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Editorial on the Research Topic

Designing, operating, and rebuilding infrastructures and lifelines for
resilience to extreme flooding

Recent flood events demonstrate that communities, cities, and nations are not yet
prepared for hydroclimate extremes (Eisenberg, 2021; Tanoue et al., 2021). Infrastructure
adaptation, where it exists, has largely focused on fail-safe engineering that emphasizes
large, gray infrastructure projects while neglecting safe-to-fail solutions on smaller, more
adaptive scales that are less destructive when they fail (Kim et al.,, 2017, 2019, 2022).
When seawalls, dams, and drainage systems become overwhelmed by flooding exceeding
design tolerances, the results can be catastrophic. Impacts can be compounded by
social vulnerabilities and increasingly interdependent infrastructure systems that sacrifice
resilience in the interest of efficiency. Population growth and urban development patterns
increase threat exposure further, creating a perfect storm of factors and demanding
new design paradigms and creative solutions cutting across science, engineering, policy,
and community engagement. However, every failure provides opportunities to advance
resilient infrastructures through design, to study failure patterns, and to understand the
often community-driven successes that help protect against the worst impacts.

Hydroclimate extremes are worsening due to a confluence of factors. The atmosphere
is warming, allowing air to hold more moisture, leading to more frequent and intense
rainfall events (Martinkova and Kysely, 2020). Compound coastal flooding is projected to
increase due to extreme storm surge and high tides coinciding with intense precipitation
(Bevacqua et al., 2020). Simultaneously, land use changes are increasing the severity of
flood impacts (Rogger et al., 2017). As cities grow into regional urban agglomerations,
decreases in surface permeability prevent runoff from absorbing into the soil, intensifying
pluvial and fluvial flooding. Furthermore, excessive groundwater abstraction is depleting
aquifers and inducing land subsidence, increasing threat exposure for millions of people
(Ajjur and Al-Ghamdji, 2022).
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These exacerbating factors pose great risk to infrastructure
systems, often concentrated in urban areas most prone to
flooding. A resilience imperative emerges to rebound and adapt
infrastructure to attenuate the future impacts of extreme flooding,
and to reinforce and create alternatives to impacted lifeline
systems in flood-prone regions (Woods, 2015). However, achieving
resilience is difficult as infrastructure systems have hidden
interdependencies, feedback effects, and emergent phenomena
(Almoghathawi et al., 2019). The design paradigm with which many
infrastructure systems are built prioritize capital and operational
efficiency; recently, an inherent tradeoft between efficiency and
resilience was identified (Brede and de Vries, 2009; Ganin et al.,
2017), and with it the realization that maximizing efficiency
produces fragile systems prone to cascading failures triggered
by local disruptions (Wang et al., 2019). This tradeoff has been
identified across diverse critical systems beyond infrastructure
and is an unavoidable issue in managing future floods (Woods,
2018).

Past and recent events in the United States demonstrate that
attempts to improve infrastructure resilience to floods can prove
ineffectual. A classic example of catastrophic infrastructure failures
induced by extreme flooding is New Orleans after Hurricane
Katrina in 2005, where the low-lying placement of hospital backup
generators within the flood zone resulted in the failure of life
support systems. With evacuation routes inundated, significant loss
of life resulted. In response, the US federal government passed the
Post-Katrina Emergency Management Reform Act of 2006 which
led to a restructuring of the US Department of Homeland Security
(DHS) to support more effective preparedness and response to
such storms (United States Congress., 2006). Then, Superstorm
Sandy in 2012 further demonstrated that major metropolitan areas
like New York City, NY were vulnerable to flooding. In response
to Superstorm Sandy, the US federal government adopted new
critical infrastructure security and resilience policies that guided
federal, state, local, and tribal decision-makers in the upgrade and
protection of infrastructure systems (The White House, 2013a,b).
Despite these efforts, in New York City in September 2023, two
storm systems combined to drop more than 8” of rain with
some rainfall rates exceeding 3” per hour (see Figure 1). With the
city’s sewer system designed to handle a maximum of 1.75” per
hour (Office of the New York City Comptroller., 2024), massive
flooding resulted. Rail, road, and air transportation systems were
disrupted, and more than 150 schools flooded. Total damage was
estimated at millions USD. Recent updates to US federal policies
with National Security Memorandum 22 now explicitly consider
interdependencies across infrastructure systems but do little to
address tradeoffs in adaptation decisions (The White House., 2024)
(e.g., fail-safe vs. safe-to-fail).

Difficulties involved in adapting our critical infrastructure
systems to a changing climate can be broadly categorized into
three divisions: uncertainty in climate and weather projections;
uncertainty in modeling infrastructure impacts; and the lasting
effects of a design paradigm in which efficiency is prioritized
above all else, leading to highly fragile systems with understudied
interdependencies and modes of failure. The articles in this
special issue each tackle one aspect of infrastructure resilience to
extreme flooding.
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Raub et al. explores resilience on a conceptual level, combining
aspects of two related paradigms—resilience and the food-
energy-water nexus—to improve the formulation, and thus
solvability, of problems encountered in infrastructure resilience.
The authors argue that this underexplored integration of two
complementary approaches to managing flood risk provides a
theoretical foundation capable of addressing three key challenges
in complex systems: coordination, scale, and heterogeneity.
Furthermore, the authors offer examples of existing resilience
plans and how to improve upon them to tackle these three
challenges. In Miami, it’s suggested that points of failure with the
potential to cascade across sectors can be removed, mitigating
the severity of failures and increasing the efficacy of post-flood
recovery. To reduce the impact of post-disaster supply chain
failures in urban areas, recommendations are made to increase
the local sourcing of food, in accordance with a safe-to-fail
design paradigm.

Bartuska and Beighley assess the ability of multi-satellite
data products to capture rainfall events across North Carolina,
using as ground truth observations from stream gauges across
the state over a twenty-year period. Their findings show
relatively high performance when evaluating the multi-satellite
dataset in terms of error rate, false positive rate, and detection
probability. This suggests its suitability for use in rapid-
response applications such as water supply monitoring and flood
warning systems.

Richardson and Beighley develop and validate methods for
improved flood warning systems and rapid flood mapping with a
reduced rate of false negatives. The authors use river discharges
in combination with Height Above Nearest Drainage (HAND)
metrics to develop a rapid flood mapping technique. Comparing
their results to FEMA flood maps showed relatively high agreement,
with HAND maps tending to overestimate flood extents in
non-agreement locations. This represents an improvement: a
higher false negative rate may lead to underinvestment in flood
adaptation measures, leading to unanticipated system disruptions,
while the consequences of a higher false positive rate are
limited to inefficient resource allocation due to overinvestment in
unnecessary adaptation measures.

Friedland et al. establishes a framework for assessing the
vulnerability of industrial process facilities to flood damage
from tropical storms, using petrochemical infrastructure in the
Gulf of Mexico as a case study. Arguing that existing qualitative
assessments are insufficient for identifying vulnerabilities,
the authors propose a quantitative framework for assessing
susceptibility to floodwater damage relying on a component-
level methodology. The authors use this to demonstrate how
industry-standard qualitative loss evaluations can be translated
to quantitative, granular assessments of potential loss, providing
a bridge necessary for robust risk characterization and resource
allocation for mitigating the potential impacts of flooding.
Such an assessment framework makes anticipative disaster
mitigation strategies possible, achieving resilience by increasing
facilities’ failure tolerance. By modeling a range of failure modes
cascading failures can be identified and addressed, recognizing
the inevitability of disruption impacts and redesigning systems to
be safe-to-fail.
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FIGURE 1
A Brooklyn resident attempts to clear a storm drain on Albemarle Road in Flatbush, New York, during flash flooding on September 29, 2023. Record
rainfall overwhelmed the city’'s sewer system leading to widespread floods. Credit: Wil540, licensed under the Creative Commons Attribution-Share
Alike 4.0 International license.

These articles demonstrate the complementary aspects needed
to build resilience: a forward-thinking, rigorous conceptual
framing; identification and characterization of threats considering
uncertainty; and quantification of resilience in engineered
systems to such a threat space. On their own, necessary but
insufficient; together, a powerful toolset for adapting to a
changing world.

Many challenges remain. Developing and testing protective
infrastructures like levees,

dams and drainage networks,

and nature-inspired solutions must continue. Impacted
infrastructures—the critical lifelines we rely upon—need to
be retrofitted and reconfigured to increase adaptive capacity to
avoid the worst consequences of extreme weather and flooding.
Implications need to be conceptualized in an end-to-end lifecycle
framing from infrastructure design to retrofitting, maintenance,
and operations, and ultimately to restoration and salvage.
Finally, and perhaps the greatest challenge, is to account for and
constrain an uncertain future; any lasting solutions will need to
consider socioeconomic, climatological, epistemic, and geopolitical
uncertainties alongside the possibility of fundamental surprises.

Comprehensive, lasting solutions need to cut across disciplines and
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involve collaboration between academia and public and private
sectors to translate research into flexible adaptation.
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