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The importance of compounding threats to hurricane
evacuation modeling
Jeffrey C. Cegan1, Maureen S. Golan1, Matthew D. Joyner 1✉ and Igor Linkov 1

Climate change and the increasing complexity of society necessitate rethinking of siloed threat scenarios in emergency response
planning. Incorporating a compounding threat model into disaster response by leveraging network science techniques and
dynamic data can help account for the complexity and disproportionate nature of hurricane impacts.
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INTRODUCTION
As increasingly complex social and infrastructure networks are
overlaid with an increased probability of extreme weather events,
some threats have larger than anticipated impacts, calling into
question the siloed models used in emergency management for
predicting community threat, vulnerability and ultimately the
appropriate response plans. It goes without saying that tropical
cyclones are powerful threats that should be evaluated, modeled,
and regarded in their own right. But in order to comprehensively
analyze and evaluate the ensuing risks and inform disaster
planning, the entire underlying urban landscape—natural, infra-
structure, and social—must be considered in threat models.
Doing so, requires nonlinear thinking and employing compound-
ing threat models.
Late 2020 in Louisiana provides a poignant example: chemical

plants, social and built-environment disparities, and a pandemic
added to the backdrop of aging infrastructure and climate change
that met Hurricane Laura, the most expensive “billion-dollar”
weather event of the year1. And nationally, the predicted $54
billion of hurricane damages by the Congressional Budget Office
in 2019 fell short of the actual $60–$65 billion of damages in
20202,3. Despite improved forecasting and hurricane evacuation
preparedness, the increased complexity of threat and vulnerability
make evacuations and recovery more difficult to plan for, and
ultimately more expensive4. This is because the threats and
vulnerabilities that hurricanes pose cannot be considered
independently of other weather events and the unique circum-
stances of the areas they affect.
Our current work in support of COVID response and recovery5–7,

developments by others in the risk and decision-making field8,9,
and new thinking stemming from the occurrence of disruptions
during the SARS-CoV-2 pandemic10–14, has highlighted the need
for incorporation of a compounding threat framework into
disaster response plans. The compounding threat framework
leverages the nonlinear nature of threats, vulnerability, and
response into a combined model for improved decision making.
In modeling the true dynamics and interrelations of threat and
response, more equitable, efficient, and resilience-based systema-
tic decisions can be made for emergency management, including
hurricane evacuations. With the increased number of predicted
storms for the 2021 Atlantic hurricane season4, leveraging
dynamic models with existing emergency response strategies is
imperative for resilient communities.

HURRICANE THREATS ARE NOT SILOED
Risk assessment and management typically considers individual
threats using historic data or model predictions; multiple threats
can be added in all-hazards frameworks15. However, this approach
neglects the interconnections of real systems (e.g., urban
environments and climate change), and the cascading and non-
linear nature of certain threats (e.g., hurricanes). The idea for first
approaching the impacts of hazards on real systems from a
compounding threat approach was introduced by the Intergo-
vernmental Panel on Climate Change (IPCC) in order to account
for increasing climate drivers16. The IPCC therefore considers three
basic definitions of compounding threats: (1) two or more extreme
events occurring simultaneously or successively; (2) extreme
events with underlying conditions that amplify the impacts; and
(3) two or more events that may not themselves be extreme, but
when occurring simultaneously have larger impacts16.
In general, the framework has been expanded to account for

geographic and temporal drivers in addition to climate change
that may interact with each other in a manner that exacerbates
expected outcomes17. For example, for hurricanes, inland flooding
is often underestimated despite the fact that the hurricane rainfall
and storm tides in combination cause observed compound
flooding that is more severe than models predict18. And of
course, the more recent co-occurrence of the hurricane season
and the COVID-19 pandemic compound the individual hazard that
each poses independently.
In addition to pandemics and disease outbreaks, the IPCC

compounding threat framework can also be extended to human-
caused disasters such as warfare, political instability, or financial
crisis19. However, these natural disaster, climatic events, and even
man-made events also interact with pre-existing socioeconomic
conditions and other baseline realities, or vulnerabilities.

HURRICANE VULNERABILITY IS NOT SILOED
Differential vulnerabilities among communities can lead to
catastrophic impacts in more susceptible populations, with pre-
impact hurricane damage predictions often inaccurately quantify-
ing the post-disaster damage experienced20,21. For example, long-
term exposure to air pollution (measured by particulate matter
PM2.5), which is more likely to plague lower income and margin-
alized communities due to systemic racism and factors such as
proximity to industrial areas and busy roads, has been positively
associated with higher COVID-19 mortality rates in the U.S.22,23.

1U.S. Army Engineer Research and Development Center, Vicksburg, MS, USA. ✉email: Matthew.D.Joyner@usace.army.mil

www.nature.com/npjUrbanSustain

Published in partnership with RMIT University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42949-021-00045-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42949-021-00045-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42949-021-00045-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42949-021-00045-7&domain=pdf
http://orcid.org/0000-0002-0887-4170
http://orcid.org/0000-0002-0887-4170
http://orcid.org/0000-0002-0887-4170
http://orcid.org/0000-0002-0887-4170
http://orcid.org/0000-0002-0887-4170
http://orcid.org/0000-0002-0823-8107
http://orcid.org/0000-0002-0823-8107
http://orcid.org/0000-0002-0823-8107
http://orcid.org/0000-0002-0823-8107
http://orcid.org/0000-0002-0823-8107
https://doi.org/10.1038/s42949-021-00045-7
mailto:Matthew.D.Joyner@usace.army.mil
www.nature.com/npjurbansustain


Air pollution is therefore interacting with the SARS-CoV-2
pandemic manifestation in certain communities, compounding
their expected negative health impacts.
Just as resilience to disease outbreaks are functions of the

underlying social fabric24,25, hurricane vulnerabilities cannot be
accurately modeled without factoring in poverty, food insecurity,
and other social burdens12,26. For hurricanes, this could include
preexisting hazards such as coastal erosion, which when analyzed
together with social, economic, built environment and other
physical indicators impact overall community vulnerability27.
Without the union of these components, policies are incomplete,
and mitigation plans untenable27. In other words, a one-size-fit-all
approach to preparedness, response, and recovery fails to
maximize emergency management effectiveness due to com-
pounded vulnerabilities, often leaving poorer communities
particularly exposed19,21. As such, modeling the compounding
risks into the response plans is necessary.

HURRICANE RESPONSES SHOULD NOT BE SILOED
In direct extension to our hurricane evacuation tool development,
we have found that the first step towards complementing existing
hurricane evacuation strategies is through dynamicity, whereby
the emergency manager has the ability to incorporate new
community variables as they become available, rather than relying
on historic trends and city plans/layouts that dictates variables
such as evacuation zones, clearance times, public sheltering
locations and shelter demand. This enables real-time decision
evaluation and synthesis of tradeoffs in policy targets, allowing for
social distancing, vulnerable populations (e.g., mobile home
population, people with disabilities, etc.) and critical infrastructure
surge zones, for example, to be explicitly considered. The SARS-
CoV-2 pandemic’s severity during the 2020 hurricane season
highlighted the need for contextual disaster response and the
importance of incorporating compounding threat frameworks into
emergency management procedures, as communities experi-
enced simultaneous disruptions which exacerbate pre-existing
characteristics, from inadequate resilience in infrastructure to
poverty and health risks (see Fig. 1). These compounded impacts
then need to be incorporated into response plans and emergency
management protocols, such as hurricane evacuation. Further
understanding and modeling of compound threats, and formally
complementing existing hurricane evacuation plans with such a
framework will enable tailored and improved overall community
response and resilience.

These nonlinear interactions must be accounted for not only
when modeling the anticipated impacts of natural disasters, such
as hurricanes, but also in their management and emergency
response planning. For example, in response to the unprece-
dented co-occurrence of the SARS-CoV-2 pandemic with the
hurricane season, the U.S. Federal Emergency Management
Agency (FEMA) issued updated evacuation guidelines for
evacuation and sheltering to be considered with the standard
“least-risk decision making” framework established by the
American Red Cross28,29. This dual-threat and vulnerability of
COVID-19 and a natural disaster—hurricanes in this instance—
presents a clear need for compound threat thinking in emergency
management and evacuation response plans and implementa-
tion30. However, implementation frameworks that extend from
the modeling of the threat and vulnerability to the ultimate
emergency response remain limited.

COMPOUNDING THREAT MODELS CAN HELP EVACUATIONS
The growing body of work surrounding compound threats
provides a framework for incorporating reality’s interdependent
hazards into viable interdependent responses19,31,32. The field
acknowledges the fact that the impacts of two or more
disruptions taken in context may be greater than the sum of
their impacts taken independently. This facilitates incorporation
of concurrent, systemic or otherwise complex threat interac-
tions into emergency management models, aligning short-term
and long-term response and recovery with the reality of
community impacts from multiple hazards. Complementing
existing emergency management practices and risk mitigation
tools with a compounding threat framework leverages the fact
that hurricane evacuations should not be siloed, and should be
considered within the context of all possible sources of threats,
stemming from their natural, infrastructure, and socioeconomic
environments.
As threats and vulnerabilities become more compounding,

evacuations must follow suit. The traditionally siloed nature of
emergency management must leverage accessible models and
quantitative methods to assess true impacts, risk, and response
needs, in order to make communities resilient to hurricanes. One
approach to incorporating compounding threats is through the
development of dynamic evacuation tools that are capable of
adjusting inputs and outputs on a case-by-case basis. Dynamic
inputs, such as employment levels of residents, age groups, road
construction, flood maps, hospitalization rates, and other location

Fig. 1 Overview of the compounding threats arising from the confluence of the SARS-CoV-2 pandemic and the 2020 hurricane
season. Notional community’s vulnerable population for hurricane evacuation (solid black line) experiencing compounding threats from
acute disruptions (blue dashed line) and pre-existing disruptions (dashed black line) leading to compounding impacts through layered and
exacerbating connections and system processes.
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and time specific variables can be adjusted when a hurricane is
approaching to tailor an evacuation response accordingly. This
can either be done manually with a tool or dashboard, or through
the use of computer-aided processes such as a software that pulls
from other databases. Machine learning (ML) algorithms could
also be used to fully take advantage of the most current threat
and vulnerability information as public databases may not always
be kept up to date.
The second proposed approach is network science and the

underlying systems thinking and analysis, which can incorporate
threat, vulnerability, and response links/connections/flows across
space and time33. This modeling approach is powerful because it
embraces the interconnections and complexities that systems
face, enabling quantification of the compounding nature of
reality’s hurricanes and informing planning for a cohesive
response given limited resources.
Although employing network science in response planning for

compound threats remains in its infancy, one study analyzed
resilience of the London Rail Network to flooding similar to that
of the flooding of the New York subway from Hurricane Sandy in
201234. The researchers modeled the flooding in conjunction
with a targeted cyber–physical attack finding that many of the
dependent networks, or less obvious connections outside of the
direct system, suffered disproportionately severe cascading
failure. Significantly, Yadav et al.34 extend the work of others
leveraging spatial and network science methodologies35–37 to
underscore the importance of network science as a valuable
organizing principal for post-disruption recovery in the face of
complex disruptions.
For example, directly tying the network science methodology to

a resilience metric (e.g., time to recovery) allows the compounding
nature of the hurricane impacts, risks, and responses to be
cohesively modeled, allowing emergency managers, stakeholders,
the public, and policymakers to implement proactive corrective
actions that enable absorption, recovery and adaptation to
disruptive events. Leveraging artificial intelligence (AI) and ML
capabilities for the network science model is one method of
making sense of the large datasets required to map the vast
complexities of these compounding interactions and uncertain-
ties. For example, employing AI/ML in modeling the impacts of
successive hurricanes on the electric grid can inform improve-
ments to not only the resilience of the grid itself to compounding
threats, but also the resilience of the socioeconomic functions that
rely on electricity38.
Incorporating network modeling approaches in tandem with

resilience analytics can facilitate improved characterization of the
interactions and uncertainties that comprise real threats, leading
to better frameworks for approaching compounding risks,
emergency management, and ultimately saving lives and improv-
ing livelihoods19,25. In so doing, disaster policies and hurricane
evacuation plans can leverage the compounding threat frame-
work, promoting equity, efficiency, and resilience into existing
emergency management strategies.
As climate change, globalization, aging infrastructure, disease

outbreaks, and systemic racism and other inequalities continue to
add complexity to disaster management, hurricane evacuations
need to consider the myriad of threats in a compounding
framework. Leveraging real time data capabilities for dynamic
models and employing a network science approach can facilitate a
deeper understanding of the true compounding nature of
hurricanes and their evacuations.
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