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Abstract: Losses from flood disasters are increasing globally due to climate-driven forces and human
factors such as migration and land use changes. The risks of such floods involve multiple factors
and stakeholders, and frameworks for integrated approaches have attracted a global community of
experts. The paper reviews the knowledge base for integrated flood risk management frameworks,
including more than twenty bibliometric reviews of their elements. The knowledge base illustrates
how integrated strategies for the reduction of flood risk are required at different scales and involve
responses ranging from climate and weather studies to the construction of infrastructure, as well as
collective action for community resilience. The Integrated Flood Management framework of the Asso-
ciated Programme on Flood Management of the World Meteorological Organization was developed
more than twenty years ago and is explained in some detail, including how it fits within the Integrated
Water Resources Management concept that is managed by the Global Water Partnership. The paper
reviews the alignment of the two approaches and how they can be used in tandem to reduce flood
losses. Success of both integrated management approaches depends on governance and institutional
capacity as well as technological advances. The knowledge base for flood risk management indicates
how technologies are advancing, while more attention must be paid to social and environmental
concerns, as well as government measures to increase participation, awareness, and preparedness.
Ultimately, integrated flood management will involve solutions tailored for individual situations,
and implementation may be slow, such that perseverance and political commitment will be needed.
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1. Introduction

Among the natural hazards, floods and thunderstorms cause the most damage glob-
ally, running up to billions of dollars of losses every year, in addition to their social and
environmental damages. No single metric tracks the total impact of floods annually, but
studies indicate they are becoming worse due to climate change [1]. With growing pop-
ulations, the rising sea levelsC, and increasing vulnerabilities, the magnitude of losses
seems to be on the rise. Only a small portion of private losses are insured, and many losses
involve uninsured public infrastructures [2]. The environmental and social impacts are
difficult to measure, and when they are counted, overall flood losses and impacts are much
more severe than economic statistics show.

Many international reports demonstrate the severity of flood risks, the difficulties
in anticipating and mitigating their effects, and the multiple factors they involve. To
confront these challenges, the Associated Programme on Flood Management (APFM) was
organized two decades ago by the World Meteorological Organization (WMO) and the
Global Water Partnership (GWP). The APFM developed a framework named Integrated
Flood Management (IFM) to support countries to implement integrated approaches that
maximize benefits from floodplains and minimize loss of life and impact. Reflecting the
participation of the GWP, the IFM is considered to operate within the broader framework
of Integrated Water Resources Management (IWRM) [3].
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Flood risk management has also been studied by many investigators and groups.
A substantial effort was launched in the early 2000s by the FLOODsite consortium with
participation among 37 European institutes and universities and other participants from
government, business, and research organizations [4]. In the United States, multiple
agencies work to develop flood solutions, and intergovernmental coordination among
14 federal agencies is provided through the Federal Emergency Management Agency
(FEMA). State governments have key roles as well, and local governments administer
most program elements like floodplain management and mapping. The US Army Corps of
Engineers has a lead role due to its management of major rivers and flood control reservoirs.
As such, a Federal Flood Risk Management Standard has been developed [5].

While intergovernmental collaboration is beneficial, interdisciplinary coordination
is also required. Recognizing the need for greater cooperation among climate scientists
and water resources managers, flood risk and its relationships to climate were assessed
in a meeting of experts organized by the writer and colleagues in 2016 at Colorado State
University to probe into the necessary actions. The conclusions of that meeting have
been used to inform parts of the paper [6]. In addition, the discussion is shaped by the
writer’s experiences in flood risk management that extend back to the 1960s, prior to the
US National Flood Insurance Program (NFIP). The experiences of other writers as reported
in the international literature and in case studies have also been used to develop the paper.

The intended contribution of the paper is to provide a comprehensive and contempo-
rary review of IFM and to derive conclusions about the needs to advance the concept, given
more than two decades of experience with it. As support for the APFM’s IFM program
has continued, its elements will be used to organize the discussion. The paper reviews the
governance needed to foster IFM and its elements and compares them with those for IWRM,
which is considered by the APFM to include IFM. The discussion addresses risk assessment,
flood hazard analysis, hydrologic predictions and forecasts, floodplain analysis, flood
infrastructure and management programs, damage assessment and flood economics, social
and environmental impacts, and legal frameworks. Each of these comprises a substantial
subfield, so only the main points are included. The literature reviewed spans the globe, and
several examples from the US experience are included, given that its policies predate the
work of the APFM. Much of the literature reviewed involves European perspectives, and
the examples from the US will add to the knowledge base of IFM, which is broad and deep.

A Situation Review report by the APFM in 2005 provides a comprehensive overview [7],
and this paper contributes further by reviewing subsequent work and developments. The
background study for this paper identified many reports about flood risk management,
including more than twenty bibliometric reviews of the subject matter. Some 25 of these
relating to elements of IFM were reviewed and classified. They cover general concepts
including the following: resilience, governance, and climate change; classification of types
of floods like urban, coastal, and flash floods; vulnerability and health issues; technical
topics like machine learning, use of indicators, sensors, and drones; and risk analysis and
assessment. Like with IWRM, some papers claiming to take an integrated viewpoint only
relate to parts of IFM. Themes that emerged in bibliometric studies included a continuing
shift toward resilience strategies and away from flood control [8] and a large increase in
publications during the last two decades with a shift in activity from US dominance to other
nations in Asia and Europe. A broad range of topics is addressed, including methodological
and scale issues, uncertainty, mapping, economic damages, and need for social impact
analysis, as well as science and technology issues like global warming, big data, machine
learning, and remote sensing [9].

The paper begins with an explanation of IFM, which is followed by a short section
to illustrate how it relates to IWRM. These introductory sections are followed by reviews
of flood hazard analysis methods, flood infrastructure and management programs, meth-
ods to assess the impact of floods, legal issues, and governance approaches for flood
risk management. A comprehensive analysis and discussion section is then followed by
overall conclusions.
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2. Integrated Flood Management

As mentioned, the APFM has conceptualized that IFM fits within the broader concept
of IWRM. By comparing the definitions of the two frameworks, the influence of the GWP
as a major partner in the APFM stands out due to similar phrases (Table 1).

Table 1. Definitions of IFM and IWRM.

Integrated Flood Management Integrated Water Resources Management

a framework that promotes sustainable,
long-term flood resilience by combining social,

economic, financial, environmental, and
institutional solutions, as well as those

involving engineering, disaster preparedness,
insurance, and emergency response [7].

a process which promotes the coordinated
development and management of water, land,
and related resources, in order to maximize the

resultant economic and social welfare in an
equitable manner without compromising the

sustainability of vital ecosystems [10].

Another definition, by the FLOODsite consortium and seeking to align with the
EU Flood Directive, is that flood risk management is the “holistic and continuous societal
analysis, assessment and reduction of flood risk”, and a “process which comprises pre-flood
prevention, risk mitigation measures, and preparedness, backed up by flood management
actions during and after an event”. Investigators have argued that the challenges of
integrated approaches call for a process approach [11], as outlined in [12]. These different
definitions confirm that integrated approaches, whether IWRM or IFM can be called
processes or frameworks, depending on perspectives. The boundaries of the issues they
address are so broad that no concise definition will ever satisfy everyone.

The APFM definition envisions that IFM combines flood risk analysis to determine
risk, flood risk assessment to weigh costs and benefits and support decisions, and the
application of physical measures and policy instruments for flood risk management. It
connects these diverse strands and is offered as a cascade diagram to illustrate the five
categories of risk reduction [13]. A simplified version of the IFM measures is shown in
Figure 1. The input to the left shows risk and at the end, the diagram shows flood resilience,
which is improved as a result of the steps shown.
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A flood hazard is generally defined as the likelihood of a damaging event, which
involves hydrologic and hydraulic factors. Vulnerabilities can be those of the flood pro-
tection infrastructure, which affect the likelihood of a hazard impacting people, property,
or nature. The vulnerabilities of people, property, and nature make a second category of
vulnerability, which leads directly to the categories of the consequences as economic, social,
and environmental impacts. The phases of disaster management, preparedness, mitigation,
response, and recovery can be considered as implicitly embedded in the definition of IFM
and in Figure 1 [14,15].

The cascade diagram is useful to illustrate the multiple means of flood risk reduction,
which is a term used by a pioneer of the field, Gilbert White, who was an early advocate of
cooperative multiple-purpose and multiple-means river basin development [16].
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The solutions include structural and non-structural measures, land use planning
and controls to reduce exposure, flood forecasting and warning systems, and emergency
response, relief, and recovery. All would be connected through flood risk reduction insti-
tutions, methods for coordination and communication, and safety nets like risk financing
and insurance.

Flood risk has been studied from diverse perspectives during recent decades, and a
large community of scholars has emerged with several journals focused on it [17]. The large
increase in papers during recent decades indicates an expanding number of institutions and
authors [18]. Studies of integrated approaches normally focus on partial integration where
situations involve at least two aspects of flooding, but a broader perspective will involve
more aspects [19]. This is like IWRM, where some studies are reported with situations
claimed as integrated, but the degree of such integration may be limited [20]. Integrated
perspectives usually deal with collective action and shared governance with different
technical approaches that depend on the situations.

There is evidence of emerging comparisons of integrated frameworks and the use of
systems analysis methods to examine complex phenomena like flooding. Researchers think
that systems thinking could help in formulating better approaches, but it is being applied
slowly [8,21]. In some cases, a systems method may claim credit for a solution, whereas
another writer may attribute success to an integrated framework, like IWRM. This has been
the case, for example, in examining the Singapore water story [22].

As mentioned, the Situation Overview prepared by the APFM explained issues that
remain current [7]. It described how IFM involves a mix of strategies, different points, and
types of interventions, and short- and long-term actions. It requires a participatory ap-
proach with the appropriate stakeholders and must deal with competing interests through
trade-offs and compromises. Furthermore, it has grouped the issues into five categories
or key elements as follows: addressing the land phases of the water cycle in totality, inte-
gration of land and water management, use of the best mix of strategies, a participatory
approach, and integrated mitigation of hazards. The impediments identified included a
lack of policies and strategies, inappropriate legal frameworks or institutional arrange-
ments, ineffective flood forecasting and warning, limited community participation, and
the absence of mechanisms for data management. Not surprisingly, these issues apply to
IWRM as well.

Ample guidance is available to advise flood risk managers on integrated approaches
and the use of flood risk tools. Examples are a guide for the Asian Development Bank [23]
and a Flood and Drought Portal [24], which is part of a project funded by the Global
Environment Facility with participation by UN Environment and the International Water
Association. This Flood and Drought Management Tools project provides a management
framework and online tools.

3. IFM and IWRM

The APFM defines IFM as part of IWRM, but both frameworks can be confusing
because they are so broad. The two frameworks were compared side-by-side in Table 1
above, and interpreting IFM to be a part of IWRM requires clarification. The key is that
both frameworks involve interactions between the water and land. This poses a difficulty
with IWRM in that it requires the interpretation of the framework to be more general
than managing only the water resources. This problem does not loom as large for IFM
because flood risk resilience means protecting targets from water damage that are mostly
land-based. There are always exceptions, of course, such as protecting riverine ecosystems
from flood damage, but the major focus is on issues involving land.

The companion difficulty is to how to include flood risk management in IWRM in
the first place. Most expressions of the purposes of water resources management focus on
supplying needs for water. For example, the World Bank explained that “water resources
management seeks to harness the benefits of water by ensuring there is sufficient water
of adequate quality for drinking water and sanitation services, food production, energy
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generation, inland water transport, and water-based recreational, as well as sustaining
healthy water-dependent ecosystems and protecting the aesthetic and spiritual values
of lakes, rivers, and estuaries”. That definition shows the multiple purposes that water
resources management should address. Then, the Bank explained that it also “. . .entails
managing water-related risks, including floods, drought, and contamination” [25]. While
flood risk management can be grouped like this under water resources management, the
combination is awkward and requires repetitive explanations.

Another problem with linking IFM and IWRM is that neither concept has its own
Sustainable Development Goal (SDG). IWRM is assigned to SDG 6, which focuses on water
and sanitation, aiming mostly at health issues. SDG 6 has been expanded to embrace a
broader view of water resources management, which is evident in the targets and some
eleven indicators. IWRM has been assigned indicator 6.5.1, “degree of integrated water
resources management” [26]. No mention of flood risk appears in the indicators for
SDG 6, but flood risk has been included within natural disasters as a target under SDG 11,
Sustainable Cities and Communities. It has three indicators, namely deaths and injuries
from natural disasters, economic losses from natural disasters, and damage to critical
infrastructure and disruptions to basic services [27]. As almost half the world’s population
still live outside of cities, this might seem to only address part of the problem, but the real
issue is the difficulty in classifying and defining complex interaction phenomena.

Like IWRM, published examples of IFM may claim to show integration, but they
mainly illustrate different ways of addressing flooding issues. The main determinant in
claiming an integrated approach for reducing flood risk will normally be when it involves
more than a single structural method. Among the posted IWRM cases [28], the examples
shown included the following: in Brazil, the merger of flood risk with water resources
management; in Central Europe, natural small water retention; in China, smart systems
and a national strategy for living with floods; in Greece, resolution of water and human
conflicts; in Malaysia, managing floodplains; in Pakistan, flood management in the Indus
Basin; and in Tanzania, youth flood mappers. In the development phase of the AFPM,
case studies were collected to help formulate the Integrated Flood Management concept.
Some 27 cases were listed, and 19 were used in the situation paper, which is now 20 years
old [7]. The cases were like those posted by the IWRM Action Hub, and they were used to
study the range of flood issues, including the areas, populations, numbers of flood events,
severest events and years of occurrence, impacts, and damage losses.

To summarize the comparison between IFM and IWRM, both frameworks experience
difficulty with classifying complex interaction phenomena. With so many situations, both
illustrate the idea expressed by Ben Braga, former President of the World Water Council, at
the XVI World Water Congress of the International Water Resources Association in 2017.
He stated that IWRM really means, simply, “good water resources management”, and
the same can be said about IFM, while recognizing that multiple means are required in
management in both instances.

4. Flood Hazard Analysis

According to an economic perspective, much more attention has been given to the
hazard component of flood risk than to vulnerabilities and consequences [29]. The literature
confirms this with many papers addressing climate, hydrology, and floodplain issues. In
the definition of flood risk, the hazard is a threat that can have a negative impact and
is a function of the probability and magnitude of the threat occurring [30]. The other
elements in flood risk are exposure, or the economic value of assets subjected to flood
hazard, vulnerability, the relationship of properties to economic loss, and performance,
or the effect of flood protection and damage mitigation measures to modify flood hazard,
exposure, or vulnerability. The focus on economic damage shows that work is needed to
extend analysis to social and environmental losses and vulnerabilities.

The NFIP refines the definition of flood hazard to explain it as involving water surface
elevation–exceedance probability functions [31,32]. Determining these requires knowledge



Climate 2024, 12, 67 6 of 17

of the likelihood of the forcing functions in the form of storms, which must be transformed
to likelihood of water levels and, in some cases, water velocities which add to the flood
threats. From this, we see that the determination of flood hazards involves hydrologic
analysis, hydraulic analysis, and floodplain mapping and that they are independent of
vulnerabilities and consequences in the pure definition of risk.

Hydrologic analysis involves atmospheric and land phenomenon for short- and long-
term studies using hydrometeorology, or the study of the “atmospheric and terrestrial
phases of the hydrological cycle with emphasis on the interrelationship between them” [33].
Long-term climate data are needed for planning and design studies and extreme precipi-
tation values are used for different scales and time intervals to provide forcing functions
for runoff models [34]. Statistical data continue to improve, but non-stationarity must be
considered [35]. Numerical weather prediction based on remote sensing and computer
models can provide short-term weather prediction for flood forecasting.

Statistical data and the analysis of long-term precipitation continue to evolve. In
the US, the National Weather Service published Technical Paper 40 in 1961 as the first
precipitation atlas for the country [36]. Now, the agency supports the U.S. Climate Atlas [37]
and Atlas 14 of the National Oceanic and Atmospheric Administration as a resource for
regional estimates of extreme precipitation [38,39]. Other countries and regions have similar
approaches, such as the Climate Atlas for Europe [40,41]. Most continue to evolve and
serve as data portals with statistical information and guidance about climate change. Of
course, data availability around the world is variable, and some regions are data poor.

The availability of studies about the changes in extreme precipitation due to climate
change continues to expand to include how extreme rainfall varies with event rareness [42],
how extreme precipitation likelihood relates to atmospheric moisture, and how these vary
with climate change [43]. Data on changes in extreme precipitation from high-quality
stations have shown increases across most of the globe [44]. Ultimately, the availability of
data on likelihood of extreme precipitation will depend on location, scale, and availability
of monitoring stations, among other variables. Even when relatively long-term data are
available, recent experiences show that unusually extreme events can happen [45,46].

Snowmelt must be considered, or flood underestimation is likely in some regions [47].
This can involve plains or mountain snow, and in large basins, both may be involved.
Snowmelt models were reviewed in [48]. Most models did not consider blowing snow or
frozen ground and these can improve accuracy of runoff models. Rain-on-snow events
need more study and the integration of satellite data can help with this.

Issues of non-stationarity make the determination of flood hazards more complex
because they call into question the use of historical data to make predictions and analyze
risk. They must be studied based on the sites involved. The techniques proposed and their
challenges for flood risks and low flows were reviewed in [49]. Other investigations have
provided empirical and simulation-based frameworks for analysis, along with identification
of future research needs [50].

The methods of runoff modeling have advanced rapidly since the 1960s, when com-
prehensive distributed models were enabled using the early computers [51]. Hydrologic
models are used to transform forcing functions to streamflow, but spatial heterogeneities
of watersheds and rainfall patterns create uncertainties and thus models have proved
most useful for smaller catchments. For larger basins, gaging records are commonly used
when they are available, with the threats due to non-stationarity considered. Modeling
advances have been incorporated into advanced integrated software packages that are
available through open sources and commercial outlets [52]. In the US, models are available
from the US Geological Survey [53], Agricultural Research Service [54], US Army Corps
of Engineers [55], and Natural Resources Conservation Service [56]. Other countries have
different sets of models, like in the UK with the ReFH2 model [57] and the MIKE NAM
model [58]. Commercial versions of some of the models are also available.

Flood frequency analysis requires the combination of precipitation analysis and runoff
modeling to provide information to hydraulic models. The UK has a Flood Estimation
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Handbook [59] that combines all factors. Results can be uncertain due to unknown fac-
tors, including limited data, non-stationarity, and other factors. A study by a committee
of the National Research Council showed how to use combined methods to develop a
reliable estimate of flood frequencies [60]. Flood frequency reporting also requires improve-
ment to promote public understanding [61]. To improve communication, uniform and
consistent methods can help in collaboration among stakeholders, and federal agencies
have produced a set of Guidelines for Determining Flood Flow Frequency, to include
non-stationarity [62,63].

The basis of floodplain analysis lies in open-channel hydraulics which, as a subdisci-
pline of hydraulic engineering, has a long and storied history dating back thousands of
years in the analysis of major rivers like the Nile and the Yangtze [64]. In the analysis of
flood plain flows, the predicted discharges are used to estimate water surface elevations in
the floodway and floodplain. Analysis can now include two dimensions to study channel
and overbank areas to include bridges, culverts, and other obstructions. Choices of models
are available, and benchmark tests were developed by the United Kingdom (UK) Joint
Defra (Department for Environmental Food and Rural Affairs) Environment Agency [65].
The USACE has benchmarked its flagship floodplain model [66] and FEMA has issued
general guidance about modeling [67]. It is inevitable that models will give different results,
which was predicted in studies of hydrologic and hydraulic sources of uncertainty and
continues to be the case [52].

Once water surface elevations have been predicted, spatial analysis of floodplain
geometry is used for floodplain mapping, and various methods are used [68] across different
countries. Given the spatial analysis capabilities and 2D models, floodplains can be mapped
much better than in the past, but long stream distances to map make it hard to perform
well everywhere. Technologies have evolved from early manual methods through aerial
photography and photogrammetry to the current use of digital data bases [69] and remote
sensing methods. Early experiments with digital terrain models led to digital elevation
models (DEMs), with the USGS establishing a standard in 1992, which is published openly
and used around the world. In addition to the use of DEMs, remote sensing methods,
light detection and ranging (lidar), and interferometric synthetic aperture radar (IFSAR)
are useful aerial mapping technologies [70]. The public has become accustomed to access
to visual spatial data like Google Earth. Such mapping is used for many purposes, such
that there is a need for digital orthophotography covering the nation that is updated
regularly [71].

Reforms in floodplain mapping continue to be needed. NRC’s 2009 study had stated
that “topographic data are the most important factor in determining water surface eleva-
tions, base flood elevations, and the extent of flooding and, thus, the accuracy of flood
maps in riverine areas;” [72] and the first recommendation from NRC’s 2007 study states
that “elevation for the Nation should employ lidar as the primary technology for digital
elevation data acquisition” [73]. Now, the USGS 3D Elevation Program or 3DEP, based
on lidar with 2 foot contour accuracy or better, is becoming used to map floodplains and
coastal areas. The program is managed by the USGS National Geospatial Program, which is
a shared effort. It started at full effort in 2016, and by 2023, 94% of the US was mapped [74].

Anticipating floods requires forecasts for medium to large scales and short- to long-
term time scales, and flood forecasting practices continue to improve. The US has the
Advanced Hydrological Prediction Service (AHPS) managed by the National Weather
Service [75]. Most water data in the AHPS are from the gages of the USGS [76], with
additional information added. The National Weather Service also [77] has a program for 6 h
Quantitative Precipitation Forecasting (QPF). Weather Forecast Offices and River Forecast
Centers run hydrologic models to create displays on AHPS webpages. General circulation
models and downscaling are being used more as technologies and data improve [78]. The
method of “nowcasting” increases the usefulness of flash flood warnings, and a summary
of its status is available at [79].
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5. Flood Infrastructure and Management Programs

It has been common to refer to flood risk measures as structural and non-structural,
and the structural part can be categorized as flood infrastructure and include green systems
like wetlands as well as physical infrastructure like levees, channels, and flood control
dams. In cities, green approaches can include an assortment of practices, including ponds
and nature-based wetlands and retention sites, including China’s Sponge City program [80].
The use of dams as flood control measures is controversial, but studies show that large
economic damages can be avoided when they operate effectively [81,82]. The condition of
levees is problematic and if they are not maintained well, they can fail the many people
who rely on them [83].

As climate change occurs, with difficult effects like rising sea levels, potential failures
of these infrastructure systems become more worrisome. An example of a response is New
York City’s Cloudburst infrastructure program, taken in cooperation with Copenhagen,
Denmark [84]. To confront the threats, attention to maintenance and asset management
is required for all flood infrastructure. Unfortunately, complacency sometimes leads to
neglect and to problems when extreme events do occur [85].

Non-structural management programs require vigilance as well. They have evolved
to include measures such as the regulation of land use, building restrictions, and flood
proofing. Measures to raise awareness and preparedness include early warning systems,
evacuation plans, and flood hazard maps. After these measures, residual risk can be
mitigated by emergency response, insurance and relief funds, and recovery plans [86].
Managing these programs between extreme events can become difficult due to the same
complacency that afflicts infrastructure neglect. In particular, flood insurance in the US has
a mixed record. Once, when inspecting a flood disaster site, a resident asked the writer
why the government did not give them an advance notice of 30 days about the extreme
flood so that they could buy insurance. The NFIP is now viewed as problematic due to
financial insolvency and affordability as concerns. Uncertainties due to flood risk mapping
are an ongoing issue. Now, climate variability is causing more frequent and intense coastal
zone and riverine flooding [87].

Flood Impact Assessment

In decisions about flood risk reduction, impact assessments are used to determine the
best strategies [88]. Definitions of terms about impact assessment were discussed in [88]
and differences can be seen among sources such as the Society for Risk Analysis [89], the
ISO [90], and the UN [91]. Flood risk assessment addresses impacts in the economic, social,
and environmental categories in the same way as IWRM, which considers the triple bottom
line in its goal “to maximize the resultant economic and social welfare in an equitable
manner without compromising the sustainability of vital ecosystems”.

From the perspective of economists, studies of flood impacts have a long history, but
further development is needed. Reported needs focus on estimation of damage, data, and
model development. They see pitfalls like the choice between replacement costs or depreci-
ated values, that model validation is not adequately performed, and that improvements
would add uncertainty to analyses and scrutiny of model inputs. Economists think that
much more attention has been given to the hazard part of risk, and much more is needed
on impact assessment. They focus, as expected, on economic damages [29].

Social impacts involve outcomes like degraded public and individual health, losses
of property that may not show up much in economic statistics but be essential to families,
grief, long term suffering and loss of opportunities, and other issues. They are arguably
the most important, most complex, and most difficult to assess. They involve many vari-
ables and fewer studies are available, as compared to economic impacts. Their categories
include socioeconomic and demographic factors that influence community resilience and
household resilience. A recurring theme is the extent to which residents can participate
in decisions [92]. Flood risk mapping must be improved to assess them [93]. Vulnerable
people are affected more than others, experience more difficulty in the recovery phase, and
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are more likely to die. Detailed social vulnerability indices were discussed in [94,95]. While
indices are useful, they should express the welfare of societal groups in terms of resilience
and recovery capacity, impacts of rare events, and distributional impacts [96]. As these
involve many variables, studies of social impacts tend to focus on case studies in different
countries [97–99].

Methods for the environmental impact assessment have been in active development
for more than fifty years and have been adopted in many countries. A literature study
by [100] provided an overview. As explained by the APFM [101], they can be positive or
negative and affect environmental assets like streams, catchments, floodplains, ecological
systems, and aquifers. On the negative side, stream erosion, pollution, and loss of habitat
occur. On the positive side, floods fertilize agricultural lands, replenish wetlands, and
recharge aquifers.

6. Legal Frameworks

Flood law does not appear much in discussions of IFM, but it can be a significant
factor in policy development, flood risk projects and programs, and relief after disastrous
flooding. The legal frameworks for it will differ from country to country, but they converge
toward similar policies and measures. For example, the European Union’s Flood Directive
specifies flood risk assessments, flood maps, and flood risk management plans [102,103].
Japan [104,105] has more centralized rules about river management and flooding. Eng-
land and Wales have parallel requirements to those in the EU, which include a national
strategy, methods, framework, and tools to manage flooding, supporting roles of local
authorities, assessing flood and coastal erosion risk, managing funding, enforcement, and
flood warning [106]. Transboundary flood issues may be significant, as when an upstream
state has large-scale deforestation or massive urbanization that will affect the downstream
state. The International Law Association adopted Rules on Flood Control in 1972, but it has
not gone beyond dealing with other measures. There are also treaty provisions, such as on
the Rhine and Danube rivers at the basin level [107].

In the US, flood law is a composite of common law, liability, constitutional, and
statutory laws [108]. Drainage law is addressed in different doctrines that vary among
states, called the common enemy, including civil and modified civil doctrines [109]. The
evolution of flood policy and law in the US dates to before 1900 with a policy about the
federal role in flood risk improvements. The federal government recognized that some
flood victims might merit relief, but little was carried out because this was considered as
a responsibility for states and local districts [110]. A notable outcome of flood disasters
was the recognition that the legal doctrine of liability created a loophole in flood losses,
and the 1889 Johnstown PA disaster led to the defining of the doctrine of strict liability
for flood losses, which increased the risk for owners of flood control facilities [111]. The
next phase of the policy was on flood control where major events like the 1927 Mississippi
River flood led to the 1928 and 1936 Flood Control Acts, which created immunity for
government flood control efforts and led to BCA [110]. By the 1960s, federal support for
flood hazard reduction projects had diminished and the Flood Insurance Act of 1968 shifted
more responsibility to non-structural approaches.

Flood losses proved problematic in the US legal structure, and while the Supreme
Court usually finds that the government is not obligated to help citizens with social goods
like flood relief, it has found that the Constitution restrains government from depriving
persons of basic rights. Some flood claims are now being filed under takings law per the
Fifth Amendment of the U.S. Constitution [108].

7. Flood Risk Governance

Governance is the central organizing force to mobilize the actions needed in IFM and
it attracts many studies. An extensive bibliometric review of flood risk management and
governance identified 3059 articles from more than 100 countries. Most articles addressed
issues of developed countries, with a focus on Europe. The frequency of publication
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increased rapidly over the last two decades, and the papers reflect a relatively small number
of journals and show dominance by a few authors. The papers show a tendency toward
shared governance among governments and individuals. The focus on urban flooding
as opposed to riverine flooding has increased, there has been emphasis on protection of
property, and attention to exposure has been less than on hazard and vulnerability [18].

Governance generally means the institutional arrangements for flood risk manage-
ment, which involves the means and methods to take actions and operate projects and
programs. There is relatively more emphasis in the literature on management, and gover-
nance can stand more attention on analysis of processes and solutions. The authors wrote
that both fields should have more attention from the political science, public administration,
and policy fields. The management literature tends to be more technical with emphasis
on modeling, prediction, and probability, and the governance literature focuses on social
science aspects such as actors, institutions, participation, and policy.

Given the complexities of IFM, it is not surprising that reports show shortcom-
ings in governance, both in developing countries [112] and in developed countries, like
England [113,114]. Studies of governance issues tend toward case studies, like one about
large cities in Italy where the Institutional Analysis and Development (IAD) framework
was used to study factors that might enable or hamper risk-based approaches. Problems
identified included poor coordination across levels of government, actors, and policy do-
mains. The author drew from successes in Europe to recommend reforms that include
enhancing flood risk perception and awareness, improving collaborative governance and
participatory processes, strengthening knowledge sharing and consensus building, diversi-
fying strategies, clarifying task allocation and the division of responsibilities, and tackling
unauthorized planning practices [115].

8. Analysis and Discussion

Explanations of IFM as developed by the APFM were worked out around 25 years ago
and, like IWRM, the success of the concept as a framework depends on governance and
institutional capacity as well as technological advances. The main elements of IFM that
require collective action, a coordinated framework, and a mixture of measures had evolved
for several decades prior to organization of the APFM, but the international exposure of
the IFM framework offers promise for application in a broader set of countries. Solutions at
all scales and levels require effective analysis and planning with institutional arrangements
that are appropriate for contextual situations. Implementation may be slow, which is
also the case with IWRM, but perseverance is needed for long-term implementation and
short-term expectations may be too myopic.

An important institutional arrangement that is in control of governing authorities
is organization of effective data and decision support systems as essential elements for
IFM to provide shared information systems to bring stakeholders together. Databases
must be managed with clear responsibilities and provided with the resources needed.
Data may extend beyond climate and streamflow to include information on economics,
cooperative networks among stakeholders, communication channels and protocols, and
other information depending on the contextual situation.

While current analysis tools are effective, the continued advancement of climate
science and hydrometeorology is needed to support improved models and forecasts. With
artificial intelligence, these should be poised for more effective transfer to all locations.
Streamflow models are already advanced, but improving usability and transferability is
needed. Ultimately, how well these support flood warning systems and flood mapping
provides a test for their adequacy. Flood mapping also depends on land use information
and keeping it current poses an ongoing challenge.

While climate science, hydrometeorology, and stream hydraulics require more re-
search, less is known about the consequences of floods. More work is needed, especially to
improve analysis of economic, social, and environmental categories. Vulnerability assess-
ments provide valuable information to help with decisions, but more focus on sensitive



Climate 2024, 12, 67 11 of 17

populations is needed. Social and environmental categories may be under-represented in
studies of consequences and vulnerability.

With respect to the five-step cascade presented by the APFM, flood risk can be reduced
by use of nature-based facilities like wetlands and green infrastructure as a few cases
demonstrate. However, more is known about these at small scales like low-intensity
development (LID) or the sponge city system in China than at large scales. Even at
small scales, promising advances are possible by implementation of appropriate land
use practices.

The knowledge base demonstrates a continuing trend to move from reliance on flood
control toward an approach based on resilience. Whereas the shift toward non-structural
solutions began more than fifty years ago, newer thinking moves from traditional measures
toward risk management with adaptation approaches applied through planning, response,
and recovery phases [116].

Although emphasis on structural solutions has diminished, the many levees, coastal
flood barriers, and flood control reservoirs indicate that a great deal of attention to mainte-
nance and management is needed. With rising threats from climate change, including sea
level, reevaluations of past studies and assumptions are needed. Like other physical infras-
tructures, deterioration in condition can increase risk, and vigilance in asset management is
required to ensure operational capacity.

Regulation of land use depends on effective governance at the local levels where
most settlement on or near flood plains occurs. In addition to the location of vulnerable
structures, flood proofing rules, together with enforcement, are needed. This can challenge
local governments that lack effective governance structures and arrangements, but the
inappropriate use of flood plains is a major cause of flood losses.

Raising awareness and preparedness levels goes together with other nonstructural
measures and requires effective communication systems for flood warnings, evacuation
notices, and other actions that must be taken by residents. Participation requires trust in
government authorities, which can be a difficult issue in some settings [117]. Floodplain
mapping is an essential tool to inform residents of hazards, and it requires continuing
attention to overcome sources of change.

The elements of IFM devoted to mitigating residual risk have been the subject of
many policy studies. Emergency management (EM) or other security-related frameworks
like disaster management and crisis management generally have the same phases of
preparedness, response, mitigation, and recovery. Planning is embodied in these, both in
terms of preventing damage and preparing to respond and recover from disasters.

In the US, the NFIP was approved to remove the government from the relief responsi-
bilities, but in its 50 years of operation, it has not proved possible to achieve such removal
completely. Individual responsibility is required, and it leaves some residents in quandaries
when they lack capacity to do so. The nation continues to seek ways to provide additional
institutional support to address emerging issues, and professional groups continue to study
policy needs and recommend administrative actions by the governing authorities [118].

Despite the measures in IFM, an increasing number of people continue to stand in
nature’s way. Floods do not always occur in flood plains, and this causes surprises, along
with climate change increases in flood magnitude. As a result, risk and litigation exposure
continue to increase.

Of the measures in IFM, governance stands out as the most important overarching tool
to promote effective implementation. As IFM has different strands, specific needs must be
outlined. As with any important program, political commitment is essential, or nothing will
happen. Once there is commitment, policy analysis can be meaningful. It should involve the
required legal and institutional frameworks to demarcate jurisdiction and responsibilities of
agencies. A funded mechanism for inter-agency coordination and cooperation is required to
oversee implementation of policies and plans. Like in IWRM, flood management objectives
must be outlined in clear terms and related to other sector policies.
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Shared governance requires a clear understanding of the organizational hierarchy and
management functions at the different jurisdictional levels. It might involve the delineation
of the spatial planning unit for IFM, such as the river basin. Institutional capacities must be
supported for all governmental levels and related agencies, such as river basin commissions,
land planning agencies, emergency management agencies, community groups, and any
other stakeholders with major roles, such as energy, housing, or transport authorities.

Capacity development should be a core function of IFM, and it will depend on levels
of economic development and investments in infrastructure and human resources. These
depend on the same factors that affect the effectiveness of government, such as institutional
arrangements, socio-economic conditions, and traditions and values. Without knowledge,
expertise, experience, and competence, neither IWRM nor IFM can succeed, and ongoing
training and practice programs will be essential. It is difficult to keep interest levels high
between emergencies, and authorities must not let apathy creep in.

9. Conclusions

Flood disasters seem to be worsening due to climatic and demographic factors, and the
IFM framework was developed two decades ago to provide a way to mobilize stakeholders
and methods to confront them. The IFM framework fits into the broader IWRM framework,
and both involve water and land issues in a nexus. These integrated approaches provide a
way to conceptualize the merger of multiple objectives, means, and stakeholders so that
their complex interrelationships can be understood. Considering the many global scenarios,
success of IFM and IWRM as integrated management approaches depends on governance
and institutional capacity as well as technological advances.

The review showed that technological progress continues to advance with methods
and tools such as remote sensing, monitoring, modeling, and assessment, but more atten-
tion is needed to address social and environmental concerns to go along with economic
risks. On the management side, integrative governance must focus on the need for shared
responsibility among levels and sectors of government and with the private sector, commu-
nity groups, and individuals. Such shared governance requires clear understanding of the
organizational hierarchies and management functions at the different jurisdictional levels.
In each of these stakeholder cohorts, capacity development must be a core function of IFM,
as it is with IWRM.

While technological progress is evident, specific advances are still needed, such as
improved data and decision support systems, which may lack political support and un-
derstanding. Continued advancement in climate science and hydrometeorology will lead
to better assessments and forecasts, and improved analysis methods for all categories of
impacts can lead to better decisions, even while environmental and social impacts are
difficult to measure.

Flood risks can be reduced by the use of nature-based facilities like wetlands and
green infrastructure, and these can go along with levees and measures to keep people
and property out of harm’s way. Floodplain mapping is needed for these strategies,
and it requires continuing attention to overcome sources of hydrologic and land use
changes. Physical flood infrastructure like flood barriers, levees, and flood control reservoirs
require vigilant condition assessment and care to ensure their reliability and robustness.
Nonstructural measures also require vigilance to ensure that they are ready and will
succeed, in areas like regulation of land use, flood proofing, and flood warning. Raising
awareness and preparedness levels is required if all stakeholders are to fill their roles and
this will require governance authorities to increase participation.

Ultimately, the key to advancement of IFM will lie in effective governance, capacity
building, and cooperative participatory approaches to reduce losses and hardships. Imple-
mentation of IFM may be slow, as it is with IWRM, but perseverance is needed for long-term
implementation and to avoid myopia. As always, political commitment is essential, or
nothing will happen. Effective explanations of the IFM and IWRM concepts can help. The
many advances and reforms that have been identified have been demonstrated in some
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places, but extension to broader spheres of application and to more stakeholders requires
vigilant approaches that must be based on sharing of knowledge and greater cooperation.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Rodell, M.; Li, B. Changing intensity of hydroclimatic extreme events revealed by GRACE and GRACE-FO. Nat. Water 2023, 1,

241–248. [CrossRef]
2. Munich Re. Flood Losses on the Rise. Available online: https://www.munichre.com/en/risks/natural-disasters/floods.html

(accessed on 7 April 2024).
3. Associated Programme on Flood Management. About Us. Available online: https://www.floodmanagement.info/about-apfm/

(accessed on 7 April 2024).
4. FLOODsite. Integrated Flood Risk Analysis and Management Methodologies. Available online: http://www.floodsite.net/

(accessed on 7 April 2024).
5. US Federal Emergency Management Agency. Intergovernmental Collaboration. Available online: https://www.fema.gov/

floodplain-management/intergovernmental (accessed on 7 April 2024).
6. Brazil, L.; Grigg, N.; Kummerow, C.; Waskom, R. Water and Climate: Charting the Path to a Sustainable Future. J. Water Resour.

Plan. Manag. 2017, 143, 1–3. [CrossRef]
7. Associated Programme on Flood Management. Overview Situation Paper on Flood Management Practices. Available online:

https://www.floodmanagement.info/publications/casestudies/cs_overview_paper.pdf (accessed on 7 April 2024).
8. Awah, L.S.; Belle, J.A.; Nyam, Y.S.; Orimoloye, I.R. A Systematic Analysis of Systems Approach and Flood Risk Management

Research: Trends, Gaps, and Opportunities. Int. J. Disaster Risk Sci. 2024, 15, 45–57. [CrossRef]
9. Díez-Herrero, A.; Garrote, J. Flood Risk Analysis and Assessment, Applications and Uncertainties: A Bibliometric Review. Water

2020, 12, 2050. [CrossRef]
10. Global Water Partnership. What Is IWRM? Available online: https://www.gwp.org/en/GWP-CEE/about/why/what-is-iwrm/

(accessed on 7 April 2024).
11. Hutter, G. Strategies for Flood Risk Management—A Process Perspective. In Flood Risk Management: Hazards, Vulnerability and

Mitigation Measures; NATO Science Series; Schanze, J., Zeman, E., Marsalek, J., Eds.; Springer: Dordrecht, The Netherlands, 2006;
Volume 67. [CrossRef]

12. Poole, M.S. Central Issues in the Study of Change and Innovation. In Handbook of Organizational Change and Innovation; Poole,
M.S., Van de Ven, A.H., Eds.; Oxford University Press: Oxford, UK, 2004; pp. 3–31.

13. Associated Programme on Flood Management. Integrated Flood Risk Management Cascade. Available online: https://www.
floodmanagement.info/integrated-flood-risk-management-cascade/ (accessed on 7 April 2024).

14. US Federal Emergency Management Agency. Emergency Management in the United States. Available online: https://training.
fema.gov/emiweb/downloads/is111_unit%204.pdf (accessed on 7 April 2024).

15. University of Central Florida. The Disaster Management Cycle: 5 Key Stages & How Leaders Can Help Prepare. Available online:
https://www.ucf.edu/online/leadership-management/news/the-disaster-management-cycle/ (accessed on 7 April 2024).

16. Macdonald, N.; Chester, D.; Sangster, H.; Todd, B.; Hooke, J. The significance of Gilbert F. White’s 1945 paper ‘Human adjustment
to floods’ in the development of risk and hazard management. Prog. Phys. Geogr. Earth Environ. 2011, 36, 125–133. [CrossRef]

17. Mitchell, C. The growing strength of the ‘Journal of Flood Risk Management’ community. J. Flood Risk Manag. 2023, 16, e12914.
[CrossRef]

18. Dordi, T.; Henstra, D.; Thistlethwaite, J. Flood risk management and governance: A bibliometric review of the literature. J. Flood
Risk Manag. 2022, 15, e12797. [CrossRef]

19. Surminski, S. Staying above Water: A Systemic Response to Rising Flood Risk. Available online: https://www.marshmclennan.
com/insights/publications/2023/february/staying-above-water-a-systemic-response-to-rising-flood-risk.html (accessed on 7
April 2024).

20. Rugland, E. Integrating Land Use and Water Management. Lincoln Institute of Land Policy. 2022. Available online: https:
//www.lincolninst.edu/publications/policy-briefs/integrating-land-use-water-management (accessed on 7 May 2024).

21. Cordia. A Large-Scale Systems Approach to Flood Risk Assessment and Management. Available online: https://cordis.europa.
eu/article/id/418251-flood-risk-assessed-at-the-large-scale-gives-a-clearer-picture (accessed on 7 April 2024).

22. Grigg, N.S. Systems engineering and water resources management: A closer relationship is needed. Syst. Eng. 2024, 27, 440–444.
[CrossRef]

23. Sayers, P.; Li, Y.; Galloway, G.; Penning-Rowsell, E.; Shen, F.; Wen, K.; Chen, Y. Flood Risk Management: A Strategic Ap-
proach. 2013. Available online: https://www.adb.org/publications/flood-risk-management-strategic-approach (accessed on 7
April 2024).

24. Global Environment Facility. Flood and Drought Portal. Flood and Drought Management Tools Project. 2024. Available online:
https://fdmt.iwlearn.org/en (accessed on 7 April 2024).

https://doi.org/10.1038/s44221-023-00040-5
https://www.munichre.com/en/risks/natural-disasters/floods.html
https://www.floodmanagement.info/about-apfm/
http://www.floodsite.net/
https://www.fema.gov/floodplain-management/intergovernmental
https://www.fema.gov/floodplain-management/intergovernmental
https://doi.org/10.1061/(asce)wr.1943-5452.0000832
https://www.floodmanagement.info/publications/casestudies/cs_overview_paper.pdf
https://doi.org/10.1007/s13753-024-00544-y
https://doi.org/10.3390/w12072050
https://www.gwp.org/en/GWP-CEE/about/why/what-is-iwrm/
https://doi.org/10.1007/978-1-4020-4598-1_19
https://www.floodmanagement.info/integrated-flood-risk-management-cascade/
https://www.floodmanagement.info/integrated-flood-risk-management-cascade/
https://training.fema.gov/emiweb/downloads/is111_unit%204.pdf
https://training.fema.gov/emiweb/downloads/is111_unit%204.pdf
https://www.ucf.edu/online/leadership-management/news/the-disaster-management-cycle/
https://doi.org/10.1177/0309133311414607
https://doi.org/10.1111/jfr3.12914
https://doi.org/10.1111/jfr3.12797
https://www.marshmclennan.com/insights/publications/2023/february/staying-above-water-a-systemic-response-to-rising-flood-risk.html
https://www.marshmclennan.com/insights/publications/2023/february/staying-above-water-a-systemic-response-to-rising-flood-risk.html
https://www.lincolninst.edu/publications/policy-briefs/integrating-land-use-water-management
https://www.lincolninst.edu/publications/policy-briefs/integrating-land-use-water-management
https://cordis.europa.eu/article/id/418251-flood-risk-assessed-at-the-large-scale-gives-a-clearer-picture
https://cordis.europa.eu/article/id/418251-flood-risk-assessed-at-the-large-scale-gives-a-clearer-picture
https://doi.org/10.1002/sys.21725
https://www.adb.org/publications/flood-risk-management-strategic-approach
https://fdmt.iwlearn.org/en


Climate 2024, 12, 67 14 of 17

25. World Bank. Water Resources Management. Available online: https://www.worldbank.org/en/topic/waterresourcesmanagement#2
(accessed on 7 April 2024).

26. United Nations. Monitoring and Reporting on Sustainable Development Goal 6. Background and Objectives. Available online:
https://www.sdg6data.org/en/about/background-and-objectives (accessed on 7 April 2024).

27. United Nations. Disaster Risk Reduction. Available online: https://sdgs.un.org/topics/disaster-risk-reduction (accessed on 7
April 2024).

28. IWRM Action Hub. Case Studies. Available online: https://iwrmactionhub.org/explore/case-studies (accessed on 7 April 2024).
29. Merz, B.; Kreibich, H.; Schwarze, R.; Thieken, A. Review article “Assessment of economic flood damage”. Nat. Hazards Earth Syst.

Sci. 2010, 10, 1697–1724. [CrossRef]
30. US Federal Emergency Management Agency. Natural Hazards. 2024. Available online: https://hazards.fema.gov/nri/natural-

hazards (accessed on 7 April 2024).
31. National Research Council. Tying Flood Insurance to Flood Risk for Low-Lying Structures in the Floodplain; The National Academies

Press: Washington, DC, USA, 2015. [CrossRef]
32. US Congressional Research Service. Introduction to the National Flood Insurance Program (NFIP). 2024. Available online:

https://crsreports.congress.gov/product/pdf/R/R44593 (accessed on 7 April 2024).
33. AMS Hydrometeorology. Available online: https://glossary.ametsoc.org/wiki/Hydrometeorology (accessed on 7 April 2024).
34. Sharma, S.; Gomez, M.; Keller, K.; Nicholas, R.; Mejia, A. Regional Flood Risk Projections under Climate Change. J. Hydrometeorol.

2021, 22, 2259–2274. [CrossRef]
35. Milly, P.C.; Betancourt, J.; Falkenmark, M.; Hirsch, R.M.; Kundzewicz, Z.W.; Lettenmaier, D.P.; Stouffer, R.J. Stationarity Is Dead:

Whither Water Management? Science 2008, 319, 573–574. [CrossRef]
36. Hershfield, D.M. Rainfall Frequency Atlas of the United States for Durations from 30 Minutes to 24 Hours and Return Periods

from 1 to 100 Years. Weather Bureau Technical Paper, No. 40. 1961. Available online: https://biotech.law.lsu.edu/blog/
TechnicalPaper_No40.pdf (accessed on 7 April 2024).

37. National Centers for Environmental Information. U.S. Climate Atlas. 2022. Available online: https://www.ncei.noaa.gov/access/
climateatlas/ (accessed on 7 April 2024).

38. Bonnin, G.M.; Martin, D.; Lin, B.; Parzbok, T.; Yekta, M.; Riley, D. NOAA Atlas 14 Precipitation-Frequency Atlas of the United
States. Volume 2 Version 3.0. 2006. Available online: https://www.weather.gov/media/owp/oh/hdsc/docs/Atlas14_Volume2
.pdf (accessed on 7 May 2024).

39. National Weather Service. NOAA Atlas-14 Program Summary. Office of Water Prediction. 2020. Available online: https:
//icwp.org/wp-content/uploads/2020/03/Atlas14_Program_OnePager_March022020.pdf (accessed on 7 April 2024).

40. Marekovic, T. The Climate Atlas for Europe. 2014. Available online: https://www.eumetnet.eu/emc_training_bulleti/climate-
atlas-europe/ (accessed on 7 April 2024).

41. European Environment Agency. National and Transnational Climate Atlases in Europe. 2021. Available online: https://www.
eea.europa.eu/publications/europes-changing-climate-hazards-1/national-and-transnational-climate-atlases-1 (accessed on 7
April 2024).

42. Myhre, G.; Alterskjær, K.; Stjern, C.W.; Hodnebrog, Ø.; Marelle, L.; Samset, B.H.; Sillmann, J.; Schaller, N.; Fischer, E.; Schulz, M.;
et al. Frequency of extreme precipitation increases extensively with event rareness under global warming. Sci. Rep. 2019, 9, 16063.
[CrossRef]

43. Tabari, H. Climate change impact on flood and extreme precipitation increases with water availability. Sci. Rep. 2020, 10, 13768.
[CrossRef]

44. Sun, Q.; Zhang, X.; Zwiers, F.; Westra, S.; Alexander, L.V. A Global, Continental, and Regional Analysis of Changes in Extreme
Precipitation. J. Clim. 2021, 34, 243–258. [CrossRef]

45. Unusually Usual: Extreme Rainfall Events on The Rise. Available online: https://vaseagrant.org/unusually-usual-extreme-
rainfall-events-rise/ (accessed on 7 April 2024).

46. Olafsdottir, H.K.; Rootzén, H.; Bolin, D. Extreme Rainfall Events in the Northeastern United States Become More Frequent with
Rising Temperatures, but Their Intensity Distribution Remains Stable. J. Clim. 2021, 34, 8863–8877. [CrossRef]

47. Yan, H.; Sun, N.; Wigmosta, M.S.; Duan, Z.; Gutmann, E.D.; Kruyt, B.; Arnold, J.R. The role of snowmelt temporal pattern in flood
estimation for a small snow-dominated basin in the Sierra Nevada. Water Resour. Res. 2023, 59, e2023WR034496. [CrossRef]

48. Zhou, G.; Cui, M.; Wan, J.; Zhang, S. A Review on Snowmelt Models: Progress and Prospect. Sustainability 2021, 13, 11485.
[CrossRef]

49. Salas, J.D.; Obeysekera, J.; Vogel, R.M. Techniques for assessing water infrastructure for nonstationary extreme events: A review.
Hydrol. Sci. J. 2018, 63, 325–352. [CrossRef]

50. Slater, L.J.; Anderson, B.; Buechel, M.; Dadson, S.; Han, S.; Harrigan, S.; Kelder, T.; Kowal, K.; Lees, T.; Matthews, T.; et al.
Nonstationary weather and water extremes: A review of methods for their detection, attribution, and management. Hydrol. Earth
Syst. Sci. 2021, 25, 3897–3935. [CrossRef]

51. Rodriguez-Iturbe, I.; Bras, R.L. Special Presentation: Bras Awarded 2007 Robert E. Horton Medal. Eos 2009, 90, 6. [CrossRef]
52. Teng, J.; Jakeman, A.J.; Vaze, J.; Croke BF, W.; Dutta, D.; Kim, S. Flood inundation modelling: A review of methods, recent

advances and uncertainty analysis. Environ. Model. Softw. 2017, 90, 201–216. [CrossRef]

https://www.worldbank.org/en/topic/waterresourcesmanagement#2
https://www.sdg6data.org/en/about/background-and-objectives
https://sdgs.un.org/topics/disaster-risk-reduction
https://iwrmactionhub.org/explore/case-studies
https://doi.org/10.5194/nhess-10-1697-2010
https://hazards.fema.gov/nri/natural-hazards
https://hazards.fema.gov/nri/natural-hazards
https://doi.org/10.17226/21720
https://crsreports.congress.gov/product/pdf/R/R44593
https://glossary.ametsoc.org/wiki/Hydrometeorology
https://doi.org/10.1175/jhm-d-20-0238.1
https://doi.org/10.1126/science.1151915
https://biotech.law.lsu.edu/blog/TechnicalPaper_No40.pdf
https://biotech.law.lsu.edu/blog/TechnicalPaper_No40.pdf
https://www.ncei.noaa.gov/access/climateatlas/
https://www.ncei.noaa.gov/access/climateatlas/
https://www.weather.gov/media/owp/oh/hdsc/docs/Atlas14_Volume2.pdf
https://www.weather.gov/media/owp/oh/hdsc/docs/Atlas14_Volume2.pdf
https://icwp.org/wp-content/uploads/2020/03/Atlas14_Program_OnePager_March022020.pdf
https://icwp.org/wp-content/uploads/2020/03/Atlas14_Program_OnePager_March022020.pdf
https://www.eumetnet.eu/emc_training_bulleti/climate-atlas-europe/
https://www.eumetnet.eu/emc_training_bulleti/climate-atlas-europe/
https://www.eea.europa.eu/publications/europes-changing-climate-hazards-1/national-and-transnational-climate-atlases-1
https://www.eea.europa.eu/publications/europes-changing-climate-hazards-1/national-and-transnational-climate-atlases-1
https://doi.org/10.1038/s41598-019-52277-4
https://doi.org/10.1038/s41598-020-70816-2
https://doi.org/10.1175/jcli-d-19-0892.1
https://vaseagrant.org/unusually-usual-extreme-rainfall-events-rise/
https://vaseagrant.org/unusually-usual-extreme-rainfall-events-rise/
https://doi.org/10.1175/JCLI-D-20-0938.1
https://doi.org/10.1029/2023WR034496
https://doi.org/10.3390/su132011485
https://doi.org/10.1080/02626667.2018.1426858
https://doi.org/10.5194/hess-25-3897-2021
https://doi.org/10.1029/2009EO010008
https://doi.org/10.1016/J.ENVSOFT.2017.01.006


Climate 2024, 12, 67 15 of 17

53. US Geological Survey. Model Development. Available online: https://www.usgs.gov/programs/water-availability-and-use-
science-program/model-development (accessed on 7 April 2024).

54. US Agricultural Research Service. KINEROS. 2022. Available online: https://www.ars.usda.gov/research/software/download/
?softwareid=KINEROS&modecode=20-22-10-00 (accessed on 7 April 2024).

55. US Army Corps of Engineers. HEC-HMS. 2022. Available online: https://www.hec.usace.army.mil/software/hec-hms/
(accessed on 7 April 2024).

56. US Natural Resources Conservation Service. Resources. Available online: https://www.nrcs.usda.gov/programs-initiatives/
watershed-and-flood-prevention-operations-wfpo-program (accessed on 7 April 2024).

57. ReFH2 Technical Guide. The FEH Methods. Available online: https://refhdocs.hydrosolutions.co.uk/The-ReFH2-Model/
Introduction/ (accessed on 7 April 2024).

58. Mike. Hydrology. Available online: https://www.mikepoweredbydhi.com/products/mike-11/hydrology (accessed on 7
April 2024).

59. UK Centre for Ecology & Hydrology. Flood Estimation Handbook. Available online: https://www.ceh.ac.uk/our-science/
projects/flood-estimation-handbook (accessed on 7 April 2024).

60. National Research Council. Improving American River Flood Frequency Analyses; The National Academies Press: Washington, DC,
USA, 1999. [CrossRef]

61. Coy, P. Hopes for the Year ahead. 2 January. New York Times. 2023. Available online: https://www.nytimes.com/2023/01/02
/opinion/hopes-for-new-year-2023.html (accessed on 7 April 2024).

62. England, J.F., Jr.; Cohn, T.A.; Faber, B.A.; Stedinger, J.R.; Thomas, W.O., Jr.; Veilleux, A.G.; Kiang, J.E.; Mason, R.R., Jr. Guidelines
for determining flood flow frequency—Bulletin 17C; Techniques and Methods; U.S. Geological Survey: Reston, VA, USA, 2019; Book 4,
Chapter B5; 148p. [CrossRef]

63. US Geological Survey. Flood Frequency Reports. 2022. Available online: https://www.usgs.gov/mission-areas/water-resources/
science/flood-frequency-reports (accessed on 7 April 2024).

64. Liu, X. Open-Channel Hydraulics: From Then to Now and Beyond. In Modern Water Resources Engineering. Handbook of
Environmental Engineering; Wang, L., Yang, C., Eds.; Humana Press: Totowa, NJ, USA, 2014. [CrossRef]

65. Néelz, S.; Pender, G. Environment Agency Report Benchmarking the Latest Generation of 2D Hydraulic Modelling Pack-
ages (Report SC120002); Department for Environmental Food and Rural Affairs: Bristol, UK, 2013. Available online:
https://www.gov.uk/government/publications/river-modelling-technical-standards-and-assessment/hydraulic-modelling-
best-practice-model-approach (accessed on 7 April 2024).

66. USACE Benchmarking of the HEC-RAS Two-Dimensional Hydraulic Modeling Capabilities. Available online: https://www.hec.
usace.army.mil/software/hec-ras/documentation/RD-51_Benchmarking_2D.pdf (accessed on 7 April 2024).

67. US FEMA. Guidance for Floodway Analysis and Mapping, Guidance Document No. 79 November 2023. Available online:
https://www.fema.gov/sites/default/files/documents/fema_floodway-analysis-and-mapping.pdf (accessed on 7 April 2024).

68. Mudashiru, R.B.; Sabtu, N.; Abustan, I.; Balogun, W. Flood hazard mapping methods: A review. J. Hydrol. 2021, 603, 126846.
[CrossRef]

69. Ghosh, S. History of Photogrammetry. The International Society for Photogrammetry and Remote Sensing. Available online:
https://www.isprs.org/proceedings/xxix/congress/part6/311_xxix-part6.pdf (accessed on 7 April 2024).

70. Shastry, A.; Carter, E.; Coltin, B.; Sleeter, R.; McMichael, S.; Eggleston, J. Mapping floods from remote sensing data and quantifying
the effects of surface obstruction by clouds and vegetation. Remote Sens. Environ. 2023, 291, 113556. [CrossRef]

71. US FEMA. National Digital Orthophoto Program (NDOP). Available online: https://hazards.fema.gov/femaportal/docs/
National%20Digital%20Orthophoto%20Program_2007.pdf (accessed on 7 April 2024).

72. National Research Council. Mapping the Zone: Improving Flood Map Accuracy; The National Academies Press: Washington, DC,
USA, 2009. [CrossRef]

73. National Research Council. Elevation Data for Floodplain Mapping; The National Academies Press: Washington, DC, USA, 2007.
[CrossRef]

74. US Geological Survey. What Is 3DEP? Available online: https://www.usgs.gov/3d-elevation-program/what-3dep (accessed on
7 April 2024).

75. National Weather Service. Advanced Hydrological Prediction Service. 2022. Available online: https://water.weather.gov/ahps/
about/about.php (accessed on 7 April 2024).

76. US Geological Survey. US Geological Survey Stream Gaging Network. 2022. Available online: https://www.usgs.gov/mission-
areas/water-resources/science/usgs-streamgaging-network (accessed on 7 April 2024).

77. National Weather Service. Quantitative Precipitation Forecasts. 2022. Available online: https://www.wpc.ncep.noaa.gov/qpf/
qpf2.shtml (accessed on 7 April 2024).

78. Geophysical Fluid Dynamics Laboratory. Climate Modeling Downscaling. 2022. Available online: https://www.gfdl.noaa.gov/
climate-model-downscaling/ (accessed on 7 April 2024).

79. Schmid, F.; Wang, Y.; Harou, A. Nowcasting Guidelines—A Summary. World Meteorological Organization. Bulletin 68(2). 2019.
Available online: https://library.wmo.int/viewer/55666?medianame=1198_en_#page=1&viewer=picture&o=bookmark&n=
0&q= (accessed on 7 April 2024).

https://www.usgs.gov/programs/water-availability-and-use-science-program/model-development
https://www.usgs.gov/programs/water-availability-and-use-science-program/model-development
https://www.ars.usda.gov/research/software/download/?softwareid=KINEROS&modecode=20-22-10-00
https://www.ars.usda.gov/research/software/download/?softwareid=KINEROS&modecode=20-22-10-00
https://www.hec.usace.army.mil/software/hec-hms/
https://www.nrcs.usda.gov/programs-initiatives/watershed-and-flood-prevention-operations-wfpo-program
https://www.nrcs.usda.gov/programs-initiatives/watershed-and-flood-prevention-operations-wfpo-program
https://refhdocs.hydrosolutions.co.uk/The-ReFH2-Model/Introduction/
https://refhdocs.hydrosolutions.co.uk/The-ReFH2-Model/Introduction/
https://www.mikepoweredbydhi.com/products/mike-11/hydrology
https://www.ceh.ac.uk/our-science/projects/flood-estimation-handbook
https://www.ceh.ac.uk/our-science/projects/flood-estimation-handbook
https://doi.org/10.17226/6483
https://www.nytimes.com/2023/01/02/opinion/hopes-for-new-year-2023.html
https://www.nytimes.com/2023/01/02/opinion/hopes-for-new-year-2023.html
https://doi.org/10.3133/tm4B5
https://www.usgs.gov/mission-areas/water-resources/science/flood-frequency-reports
https://www.usgs.gov/mission-areas/water-resources/science/flood-frequency-reports
https://doi.org/10.1007/978-1-62703-595-8_2
https://www.gov.uk/government/publications/river-modelling-technical-standards-and-assessment/hydraulic-modelling-best-practice-model-approach
https://www.gov.uk/government/publications/river-modelling-technical-standards-and-assessment/hydraulic-modelling-best-practice-model-approach
https://www.hec.usace.army.mil/software/hec-ras/documentation/RD-51_Benchmarking_2D.pdf
https://www.hec.usace.army.mil/software/hec-ras/documentation/RD-51_Benchmarking_2D.pdf
https://www.fema.gov/sites/default/files/documents/fema_floodway-analysis-and-mapping.pdf
https://doi.org/10.1016/j.jhydrol.2021.126846
https://www.isprs.org/proceedings/xxix/congress/part6/311_xxix-part6.pdf
https://doi.org/10.1016/j.rse.2023.113556
https://hazards.fema.gov/femaportal/docs/National%20Digital%20Orthophoto%20Program_2007.pdf
https://hazards.fema.gov/femaportal/docs/National%20Digital%20Orthophoto%20Program_2007.pdf
https://doi.org/10.17226/12573
https://doi.org/10.17226/11829
https://www.usgs.gov/3d-elevation-program/what-3dep
https://water.weather.gov/ahps/about/about.php
https://water.weather.gov/ahps/about/about.php
https://www.usgs.gov/mission-areas/water-resources/science/usgs-streamgaging-network
https://www.usgs.gov/mission-areas/water-resources/science/usgs-streamgaging-network
https://www.wpc.ncep.noaa.gov/qpf/qpf2.shtml
https://www.wpc.ncep.noaa.gov/qpf/qpf2.shtml
https://www.gfdl.noaa.gov/climate-model-downscaling/
https://www.gfdl.noaa.gov/climate-model-downscaling/
https://library.wmo.int/viewer/55666?medianame=1198_en_#page=1&viewer=picture&o=bookmark&n=0&q=
https://library.wmo.int/viewer/55666?medianame=1198_en_#page=1&viewer=picture&o=bookmark&n=0&q=


Climate 2024, 12, 67 16 of 17

80. Qi, Y.; Chan, F.K.S.; O’Donnell, E.C. Exploring the Development of the Sponge City Program (SCP): The Case of Gui’an New
District, Southwest China. Front. Water 2021, 3, 676965. [CrossRef]

81. Stokstad, E. Dams Are Supposed to Prevent Floods. Some May Make Them Worse. 2022. Available online: https://www.science.
org/content/article/dams-are-supposed-prevent-floods-some-may-make-them-worse (accessed on 7 April 2024).

82. Post, R. How Well-Managed Dams and Smart Forecasting Can Limit Flooding as Extreme Storms Become More Common in a
Warming World. 2023. Available online: https://theconversation.com/how-well-managed-dams-and-smart-forecasting-can-
limit-flooding-as-extreme-storms-become-more-common-in-a-warming-world-210052 (accessed on 7 April 2024).

83. EveryCRSReport.com. Levee Safety and Risk: Status and Considerations. Available online: https://www.everycrsreport.com/
reports/IF10788.html (accessed on 7 April 2024).

84. WEF Stormwater Report. New York City Earmarks $400 Million for Flood Infrastructure, Information. Available online:
https://stormwater.wef.org/2023/03/new-york-city-earmarks-400-million-for-flood-infrastructure-information/ (accessed on 7
April 2024).

85. Asterra. Major Disasters: Why We Can No Longer Tolerate Complacency or Reactive Strategies for Infrastructure Failures.
2023. Available online: https://asterra.io/resources/major-disasters-why-we-can-no-longer-tolerate-complacency-or-reactive-
strategies-for-infrastructure-failures/ (accessed on 7 April 2024).

86. APFM. Selecting Measures and Designing Strategies for Integrated Flood Management. Available online: https://www.
floodmanagement.info/guidance-document/ (accessed on 7 April 2024).

87. Grigg, N. Providing Effective Means to Reform the National Flood Insurance Program through Risk Mapping. J. Sustain. Water
Built Environ. 2020, 6, 02520001. [CrossRef]

88. Díez-Herrero, A.; Garrote, J. Flood Risk Assessments: Applications and Uncertainties. Water 2020, 12, 2096. [CrossRef]
89. Aven, T. Society for Risk Analysis Glossary; Committee on Foundations of Risk Analysis, Society for Risk Analysis (SRA): McLean,

VA, USA, 2015; p. 15.
90. ISO Guide 73:2009; Risk Management-Vocabulary. International Organization for Standardization (ISO): Vernier, Switzerland,

2009; p. 15.
91. United Nations Office of Disaster Risk Reduction. Disaster Risk Assessment. 2024. Available online: https://www.undrr.org/

terminology/disaster-risk-assessment (accessed on 7 April 2024).
92. Maskrey, S.A.; Mount, N.J.; Thorne, C.R. Doing flood risk modelling differently: Evaluating the potential for participatory

techniques to broaden flood risk management decision-making. J. Flood Risk Manag. 2022, 15, e12757. [CrossRef]
93. Garrote, J.; Gutiérrez-Pérez, I.; Díez-Herrero, A. Can the quality of the potential flood risk maps be evaluated? A case study of the

social risks of floods in Central Spain. Water 2019, 11, 1284. [CrossRef]
94. Flanagan, B.E.; Gregory, E.W.; Hallisey, E.J.; Heitgerd, J.L.; Lewis, B. A Social Vulnerability Index for Disaster Management. J.

Homel. Secur. Emerg. Manag. 2011, 8, 0000102202154773551792. [CrossRef]
95. Tascón-González, L.; Ferrer-Julià, M.; Ruiz, M.; García-Meléndez, E. Social vulnerability assessment for flood risk analysis. Water

2020, 12, 558. [CrossRef]
96. de Bruijn, K.M.; Jafino, B.A.; Merz, B.; Doorn, N.; Priest, S.J.; Dahm, R.J.; Zevenbergen, C.; Aerts, J.C.J.H.; Comes, T. Flood risk

management through a resilience lens. Commun Earth Env. 2022, 3, 285. [CrossRef]
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