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Summary
Societies throughout the world are experiencing more severe and frequent flooding with consequences for people’s
livelihoods, health, safety, and heritage. Much flood risk management to date has aimed to maximize economic
benefits, reduce the likelihood of flood disasters, and facilitate recovery where needed. It has assumed a stationary
climate and focused on extremes and financial losses. But this paradigm of flood control is increasingly at odds with
the full set of challenges and requirements for flood risk management.

Critical challenges motivate a shift from flood control to flood adaptation. First, under climate change, flood risks
are intensifying and changing, and new normals are appearing, such as daily high-tide flooding or permanent
inundation. Fully controlling flood hazards with one-time interventions is increasingly untenable. Second, floods
affect numerous, multidimensional aspects of human and ecological well-being and social justice. Past flood
control efforts, and the decision-making processes that produced them, have often failed to address these
multidimensional concerns or even had negative side effects. Fundamental adjustments are emerging and will be
needed: a guiding paradigm of flexibility rather than control, a system-wide approach with coordinated action
across scales, and increased attention to the full range of priorities relevant to successful interventions.

For example, science and research for flood risk adaptation increasingly involve processes supporting usable,
inclusive knowledge tailored to decision contexts. Integrative science partnerships such as collaborative flood
modeling can incorporate the dynamic physical and social landscapes of flood drivers, impacts, and management.
Flexible processes allow updating as flood risks change, and collaborative processes can build intuition, trust, and
understanding of risks, including improved awareness of the values and relationships that are threatened and
preferred response options. The goal of flood risk management is no longer limited to preventing floods; flood risk
management must balance risk tolerances with ecological and social benefits and weigh the trade-offs of
management strategies against other societal goals. This “science for society” is inherently political, requiring
careful attention to and evaluation of who participates, whose goals are prioritized, and who benefits.

Furthermore, methods of evidence-based decision-making must be able to accommodate deep uncertainties,
changing risks and values, and limits to responses. Shifts are already occurring, including dynamic adaptive
management practices and improvements to tools such as cost–benefit comparisons. These changes illustrate a
larger reframing within flood risk management, away from disaster management focused on extreme isolated
events and toward adaptation in response to enduring changes across both extreme and average conditions.

The current challenges of flood risk management create opportunities for integrating lessons from diverse domains
of actionable science and public policy and thereby innovating processes of climate adaptation relevant to a range
of climate risks.
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Flooding is among the most damaging climate-related hazards. Approximately 90% of the global
population lives within 10 km of a surface freshwater body (Kummu et al., 2011), and more than
600 million people live in low-lying coastal areas fewer than 10 m above average sea level (United
Nations, 2017), with particularly large population exposure in coastal settlements in Asia and
Africa (Glavovic et al., 2022). Living near water provides economic and other benefits that can
improve quality of life. Yet it also creates exposure to highly damaging flood hazards (Kousky et
al., 2020; National Oceanic and Atmospheric Administration [NOAA], 2021). Despite the risks, the
population exposed to flood hazards is increasing (Ceola et al., 2014; Jongman et al., 2014). From
2000 to 2015, populations grew faster in areas inundated by flooding (34.1%) compared to the
total population (18.6%) (Tellman et al., 2021). Even after flood disasters occur, people generally
rebuild their lives and economies in the same places (Kocornik-Mina et al., 2020; Kousky et al.,
2020). These patterns of development, in combination with climate change, are intensifying
flood risks (Wing et al., 2022).

As flood risks grow, the limitations of historical flood management practices are becoming more
evident. Much of flood risk management to date has aimed to support economic priorities, reduce
the likelihood of flood disasters, and facilitate recovery to pre-flood baselines. It has been
designed under assumptions of a stationary climate and attuned to extremes and financial losses.
But this paradigm of flood control is increasingly at odds with the full set of challenges and
requirements for flood risk management. Two critical challenges particularly reveal the
limitations. First, under climate change, flood risks are non-stationary, and new normals are
emerging as hazards, such as daily high-tide flooding or permanent inundation. Second, flood
managers and stakeholders have growing recognition that floods affect numerous,
multidimensional aspects of human and ecological well-being and social justice. Past flood
control efforts, and the decision-making processes that produced them, have often failed to
address these multidimensional concerns or even had negative side effects.

Compared to past efforts at flood control, flood adaptation for the decades ahead therefore must
involve approaches better suited to changing flood risks, holistic well-being, and the many
decision-making contexts that are relevant. Flood adaptation under intensifying climate change
requires attention to historical biases and the ways in which future flood-related research and
decision-making will need to be different. This article first introduces fundamental shifts
relevant to flood adaptation. It then describes emerging approaches and tools to support flexible,
coordinated flood adaptation across the many decision-makers and contexts relevant to flooding.
The review integrates and critiques literature on flood risk management, disaster risk reduction,
and climate adaptation and draws from relevant examples globally.

Fundamental Shifts Inherent to Flood Adaptation
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Much of flood risk management historically has focused on flood control aiming to support
economic development and public safety. However, fully controlling flood hazards with one-time
engineering interventions and infrastructure projects is increasingly untenable as the changing
climate exacerbates existing flood hazards, creates new ones, and introduces greater uncertainty
into flood predictions. Past practices have also had negative effects on broader societal priorities
such as ecosystem services and social equity. Fundamental shifts in moving toward flood
adaptation therefore include managing changing risks rather than controlling stationary
hazards, increasing attention paid to the full range of priorities relevant to successful
interventions, and recognizing the wide range of decision-makers and contexts relevant to the
governance of flood risks (figure 1). There are immense barriers to these shifts, and all of the
shifts will need to explicitly address social justice and empower communities to pursue their
values, both through equitable distribution of flood risks and resources and through inclusive
participatory processes that recognize and seek to redress injustices.

Figure 1. Flood control to flood adaptation. Fundamental shifts include managing changing risks, increasing
attention paid to the full range of priorities shaping the success of interventions, and recognizing the wide range of
decision-makers and contexts relevant to the governance of flood risks.

Changing Flood Risks

Flood management has often prioritized control of flood hazards to prevent flood disasters,
redirecting flows and keeping water out via engineering projects and hard infrastructure (Mees et
al., 2014; Molinaroli et al., 2019; Montz & Gruntfest, 1986). Although deliberate practices of
thoughtful settlement limiting exposure to hazards and living in harmony with local landscapes



date back millennia, modern built environments have greatly expanded in areas exposed to flood
hazards (Tam et al., 1999), and flood control projects have sought to protect infrastructure
against extreme flood events. Many countries still frame flood risk management as flood control,
whether under the “flood control districts” central to flood management throughout the United
States (Box 1), the sequence of dikes constructed over time in Thailand (Shi et al., 2021), or
current flood control practices in the Nadi River Basin, Fiji (Oppenheimer et al., 2019). Early flood
control efforts destroyed critical ecosystem functions through aggressive efforts to channelize
rivers or install storm barriers that hindered tidal water exchanges (Molinaroli et al., 2019; Pinto
et al., 2018). They also permitted—or even encouraged—dense development within areas at risk
of flooding (Brody et al., 2007; Glavovic et al., 2022; Jongman et al., 2014; Montz & Gruntfest,
1986). Invariably, residual risks exist in the wake of flood control projects (Pinter et al., 2016;
Wagner et al., 2021). Increasing exposure has led to growing damages and losses addressed with
insurance and aid (Molinaroli et al., 2019).

Box 1.  The Evolving History of Flood Control

The United States’ evolving history of flood control reveals broadening priorities through
time, barriers to effective and equitable flood management, and needs for flood
adaptation. Flood control has been managed and financed by state, local, and private
interests since the country’s founding (Carter, 2012; U.S. Army Corps of Engineers
[USACE], 2019b). Over time, the U.S. federal government has come to play a pivotal role in
flood hazard mitigation through legislation, national programs and funding, and
provision of construction and technical services (Figure 2).



Figure 2. Distributed governance of flood risks. Responsibility for flood risk management is shared among
federal, state, and local government agencies and programs, as well as individuals (ASCE, 2014; USACE,
n.d.).

Many U.S. federal policies have encouraged development in floodplains, notably starting
with the Swamp Land Acts of 1849 and 1850 (Barry, 1998). The priorities of these acts are
indicative of the era’s prevailing attitude that flood hazards could be dominated and
overcome with engineering. The Acts actively incentivized the drainage of naturally
inundated areas to make land usable for economic development. Federally controlled
wetlands were ceded to states on the condition that the lands would be made fit for
cultivation (U.S. Congress, 1850). Between passage of the Acts and 1906, swamplands
equivalent to roughly 3.6% of total current U.S. land area were claimed by 15 states, with
Florida and Louisiana reclaiming the most (U.S. Department of Agriculture, National
Agricultural Statistics Service, 2014; Wright & U.S. Department of Agriculture, 1907). States
sold lands to developers, and revenues from the sales funded locally constructed and
managed levees, often uncoordinated across jurisdictions.

U.S. policies have historically favored flood-control infrastructure such as levees instead
of managing flood risks by avoiding development in floodplains. In 1861, a USACE officer
and future USACE Chief Engineer, Andrew A. Humphreys, released an authoritative report
firmly favoring a “levees only” policy to manage flooding along the Mississippi River.
Alternatives such as diversion channels, spillways, tributary reservoirs, or disincentives
for development in the river’s floodplains were avoided, and the “levees only” policy was



accepted as a guiding principle by USACE for the next six decades (Reuss, 1985). Following
a historic flood in 1874 (Wiltz, 1874/2005), the 1879 Mississippi River Commission Act
formalized the federal government’s role in flood control, naming the Mississippi River
Commission objectives as deepening the channel and protecting the banks of the
Mississippi River, improving safety and ease of navigation, preventing destructive floods,
and facilitating commerce (Arnold, 1988; U.S. Congress, 1879).

Construction of flood control infrastructure may reduce impacts from relatively frequent
events, but it also has the potential to increase vulnerability and exposure to rare, most-
extreme ones (Kates et al., 2006; Tobin, 1995) and to create path dependencies influencing
future flood risk management decisions (Glavovic et al., 2022; van Buuren et al., 2016). The
narrow “levees only” policy for flood control came under heavy scrutiny after the Great
Mississippi River Flood of 1927, then the “greatest disaster of peace times in [U.S.]
history” (Withington, 2013). At least 17 major cracks and breaches in federal levees
contributed to widespread destruction spanning seven U.S. states (Barry, 1998). The floods
ultimately displaced more than 700,000 people from their homes (Arnold, 1988). A
disproportionate share of those displaced were African American, and the disaster spurred
a substantial, lasting decline in the total African American population in the Mississippi
River Delta and surrounding regions (Hornbeck & Naidu, 2014).

The catastrophic flooding from the Great Mississippi River Flood of 1927 motivated the
U.S. Congress to pass the Flood Control Act of 1928, appropriating an unprecedented $325
million for levee construction and strengthening. The bill reaffirmed the principle of
federal–local cost-sharing and also placed the responsibility of repairs and maintenance
of federally constructed flood control projects on states, levee districts, and local interests
(U.S. Congress, 1928), a cost-sharing and management arrangement still in effect in the
21st century (see figure 2). The Act emphasized interstate commerce, mail delivery, and
prosperity as national priority, meriting federal intervention, while also clarifying
responsibility of local and private interests in the financing and maintenance of flood
mitigation infrastructure. Subsequently, the 1936 Flood Control Act (U.S. Congress, 1936)
empowered the federal government to engage in expansive preventative flood control
activity nationwide on a continuing basis, including features such as dams, dikes, and
levees. It also established the criterion requiring flood infrastructure projects’ economic
benefits to exceed their costs. As of 2022, there are 6,978 levee systems and 24,570 miles
of levees in the United States in total, with an average levee age of 58 years (USACE, 2016).
State and local governments or levee management districts control 72% of U.S. levees,
many in poor repair and at risk (ASCE, 2021). There is currently no national standard for
levee design, construction, operation, or maintenance (ASCE, 2021).

By contrast to the narrow “levees only” historic emphasis, many U.S. federal programs in
the second half of the 20th century and into the 21st century grew to be more
multipurpose, nonstructural, or broader in their hazard mitigation and resilience goals
(Kousky, 2015). Insurance, avoidance, and other strategies have become more prominent.
Since the passage of the 1968 National Flood Insurance Act, the 1%-annual-chance
floodplain has been the dominant base floodplain designation in U.S. federal policy,
shaping mandatory purchase of National Flood Insurance Program policies for property
owners exposed to this level of flood hazard, incentives to communities to deploy
portfolios of flood risk management activities, and also the central standard for which
USACE considers alternatives in their flood risk management studies (FEMA, 2021a;



Kousky et al., 2020; USACE, 2019a). In the 21st century, at least five U.S. federal agencies
have the capacity, authority, and budget to provide funding or technical assistance to non-
federal sponsors for flood mitigation projects: USACE, FEMA, Department of Housing and
Urban Development, Environmental Protection Agency, and Department of Agriculture
(Junod et al., 2021).

Limits to flood control are being realized as the changing climate intensifies the extremes and
alters the more commonly occurring, “normal” conditions of flooding. Flood risks are
unambiguously changing through time rather than being fixed or stationary (Milly et al., 2008).
Climate change is altering the characteristics of the planet’s water cycle and flood hazards
through thermal expansion in the oceans, declining ice mass balance in glaciers and the Antarctic
and Greenland ice sheets, shifting patterns of precipitation and storms, and more extreme
individual precipitation events (Chung et al., 2014; Collins et al., 2013; Elsner et al., 2008; Fleming
et al., 2018; Moftakhari et al., 2017). And flood risks are increasingly resulting not only from
climate extremes and flood-related disasters but also from “climate normals”—changes to the
normal conditions that present novel threats such as high-tide flooding, rising groundwaters, or
rainfall overwhelming urban stormwater infrastructure (Hauer et al., 2021; Hino et al., 2019;
Parkinson, 2021; Sweet et al., 2021; Wakefield, 2019). However, much less is known about the
social and economic impacts and thresholds associated with these new and more frequently
occurring types of floods.

The shift from a flood control paradigm—one that focuses on controlling water to prevent or
limit discrete disaster events—toward flood adaptation—an emphasis on living with new and
changing risks (Milly et al., 2008)—represents a fundamentally different attitude toward flood
risk management. A historic focus on large-scale river floods gives way, for example, to
recognition that multiple climate-related drivers are causing floods at different scales and
frequencies, including higher frequency floods during high-tide conditions or permanent
inundation. Defining a 1%-annual-chance flood requires iterative updating through time across
multiple possible types of flood hazards, challenged by the fact that small floods have been
substantially understudied and underdocumented, although they can have substantial impacts
especially in urban areas (Hauer et al., 2021; Li et al., 2021). Shifting climate normals also call into
question the appropriateness of considering only the 1%-annual-chance flood, because flood
events with shorter return periods may incur increasing damage. Furthermore, there are different
implications of “normal” conditions becoming more dangerous compared to extreme conditions
becoming more dangerous—for risk perceptions, detection of changes, communication of the
risks, and needs and opportunities for adapting (Bakkensen & Barrage, 2017; Glavovic et al., 2022;
Haer et al., 2017; Hemmati et al., 2021; Kousky et al., 2020). The resulting complex dynamics can
involve shifting baselines, the normalization of increasing risk levels, cognitive biases serving to
downplay risks, and varying beliefs in one’s capacity to undertake adaptive adjustments. This
complexity is a profound challenge for flood adaptation.

Flood disasters in some cases have been viewed as “acts of God.” However, under increasing
climate change and an “expanding bull’s-eye effect” (Strader & Ashley, 2015), all determinants
of risk are socially influenced, mediated, and constructed. The determinants of risk (e.g., hazards,
vulnerability and sensitivity, and exposure) and interactions across risks and responses are also
non-stationary, variable, and interacting and changing through space and time (Billings et al.,
2021; Di Baldassarre et al., 2013; Domingue & Emrich, 2019; Masozera et al., 2007). Multiple



stressors, socioeconomic structures, and climate-related hazards combine to determine risk
factors and the potential for and limits to responses across households and communities
(Oppenheimer et al., 2019; Swain et al., 2020; Tanoue et al., 2021; Wing et al., 2018). The social
determinants of risk therefore pose limits to flood control as a prevailing or sole strategy
(American Society of Civil Engineers [ASCE], 2014; Highfield et al., 2014; Zarekarizi et al., 2020).
Effectively planning for changing risks increasingly requires more up-to-date information
gathering, a wider range of responses, and greater coordination and collaboration to achieve
implementation (Butler et al., 2021; Lyles et al., 2013). And as adaptive responses reshape the
distribution of flood risks, there is potential for social reconstruction of risk as well (Maskrey et
al., 2021; Shi, 2020; Simpson et al., 2021).

Multidimensional Consequences of Flooding
Flood control to date has strongly prioritized economic objectives—in particular, enabling
economic development; reducing economic impacts from extreme flooding; and evaluating
potential and implemented projects through monetized costs, benefits, and avoided damages
(Box 1). At times, the economic rationales underpinning policy criteria have been detrimental to
efforts to protect all people, including lower wealth communities. For example, evaluation of
flood control projects in Cedar Rapids, Iowa, identified benefits exceeding costs for levees and
flood walls protecting the downtown but not the highly exposed residential areas where people
live (Aschbrenner, 2016; Tate et al., 2016).

Flooding, however, causes multiple types of harm, not just economic damages narrowly defined
and easily quantified in monetary terms. The adverse outcomes most often tabulated in
evaluations of flood impacts and interventions include financial losses from property and
infrastructure damage, and also mortality. Yet there are broader sociocultural, economic,
ecological, psychological, health, and well-being impacts of flooding (Association of State
Floodplain Managers [ASFPM], 2020; England & Knox, 2015; Glavovic et al., 2022; Markhvida et
al., 2020). For example, flooding can degrade livelihoods such as in tourism or fisheries or lead to
the failure of small businesses. It often causes involuntary displacement and results in trauma. It
can increase exposure to water-borne diseases or pollutants. Furthermore, flooding can heighten
inequalities based on differential vulnerability. Flooding may reshape the comparative
advantages of different regions, reduce funds available for governments for other uses, or erode
connections to places including through existential risks to low-lying nations facing potential
submergence in this century and beyond.

Multidimensional consequences of flooding often arise from interactions across sectors and both
climate- and non-climate-related influences, which also challenge the quantification of past and
future impacts. For example, impacts from flooding frequently involve cascades, such as flooding
leading to power outages, disrupted transportation and communication, and subsequent adverse
outcomes from these failures (England & Knox, 2015). And flood impacts are exacerbated by
compounding factors, for instance, linked to the season in which flooding occurs or the social and
cultural circumstances of residents (Glavovic et al., 2022; Shi et al., 2021). Where there is unequal
access to key services and resources—such as differential access to electricity or transportation,
varying burdens from the pandemic, or disproportionate reliance on agricultural livelihoods—
flooding may further exacerbate underlying structural inequities.



A more holistic understanding of flood impacts makes it clear that flood risks are not borne
uniformly across populations (Wing et al., 2022). There are substantial differences in
vulnerability to flooding between the poor and the wealthy, across gender and racial lines, and
among those with differential access to decision-making power, at both household and national
levels (Cutter & Finch, 2008; Khajehei et al., 2020). Furthermore, flooding is related to and may
drive the marginalization of, disinvestment in, and decline of communities (Glavovic et al., 2022;
Shi et al., 2021). For instance, people living in informal settlements often have especially high
vulnerability to flooding given the semi-permanence of building structures, the limited wealth of
residents, reduced access to public services, and disenfranchisement in decision-making
processes. In many cities, such as Mumbai, India, or Ho Chi Minh City, Vietnam, informal
settlements are also disproportionately exposed to flooding (Glavovic et al., 2022). In some cases,
the flood-prone nature of the land and informal nature of the tenancy are used as reasons not to
invest in these areas, perpetuating flood exposure and potentially denying the provision of other
services (e.g., transportation, health services, and access to credit). A new term, “bluelining,” has
been coined to describe the process of governments and institutions purposefully avoiding or
changing the terms of investment in flood-prone communities (Keenan & Bradt, 2020). For
example, a mortgage lender might offer higher interest rates in a neighborhood with high flood
exposure.

Flood control itself may cause multiple types of harm, not just in its failures to prevent flood
damages. Flood control has often gone hand in hand with industrialized capitalism, with its
reliance on resource extraction, wealth accumulation, and domination (Shi et al., 2021). Flood-
related policies have, in some cases, perversely served to increase the accumulation of assets in
hazardous places, and individual, local actions are not adding up to socially optimal adaptation at
scale (Brody et al., 2007; Di Baldassarre et al., 2013; Jongman et al., 2014; Montz & Gruntfest,
1986).

In many cases, flood management practices have actually created or exacerbated social,
economic, and political inequities and injustices (Billings et al., 2021; Domingue & Emrich, 2019;
Hornbeck & Naidu, 2014; Smiley, 2020). For example, risk management policies that rely on
common economic evaluation criteria can perpetuate legacies of injustice (Bullard & Wright,
2012; Tate et al., 2016). In megacities in South and Southeast Asia, procurement of water supply
and management of flood waters have served to repeatedly disadvantage most-marginalized
groups in both rural and urban areas, dispossessing people of water and livelihoods in rural areas,
excluding them from access to water and land once they migrate into cities, and minimizing their
flood protection or even evicting them from urban areas during processes of flood management
in order to protect higher wealth residents (Ajibade, 2019; Shi et al., 2021). In England, an analysis
of expenditures for flood risk management found that communities most exposed and socially
vulnerable to flooding received the least funding per person (England & Knox, 2015). In North
Carolina, “shoreline armoring” measures tend to be located near communities with high relative
home values and low relative racial diversity, whereas property acquisitions have tended to occur
in communities with low home values (Siders & Keenan, 2020). Variations in the quality and
accuracy of flood risk estimates across categories of race and ethnicity can further exacerbate
inequities in risks and responses (Chakraborty et al., 2014, 2019; Smiley, 2020).

Existing disparities in social vulnerability to flooding and in influence on flood management
generate serious equity concerns about how risks will be distributed in the future as climate
change continues to disrupt economies and societies (Glavovic et al., 2022). For these reasons,
there is a renewed and strengthened focus on equity in flood risk management, and social justice



is emerging as an increasing imperative for flood risk management (England & Knox, 2015).
Many dimensions of social and environmental justice are relevant, including the unequal
distribution of flood risks and of benefits from flood management, the exclusionary procedures
of flood risk management and governance, and failures to recognize the unfairness of historic
and ongoing processes (Shi et al., 2021).

Distributed, Polycentric Governance with Many Decision-Makers
The multidimensional, non-stationary nature of flood risks leads to another reframing of flood
risk management: The success of flood management depends on more than preventing flooding.
As a result, flood adaptation cannot be achieved by siloing flood management and confining it to
individual actors such as flood managers and engineers. Instead, there is a third fundamental
shift toward understanding flood adaptation as involving the many decision-making processes
working to address societal challenges that are impacted in different ways by flooding.

The distributed decision-making and fragmented governance of flood adaptation necessarily
involve many perspectives on flood risks and the outcomes and processes of flood responses.
These understandings of what is at risk, what levels of risk should be managed, and how they
should be managed are, ultimately, socially negotiated. Flood-relevant policies are shaped not
only by risks, economics, and analyses by dedicated flood managers but also by a wide range of
social processes, including politics and cultural norms. Flood adaptation is not a simple objective
calculation but, rather, a socially mediated process (Crabbé et al., 2015; Pinto et al., 2018;
Wakefield, 2019). Perceptions of risks, the uptake of policies, and the effectiveness and fairness of
responses are all socially determined in complex ways (ASFPM, 2020; Hino & Burke, 2021; Horn &
Webel, 2021; Kousky et al., 2020). Flood management priorities must also be balanced against
other critical integrated water resource management interests. In many countries (e.g.,
Bangladesh), flood management decisions impact the provision of safe drinking water supply and
reliable electricity supply, among other activities (Gain et al., 2017).

Recognizing that the goals of flood management are not confined to simply preventing floods
leaves open the question of what those goals are—an exciting, yet stark challenge for flood
adaptation science moving forward. Across different countries, the nature of the social contract
between residents and government has differed in flood management to date, as have the values
prioritized (Jongman et al., 2014; Mees et al., 2014). Nonetheless, the evolution of goals through
time is nearly universal, and in many countries, decision priorities have broadened over time (see
Box 1; Crabbé et al., 2015; Golnaraghi et al., 2020). Under continuing climate change, the goals for
flood management will also continue to emerge and evolve from changing, novel flood risks and
their social mediation and construction.

Flood adaptation cannot be confined to an infrastructure problem because it is a much larger
problem of interlinked human–environmental systems. Stormwater infrastructure deployed to
protect one community can increase risks for another, dependent on hazard drivers and
topography (Griggs et al., 1994; Hummel et al., 2021; Jafino et al., 2021; Pilkey & Wright, 1988).
Cascading and systemic risks across regions and sectors result from the interaction of individual
and institutional actions mediated by complex dynamics of individual and social psychology and
policy forces (Covi et al., 2021; Kousky et al., 2020; Maskrey et al., 2021; Treuer et al., 2017). The
distribution of flood risks, responses, and resources is the product of complex histories of



housing, development, culture, and social justice. New approaches and tools are necessary for
flood information and science to fit, inform, and support the many decision-making processes
relevant to changing flood risks and the multidimensional goals of flood management.

Emerging Approaches and Tools for Flood Adaptation

To better address changing, multidimensional flood risks into the future, adaptive approaches
are therefore required. Principles for adaptive decision-making include flexibility, coordination,
and participation in iterative, inclusive decision-making processes (see section on “Principles for
Adaptive Decision-Making”). Understanding of these principles is informed by a rich set of
emerging experiences. Despite significant constraints and limits, innovative tools are being
developed and applied in support of more proactive and distributed evidence-based decision-
making (see section on “Tools and Processes for Adaptive Decision-Making”). Flood adaptation
benefits from deliberate methods to support the multitudes of decision-making processes
relevant to flood risks and the diverse societal challenges they affect.

Principles for Adaptive Decision-Making
To achieve flood adaptation to non-stationary, multidimensional flood risks, decision-making
has to change. For example, post-disaster circumstances have been seen as a reasonable time to
make forward-looking changes because perceived risk and issue salience are high, but post-
disaster recovery and rebuilding efforts, under time pressure and with limited opportunities for
input and deliberation, often entrench the status quo (e.g., wealth accumulation for elites) or
involve short-term choices (e.g., buying flood insurance for only a few years) before risks are
forgotten again (Brody et al., 2009; Kousky et al., 2020; Shi, 2020). Sometimes choices involve
longer term foresight (e.g., major retreat programs after tsunamis in Asia), but such approaches
seem the exception more than the rule (Li & Landry, 2017). With changing risks, new normals,
and multidimensional impacts, the need for different decisions, compared to past approaches, is
a cross-cutting priority (Wakefield, 2019; Zarekarizi et al., 2020). The shift applies for hazard
mitigation, emergency preparedness, disaster risk reduction, and adaptation to both small and
large flood events.

Proactive adaptation requires decision-makers and flood managers to ask a broader set of
questions, across the full portfolio of responses, both structural and nonstructural, with
adjustments and learning through time (table 1; ASCE, 2014; Brody et al., 2010; Butler et al., 2021;
Golnaraghi et al., 2020; Highfield et al., 2014; Oppenheimer et al., 2019). What flood management
decisions need to be made better going forward, and who will define what better means? Is it how
societies invest in infrastructure (Wakefield, 2019); manage development through zoning,
building codes, and other regulations (Brody et al., 2007, 2013); or administer insurance
(Jongman et al., 2014; Kousky et al., 2020)? Is it how governments provide aid and who gets it? Is
it about relocation schemes and equitable adaptation attentive to the spatial interactions of
property markets, livelihoods, risk management, and migration (Mach & Siders, 2021)? How can
policymakers and organizers equitably prepare for policy action windows after extreme events
(Brody et al., 2009; Lyles et al., 2013)? Furthermore, who is and is not participating (Odemerho,
2015)? What is policy design considering (e.g., possible damages) and not considering (e.g., job



losses, structural racism, and climate change)? What tools do communities have that they are not
using, such as for limiting new development in floodplains, and what tools, knowledge, or
resources do they need but do not have (Brody et al., 2007, 2010; Glavovic et al., 2022)?

Table 1. Examples of Flood Adaptation Options

Adaptation
Strategy

Examples of Flood Risk Management Options

Resist
(reducing
probability of
hazards)

Flood control structures, seawalls, grade raising, levees, canals, green–gray infrastructure,
living shorelines, beach replenishment

Accommodate
(reduce
sensitivity)

Management of flood control, stormwater drainage and pumping, building elevation, building
codes, septic tank permitting, flood proofing, permeable surfaces, risk communication to
residents, flood insurance policies, emergency management, disaster relief

Avoid (reduce
exposure pre-
development)

Land use zoning, down zoning, priority investment areas, property tax policies, development
rights transfers, setbacks, preservation of waterfront access, siting of infrastructure outside
floodplain

Retreat
(reduce
exposure post-
development)

Property buyouts, rebuilding restrictions, eminent domain, rolling easements, wetland
restoration, pre-disaster plans for post-disaster relocations, withdrawal of government services
from highly hazardous areas

a Preparing for non-stationary flood risks and their multidimensional consequences requires portfolios of
responses.

Sources: Brody et al. (2010), Doberstein et al. (2019), Dyckman et al. (2014), Grannis (2011), Spidalieri (2020), Urban Land Institute
(2020), USACE (2020).

Although it is not possible to identify all of the ways in which decision-making will need to
change and past experiences reveal deep challenges in achieving such adjustments, there are
emergent principles and directions that can serve as a guide for flood adaptation. They include
portfolios of responses, flexibility, coordination, and broader scopes of justice.

Portfolios of Responses

Preparing for non-stationary flood risks and their multidimensional consequences requires
portfolios of responses, structural and nonstructural, not just flood control narrowly defined
(table 1). Empirical studies find that flood resistance and accommodation projects such as levees
and seawalls, beach nourishments, constructed dunes, restoration of green spaces, elevation of
structures, and education and awareness programs can all provide significant flood protection
benefits and improve property values in affected areas, in combination with measures to avoid
the development of open spaces, limit development in floodplains, and retreat from most-
hazardous areas (Brody & Highfield, 2013; Glavovic et al., 2022; Highfield et al., 2014;
Oppenheimer et al., 2019; Sun & Carson, 2020).

a



Structural measures for flood resistance have often been the preferred and dominant response in
flood control, however, even though there are trade-offs involved with infrastructural
deployment beyond its high costs and long time frames of implementation (Highfield et al., 2014;
Jafino et al., 2021). Surge barriers can alter ecosystems and increase mortality risks for marine
life; seawalls may obstruct ocean views, erode adjacent beaches, and increase risks outside the
areas protected; and raising revenue to pay for public infrastructural projects has the potential to
hamper inclusive economic growth if taxes are poorly designed and distortionary. Investing in
flood infrastructure may also amount to an implicit subsidy of existing land uses and can
encourage new development in areas supposedly made “safe,” yet with the potential for
catastrophes during low-probability, high-impact events if design standards are exceeded and
projects are not designed to fail (Brody et al., 2007; Di Baldassarre et al., 2013). Under current
policy processes, elements such as cost–benefit analysis and long-standing coalitions between
local government officials and land-owning businesses also have the potential to favor
infrastructure investments for protection of wealthy communities instead of low-wealth
communities, communities of color, or communities otherwise marginalized or underserved
because monetized property values carry significant weight in these analyses and historical
injustices and differences in political influence are generally not taken into account (Covi et al.,
2021; Shi, 2020). Political incentives and institutional settings may incentivize deployment of
large-scale flood protection projects because they can generate salient political benefits and
private gains, including through corruption (Lebel et al., 2009).

Flexibility

Adaptation to non-stationary, intensifying risks requires ongoing processes of adjustment,
embracing change and recognizing that many determinants of risk cannot be easily controlled
(Brody et al., 2009; Glavovic et al., 2022). An emphasis on staying where and as people are—
controlling the environment and emphasizing stability—therefore gives way to more flexible,
proactive, adaptive, and potentially transformative adjustments (Crabbé et al., 2015). Resilience,
from this perspective, is not just returning to the status quo but also learning and transforming in
adjustments and recognizing that living with water and changing flood risks is the reality.
Iterative updating of understanding through time, contemplation of wider ranges of responses,
monitoring of implemented interventions, and working across jurisdictions and levels of
government and with the private sector and civil society all become increasingly important in
building necessary capacities, coordinating actions, and improving the quality of plans and
actions (Butler et al., 2021; Lyles et al., 2013). However, currently, many adjustments being made
are still incremental, reflecting awareness of changing risks but not yet the necessarily deep
capacities to iteratively update responses through time (Butler et al., 2016; Molinaroli et al.,
2019). Adaptation requires changing our development approaches and flood management actions
such that the changing environment is acknowledged, rather than assuming the environment can
be controlled to match human desires and political will. At the same time, how those adjustments
to the environment improve (or harm) human well-being is context-dependent and often
difficult to predict.

Building governance capabilities sufficient for the complexity of changing risks and
multidimensional impacts is crucial but often remains out of reach. Continual change and
widening uncertainties demand different planning and management strategies, not just static
plans and policies (Butler et al., 2021; Glavovic et al., 2022). Strategies can involve adopting a
long-term view in implementing current responses, such that options can remain open into the



future (Kousky et al., 2020; Oppenheimer et al., 2019). Associated enablers include avoiding new
development in hazardous locations or buffer zones such as wetlands; fostering shared
understanding of increasing flood risks and responses appropriate in different contexts; building
the organizational capacity necessary for policy learning; creating new financial instruments and
flows; and creating fora for inclusive, iterative deliberation and collective problem-solving
(Brody et al., 2007, 2009, 2010; Highfield et al., 2014; Sun & Carson, 2020). Yet experiences with
adaptive management demonstrate institutional barriers to such flexibility and learning, such as
the difficulty of revisiting regulatory adjustments or investments after policy windows pass,
underscoring the magnitude of transformations needed.

Coordination

Expanding beyond a narrow focus on flood control and economic evaluation requires increased
coordination, networks, and linkages across levels of government and between the public and
private sectors (Brody et al., 2010; Butler et al., 2021; Crabbé et al., 2015; Glavovic et al., 2022; Li &
Landry, 2017; Lyles et al., 2013; Oppenheimer et al., 2019). Given that flood damages and policies
have exacerbated social inequities, dedicated approaches to advancing social justice are
necessary. Approaches benefit from multiple knowledge systems, strengthened community
capabilities, and meaningful participation.

There are substantial tensions of scale, ranging from individual action to government action,
from the local to the national and global (Maskrey et al., 2021; Pinto et al., 2018). The heuristic for
adaptation is often that it is local (Fu, 2020). And indeed, many determinants of flood risk and
constraints and enablers on flood mitigation and land use planning are dependent on context and
place.

However, there are limits to local flood adaptation. First, local action often focuses on
maximizing local benefits at the expense of regional or national interests (e.g., develop locally for
the property taxes and rely on national government for post-disaster aid) (Brody et al., 2007; Li &
Landry, 2017). Second, local governments often perpetuate inequities in their distribution of
resources (Shi, 2020; Wakefield, 2019). Scarce resources exacerbate these dynamics. Flood
mitigation infrastructure often accrues disproportionate benefits to waterfront property owners
with high real estate values (McNamara et al., 2015; Qiu & Gopalakrishnan, 2018), challenging fair
siting and jurisdictional funding arrangements, and some individuals will feel more entitled to
requesting government action locally or be more heard and responded to in such requests (Shi,
2020; Wakefield, 2019). Many developing countries also lack the financial and technical capacity
to produce tailored flood risk information to support local adaptation, suggesting the potential
for growing adaptation gaps across international contexts (Webber & Donner, 2017). Third, there
will also be individual and hyperlocal “autonomous” adjustments dealing with the risks (e.g.,
walking around in wading boots, switching to a vehicle with higher ground clearance, and
installing flood defenses for individual homes) that may add up to higher costs compared to
adaptive action at greater social scales. Finally, local actions can affect neighboring jurisdictions.
For example, flood infrastructure in one area can exacerbate flood risks in neighboring regions
(Griggs et al., 1994; Hummel et al., 2021; Pilkey & Wright, 1988), and increased coordination of
shoreline stabilization efforts among towns that share a coastline has been shown to improve
aggregate welfare (Gopalakrishnan et al., 2017).



Government action at increasing social scales is often required for more transformative
management and adaptation to flood risk attuned to equity, affordability, livelihoods, and other
dimensions of well-being. Yet there are profound constraints, disincentives, pushback, and lack
of coordination across scales that limit effective, adequate, and transformational adaptation
(Brody et al., 2010; Kousky et al., 2020; Molinaroli et al., 2019; Onda et al., 2020). It is often not
straightforward to determine which levels of government should take action and how actions
across levels of government can act to collectively reduce risk (Butler et al., 2021; Lyles et al.,
2013). The scale at which floods are managed also changes perceptions about equity (Cooper &
McKenna, 2008). It is important to consider multiple scales but not allow aggregation and
thinking at large scales to permit injustice at local scales. Emerging coordination of flood risk
adaptation requires extensive cooperation and shifting responsibilities across national,
subnational, and local governments, the private sector, and civil society, whether the adaptation
of interest is wetland restoration and horizontal levees, urban regeneration, adaptive land use
planning, or relocation of communities (Albert et al., 2018; Mees et al., 2014; Pinto et al., 2018). In
certain contexts—for example, urban centers in Senegal and Tanzania—a lack of significant
climate change adaptation and flood risk management policy capacity in public agencies is a
critical constraint for effective coordination and implementation of public policy solutions
(Vedeld et al., 2015). How resources and decision-making power are allocated from the individual
through higher levels of government is extremely influential for equitable outcomes.

Broader Scopes of Justice

Analysis of adaptation to climate change in U.S. cities suggests that in efforts to date, the
disproportionate focus on procedural justice and an expansion of democracy has limited, perhaps
counterintuitively, the scope and durability of these efforts (Shi, 2020). In particular, in
prioritizing participation, the role of adaptation in redistributing wealth and resources and the
structural reforms necessary for enduring change have simultaneously received much less
attention in adaptation plans and guidance. Although engagement of residents and communities
is occurring, the drivers of urban spatial inequality, exclusion, and displacement motivating their
participation are not being adequately addressed. A typology of urban adaptation emerges,
ranging from “neoliberal cities” ignoring social inequities and climate risks except in post-
disaster circumstances in which “disaster economies” favor those with economic and political
power and reinforce marginalization of some groups to “transformative cities” holistically
addressing climate change through emissions reductions and adaptation and advancing
collective well-being and sustainable relationships among people and places (Shi, 2020). In
addition to coordination of social movements across cities and levels of government, more
transformative approaches may be supported through (a) alliances among the urban and rural
communities adversely affected by the spatial concentration of wealth in cities, into which flood
risk management and adaptation figure; (b) collaborations among lawyers, insurance experts,
economists, and planners to innovate new architectures of land policy; and (c) development of
concrete and also hopeful visions and policy designs to support equitable adaptation against the
backdrop of the spatial interactions of flood adaptations and ongoing legacies of injustice (Shi,
2020).

Tools and Processes for Adaptive Decision-Making



Deliberate methods can support adaptive decision-making responsive to changing,
multidimensional flood risks. Approaches and tools can include new forms of knowledge
governance, distributed decision-making, and policy revisions, supporting capacities to respond
to changing, novel flood risks and promote well-being more holistically.

Participatory Processes Supporting Usable, Inclusive Knowledge Tailored to Decision
Contexts

Participatory processes incorporating information on flood risks and response options can
support iterative decision-making over time, responsive to a wider range of societal priorities.
For example, participatory scenario planning has been widely deployed (e.g., in Nigeria,
Bangladesh, China, Mozambique, Brazil, the Netherlands, and Indonesia) to support shared
visions of coastal adaptation, reconcile different values, and address power imbalances and
imperatives of human security (Oppenheimer et al., 2019). Longer term adaptive pathways have
been catalyzed in New Zealand through use of serious games and processes integrating methods
of decision analysis with public participation and deliberation (Lawrence & Haasnoot, 2017).
Integrative science partnerships such as more collaborative flood modeling can incorporate the
dynamic physical and social landscapes of flood drivers, impacts, and management (Box 2). They
can also build intuition, trust, and understanding of attributes and relationships that are
threatened and preferred response options. Where such processes become self-sustaining, they
can enable updating as flood risks change, responses and learning occur, or priorities evolve.

Box 2.  Collaborative Flood Modeling

One way to increase participation in flood adaptation is collaborative flood modeling, an
integrative science partnership supporting actionable knowledge tailored to decision
contexts (figure 3).



Figure 3. Collaborative flood modeling for integrative science partnerships supporting flood adaptation. In
collaborative flood modeling, community and stakeholder participation is interwoven, iteratively through
time, with flood inundation modeling, adaptation planning, and learning and adjustment through time.

Flood maps, education and awareness programs, and flood forecasting and warning
inform many aspects of flood management and adaptation decision-making. For example,
they shape choices about developing infrastructure or moving into floodplains, flood-
proofing structures, or maintaining good drainage (Highfield et al., 2014), as well as
understanding of residual risks where flood infrastructure exists, such as from controlled
releases of floodwaters or infrastructural failures (ASFPM, 2020). They inform
development incentives, regulations, and planning across sectors (Highfield et al., 2014).
Community participation and awareness yield benefits for flood preparations, also
reducing reliance on government assistance for flood relief and recovery
(Auynirundronkool et al., 2012; Li & Landry, 2017).

Emerging adaptation efforts, however, face a range of barriers related to flood modeling
that limit equitable, effective flood adaptation. Fundamental constraints include
differential flood awareness, risk perception, and prioritization (Barrage & Furst, 2019;
Hino & Burke, 2021; Keys & Mulder, 2020; Palm & Bolsen, 2020); and uneven access and
control among stakeholders over data, modeling tools, and scenarios used to characterize
present and future flood risks (Grove et al., 2020; Sanders et al., 2020). In many flood-
prone locations, flood maps, data sets, and products do not exist, or they are substantially
out of date, not reflecting changes in the topography of watersheds, development and
more impervious surfaces, shifts in precipitation or water levels, or improvements in data
sets and modeling (Li et al., 2021). Furthermore, such constraints illuminate a power
structure whereby control over flood modeling and adaptation planning frames problems



in ways that favor existing wealth and marginalize participation (Bullard & Wright, 2012;
Siders & Keenan, 2020). Those in control of flood modeling decide on the data used, the
scenarios and interventions considered, and the metrics applied to quantify performance
(Bourget, 2011; Evers et al., 2012; Maskrey et al., 2016; Sanders et al., 2020). These power
structures remain active especially in the evaluation of flood control projects justified by
damages avoided with selectively chosen scenarios and damage functions (USACE, 2020).
In turn, the “modeling power structure” builds mistrust, seeds conflict, and limits
coordinated responses. Without a change in the power structure of flood modeling that
broadens and deepens participation, responses to climate change are unlikely to address
the growing challenges of social inequities and ecosystem degradation, against the
backdrop of rising flood risks and disproportionate impacts for underserved and
marginalized communities (U.S. Government Accountability Office, 2020; Kousky et al.,
2019).

A growing number of interactive online tools are a first step toward more equitable flood
risk modeling for adaptation. Examples include bathtub-style inundation modeling of sea
level rise (e.g., Climate Central, 2020; NOAA, 2020) and initial region-wide and
continental-scale modeling of multiple flood hazards (e.g., FEMA, 2020; First Street
Foundation, 2022; U.S. Geological Society, 2021; Wing et al., 2017). However, a drawback of
these tools is that users lack control over data and the representation of processes needed
to build understanding of flood dynamics—for example, under rainfall, streamflow, and
storm tide drivers; context-specific determinants of social and ecological vulnerability;
and diverse response options.

Across many contexts, there is a need for interactivity, rigor, and distributed access and
control in flood modeling. This can be achieved with collaborative flood modeling, in
which stakeholder participation is interwoven, iteratively through time, with flood
inundation modeling (Goodrich et al., 2020; Sanders et al., 2020). Collaborative flood
modeling is enabled through a new class of flood models that address both power
structures inherent in traditional modeling and the gap that exists between the high-
resolution urban flood models necessary for engineering plans and the coarse-resolution
urban flood models that are widely available for open-ended and iterative adaptation
planning purposes. During the past decade, multiple collaborative flood modeling projects
have demonstrated promising results in building shared awareness of threats and impacts
(e.g., Houston et al., 2019), improving the usefulness and actionability of flood maps for
diverse groups of stakeholders (e.g., Luke et al., 2018), and inclusively developing
strategies to manage flood risks (e.g., Evers et al., 2012; Maskrey et al., 2016) and to adapt
to increased flooding from sea level rise (e.g., Sanders et al., 2020). Especially important
under conditions of political polarization and mistrust in science and government (Covi et
al., 2021), collaborative modeling has been shown to increase trust in and the use of
scientific information in decision-making (Cheung et al., 2016; Ulibarri, 2018), to build
intuition about valued attributes and relationships that are threatened and preferred
response options, and to promote more long-lasting engagement (Goldberg et al., 2020;
Goodrich et al., 2020). It also provides equity in access to information and support for
stakeholder-driven learning. Importantly, however, this science for society is inherently
political, requiring careful attention to and evaluation of who participates, how they are
treated in the process, what goals are prioritized, and who benefits. Collaborative flood
modeling partnerships can incorporate the dynamic physical and social landscapes of



flood drivers and management. They can provide information at the spatial scales and for
the time frames that are meaningful, also with guidance on how to interpret the
information (Glavovic et al., 2022). Such processes of actionable knowledge allow updating
as flood risks change, and they can directly address drivers of inequitable flood protection
to date.

Inclusive decision-making can support local ownership and increased equity in flood adaptation.
More inclusive processes not only foster awareness of flood risks and the needs for adaptation but
also can make calls for recognizing pre-existing socioeconomic vulnerability and drivers of
inequity, increase the voice of communities and residents in prioritizing adaptation options,
build capacity in marginalized and underserved communities, bridge formal and informal
institutions, and create fora for meaningful public deliberation and conflict resolution (Glavovic
et al., 2022; Shi, 2020). For instance, a rights-based approach to participatory adaptation
planning in Maputo, Mozambique, has revealed drivers of structural inequities, connected coastal
adaptation with human development, and increased public support for equitable adaptation
(Oppenheimer et al., 2019). Contexts as diverse as Pacific Islands states, the coastal Arctic, the
Philippines, and Cambodia have suggested that Indigenous knowledge and local knowledge can
support perceptions of relationships with the environment as hazards shift, build the cohesion of
communities, empower groups especially vulnerable to flooding, and facilitate adaptive
behaviors and responses (Glavovic et al., 2022).

Decision Support for Decision-Making Under Deep Uncertainty

Methods of evidence-based decision-making must be able to accommodate the deep
uncertainties inherent to non-stationary, evolving flood risks and the ways in which evolving
values and limits to responses interact to shape preferred response pathways. Deep uncertainty
cannot be eliminated by simply conducting more research, and it often arises in complex,
nonlinear systems with many stakeholders (Marchau et al., 2019).

Increasingly, methods of decision support have responded to the challenges of deep
uncertainties, and their innovative approaches have been applied in contexts as diverse as delta
management in Bangladesh (Mutahara et al., 2018; Zevenbergen et al., 2018), sea level rise
adaptation in Australia (Barnett et al., 2014), infrastructural adjustments in the United Kingdom
(Ranger et al., 2013), or evolving approaches in the Netherlands (Box 3). In Ho Chi Minh City,
Vietnam, robust decision-making methodologies for integrated flood risk management have
aimed to satisfy objectives across many possible futures, rather than aiming for optimality under
any given scenario (Lempert et al., 2013). In Hawkes Bay, New Zealand, tools for decision-making
under deep uncertainty have shaped the development of a 100-year Coastal Hazard Strategy
(Oppenheimer et al., 2019). A dynamic adaptive policy pathways approach and a modified real
options analysis were combined with multi-criteria decision analysis to inform a decision
framework considering response effectiveness and flexibility. Remaining challenges include
funding, identifying triggers for changing response approaches, incorporating the strategy into
statutory plans, and building the support of the wider public for the strategy. The process
included technical advisory councils and community panels consisting of people affected, iwi
Mãori, business and conservation interests, and infrastructure agencies, and it demonstrated the
importance of collaboration, leadership, trust building, and a community-based approach.



Box 3.  Dynamic Adaptive Flood Management

The Netherlands, located in the Rhine-Meuse-Scheldt delta in northwestern Europe, has a
long history with managing flood risk. The 20th century was the age of engineering feats,
such as the Enclosure Dam; the creation of the province of Flevoland through land
reclamation; and the Delta Works, protecting the country to handle flood events with
0.25% annual chance and 0.01% in densely populated areas (Jorissen et al., 2016). Under
continuing climate change, major additional investments are needed, including for
physical infrastructure that cannot be moved, and deep uncertainties mean that such
investments may be too little, too late—or too much, too early. In order to continue
protecting the nation against flooding, a Delta Program has been implemented, using
Adaptive Delta Management to sustain well-being and livelihoods for generations to come
(Marchau et al., 2019). The Delta Program focuses not only on flood risk management but
also on climate-resilient land use planning and freshwater availability.

Adaptive Delta Management is based on a decision-making under deep uncertainty
approach called Dynamic Adaptive Policy Pathways (DAPP) (figure 4). The premise is that
decisions are made over time as a result of a changing environment, and sound
management needs to consider the sequencing and path dependencies of these decisions
(Marchau et al., 2019). A plan of action under the DAPP approach consists of a series of
decisions, from short- to long-term actions, grouped into logical strategies called
pathways. A crucial part of the DAPP approach is the use of adaptation tipping points—
that is, changes in circumstances that cause a policy decision to fail and require a decision
for a new action. The first tipping point likely to be reached in the Netherlands, at ~1.5 m of
sea level rise, concerns the frequency of closing storm surge barriers (Haasnoot et al.,
2020). Nationwide pathways to adapt to extreme sea level rise have been presented in 2019
with the policy goal to “keep options open” until at least 2050 (Haasnoot et al., 2019).
Keeping options open allows for policy decisions that match well with future societal
preferences and needs, although the strategy is difficult to implement in practice because
it constrains regional development (Gersonius et al., 2016).



Figure 4. Adaptive Delta Management through Dynamic Adaptive Policy Pathways. The Dutch Delta
Program Steering Committee is an organized decision-making collaboration among the national
government, different local and regional government levels, and regional consultative bodies. The Delta
Program creates substantiated plans on a 6-year cycle, aiming to keep options open for the longer term.
Building from these plans, after 2050, the country will be required to adjust its strategy when the system
encounters tipping points (red dots), depending on the level and rate of sea level rise. Four adaptation
pathways have been sketched for the longer future (Haasnoot et al., 2019). Protecting the coast while
allowing an open connection between the rivers and the North Sea (protect-open) will be the first to fail at
significant sea level rise. Completely closing off the rivers and estuaries from the North Sea will be able to
handle more sea level rise but with significant economic and ecological impacts. The two other alternatives
are to create new land in the North Sea that will form a new coast or to accommodate rising sea levels by
adjusting land use and creating more room for water.

The Adaptive Delta Management approach has been spearheaded nationwide. However,
much of the implementation of the Delta Program takes place regionally. In each of seven
regions, there is close collaboration among the national government, water boards,
provinces, municipal governments, and other societal stakeholders such as for agriculture,
shipping, environmental protection, recreation, and residents (Delta Commissioner, n.d.).
These regional committees focus on local applications of the Adaptive Delta Management
approach—for example, with respect to managing the water level in Lake IJsselmeer
(Zandvoort et al., 2017) or protecting the cities of Rotterdam and Dordrecht from flooding
(Gersonius et al., 2016; Zandvoort et al., 2017). Stakeholders have considered shared
ownership, coherence (across regions, interlinked issues, and temporal scales), and
adaptivity among the most important qualities of the Adaptive Delta Management
approach (Bloemen et al., 2018).

Policy Revisions

In many policy processes, a project cannot move forward without passing a cost–benefit
analysis, and some have argued the weight provided to monetized property values in these
analyses systematically deprives low-wealth communities, as well as communities with
marginalized racialized groups, of flood protection (Becker et al., 2021; Junod et al., 2021). As a
result, some have argued for deeper use of criteria beyond simple cost–benefit analysis, as well as
more flexible cost–benefit analysis, to determine project eligibility and prioritization, and to
expand funding opportunities for local sponsors in need (Greer et al., 2022; Junod et al., 2021). In
the Netherlands, for example, costs–benefits and social protection (e.g., based on minimum
safety standards, societal disruption from flooding, and protection of critical infrastructure) have
been analyzed separately, followed by standard-setting based on the higher requirement of the
two (England & Knox, 2015). As another example, multiple studies have demonstrated the
importance of including aggregated and disaggregated measures of equity performance (e.g., via
Gini coefficients and spatial inequality patterns) to evaluate adaptive measures, in addition to
more common measures of economic losses, benefits, and output (Jafino et al., 2021; Markhvida
et al., 2020). Means-tested assistance for flood insurance or flood risk reduction measures could
also increase affordability concerns across residents (Kousky et al., 2020).



In addition, some policy options have historically been underutilized despite their potential
benefits. For example, land acquisition can result in avoided damages exceeding acquisition costs
by ratios as great as 5 to 1 (Brody & Highfield, 2013; Johnson et al., 2020). Large-scale protection
of lands that naturally store waters (e.g., riverbank wetlands) may have benefits outweighing
costs only under certain conditions, such as for large areas of land under development pressure
with flood-exposed settlements downstream and low land costs (Kousky, 2015). Other
mechanisms of land conservation, such as easements, zoning, or other land use policies, may
carry lower implementation costs, and estimated benefits may increase with consideration of
outcomes beyond damages to properties and economic efficiency. Where floodplains are not
mapped until development occurs, however, the value of open space preservation may be
overlooked (ASFPM, 2020).

Intensifying, multidimensional flood risks also pose challenges for the long-term viability of risk
financing systems. Across country contexts, risk financing systems relevant to potential flood
losses differ. Different approaches in Europe, for example, include largely private insurance
systems as in the United Kingdom, public–private partnerships as in France, and fully public
compensation schemes as in the Netherlands (Jongman et al., 2014; Surminski, 2018). In light of
continuing accumulation of people and assets in flood-prone areas, a number of policy reforms
have been suggested for flood insurance (Kousky et al., 2020; Surminski, 2018). They include all-
hazards insurance policies to provide more reliable and efficient financial protection to
households, expanded mandatory purchase requirements, better and earlier communication of
flood risks in housing searches, and increased public–private partnerships and community
investments in flood resilience. Currently in the United States, the pricing of National Flood
Insurance Policy premiums is being adjusted to reflect more types of flooding, more granular
estimations of risk based on the location and types of structures, and flood-mitigation measures
taken at household and community scales (Federal Emergency Management Agency [FEMA],
2021b; Kousky et al., 2016).

Moving toward actuarially sound flood insurance that is equitable involves reform of the risk-
management policies themselves as well as deep, complementary public policy addressing equity.
Historic and current structural, systematic injustices (e.g., linked to racism in housing markets or
disaster aid) challenge revisions across both categories (i.e., risk management and equity), and
within the political economies of decision-making, it is not clear that adaptive insurance will
easily emerge. Market strategies in inequitable societies and systems have potential to make
flood risks, damages, and losses—and their inequitable distribution across communities—worse,
not better.

Emerging examples across country contexts demonstrate that flood adaptation can range from
intensive, extended processes, such as for multi-stakeholder dynamic adaptive management, to
simple precautionary approaches, such as elevation standards applying inside and outside
floodplains, erring on the side of safety. Many of these changes illustrate a larger reframing away
from disaster management and toward adaptation in response to changes across both extreme
and average conditions.

Conclusion



Much of flood risk management to date has disproportionally focused on static assumptions and
characterizations of risk, assets and financial impacts rather than the full well-being of people,
and stressors at the extremes rather than stressors from everyday conditions. Flood management
is broadening from its historical narrow focus on economic development and disaster risk
reduction to a more holistic focus on human and ecological well-being and social justice, in light
of flood risks that will continue to evolve. Although there are examples of flood control not
adding up to adaptive flood risk management at present, there are also emerging examples of
reforms, processes, and tools for more transformative flood risk adaptation in the future. As
perhaps the greatest challenge of this evolution, the goals of flood adaptation moving forward, as
well as the flood risks themselves, will continue to change and to be socially negotiated. This
broadening creates opportunities for flood management to contribute to policies addressing
social justice, if flood management decisions are made in equitable ways. The fundamental shifts
from the historic silos of flood control to the distributed decision-making of flood adaptation
raise new questions and opportunities for governance and science alike. These challenges of flood
risk management can be addressed by integrating lessons from diverse domains of actionable
science and public policy. Where innovations occur, they will likely support adaptation to
flooding as well as many other stressors and threats.
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