnerability of systems can inform
on changes and properties and the emergent consequences could
contribute to a better understanding of how and why wildfires
develop into disasters (Oliver-Smith et al., 2016).

The implementation of a wildfire investigation procedure
could rely on an approach in which the importance of health
is integrated into the environmental systemic impact of wildfire

(Briggs, 2008). In fact, a recent review shows that there is
an increasing interest to develop tools that can take care of
health issues in mitigation within the climate change adaptation
strategies (Delpla et al., 2021). This inclusion in wildfire-related
catastrophes investigations may help to decrease morbidity
and mortality, and it certainly can be a force multiplier to
promote implementation.

It is noteworthy that, in addition to large-scale wildfires, it
is possible to apply aviation accident investigation techniques
to other large-scale disasters. The current coronavirus disease
(COVID-19) pandemic is reminiscent of previous epidemics that
inspired the system of air safety investigations. Dr. John Snow’s
investigation of the cholera epidemic in London in 1854 provided
a basis on how to investigate such devastating events. He was
the first to apply the precautionary principle and is considered
the father of epidemiology. His example demonstrates the
importance of exploring the association between a cause and an
effect even without a theoretical understanding of the association
(Goldstein, 2012). Since those days, global interactions have
become increasingly more complex. The challenge will be to
use modern accident investigation procedures to improve global
safety systems.

CONCLUSION

Despite the increased frequency and scale of wildfire-related
catastrophes, there has been little or no effective and coordinated
international policy to address their highly negative impact.
Possibly a generalized approach to respond to such major events
could be modeled on existing international safety investigation
policies and agreements that already have proved successful.
At present, there are ongoing interests in the development of
forensic disaster investigation protocols. The second edition of
FORIN was published in 2016 (Oliver-Smith et al., 2016). Yet,
forensic investigations protocols can be considered relatively
nascent compared with international aircraft accident protocols
which were introduced already in 1944. It could be very
fruitful to leverage some of the experiences and practices of
the aircraft accident investigation protocols and investigations
especially when creating specific protocols for international
wildfire-caused disasters.
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Such newly created protocols and policies are primarily
adaptive measures that can set practices to reduce the
vulnerability and fragility of ecosystems and human societies.
Since the wildfires contribute significantly to global CO2

emissions, the same policies can be considered also as climate
change-mitigating measures. Finally, the concept of independent
and qualified safety investigations represents the principle of
serendipity: disclosing by accident something that has not been
foreseen. Feedback from reality compensates assumptions and
limitations of feedforward analysis of complex systems that
can only reveal their dynamics and performance in reality and
over time.
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