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Abstract

River flood management is a complex, multidimensional challenge that requires the integra-
tion of technical, social, and regulatory perspectives, among others. This study examines the
main challenges in achieving sustainable river flood management and provides a compre-
hensive framework for addressing them. It explores approaches to mitigate the increasing
frequency and severity of river floods, which are worsened by urban expansion and climate
change. This study distinguishes river floods from other types, highlighting their specific
characteristics and impacts. It presents a timeline of flood management, from traditional
levee construction to modern integration in water resources management. Three critical
perspectives are included: the Social Component, which stresses the importance of com-
munity engagement, equitable risk distribution, and cultural considerations; the Technical
Component, which evaluates current technologies such as predictive hydrological models,
green infrastructure, and early warning systems; and the Regulatory Component, which
reviews existing policies and legal frameworks, noting gaps in international cooperation and
enforcement. The paper emphasizes the need for interdisciplinary collaboration and robust
governance. By addressing these core challenges, it offers insights for policymakers, engineers,
and stakeholders seeking to mitigate flood risks in a rapidly changing world.

Keywords: flood management; river floods; floodplains; legal framework; technical issues;
social component

1. Introduction
Sustainable river flood management represents one of the most pressing challenges

facing contemporary society as climate change intensifies extreme weather events and rapid
urbanization increases vulnerability in flood-prone areas. The increasing frequency and
severity of river floods worldwide have transformed flood management from a primarily
engineering concern into a complex, multidisciplinary challenge requiring the integration
of technical innovation, social considerations, and robust regulatory frameworks. This
transformation reflects a fundamental shift from traditional flood control approaches, which
relied heavily on structural measures like levees and dams, toward more comprehensive
risk management strategies that recognize the inherent uncertainties and the need for
adaptive and ecological solutions.

The economic and social implications of river flooding continue to escalate globally,
with projected annual damages exceeding USD 1 trillion by 2050 as populations and assets
increasingly concentrate in flood-vulnerable areas [1]. Recent catastrophic events, such as
the 2021 German Ahr Valley floods, which generated peak discharges several times higher
than historical averages, and the 2024 flooding in Valencia, Spain, demonstrate the limita-
tions of existing flood management infrastructure when confronted with unprecedented
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hydrological conditions. The Ahr Valley represents a temperate central European river
basin, while Valencia exemplifies the semi-arid, torrential Mediterranean catchments of
southern Europe. Both regions face unique hydrological risks and urbanization pressures,
offering insights into the diverse failures. These events show the critical need for manage-
ment approaches that can accommodate non-stationary climate conditions while addressing
the complex interactions between human development and natural flood processes.

Contemporary flood management faces fundamental challenges that extend beyond
traditional hydraulic engineering. Climate change is altering precipitation patterns globally,
with atmospheric water-holding capacity increasing due to the rise in temperature, leading
to more intense rainfall events that exceed the design capacity of existing infrastructure.
Recent IPCC assessments provide high confidence that extreme precipitation events are
increasing, which has contributed to a greater frequency and magnitude of river floods
globally. However, there remains low confidence in detecting consistent regional changes
in river flooding, as outcomes are highly dependent upon local catchment characteristics
and evolving land use [2]. Simultaneously, urbanization processes are fundamentally
modifying catchment hydrology through increased imperviousness, altered drainage pat-
terns, and encroachment into natural floodplains, creating conditions where urban areas
can experience flood peaks up to 10 times higher than comparable rural areas. These
physical changes occur within social contexts characterized by persistent environmental in-
justices, where marginalized populations face disproportionate flood exposure and limited
adaptive capacity.

The evolution of flood management thinking has progressed through several paradig-
matic shifts, from ancient civilizations’ empirical approaches to modern integrated water
resources management frameworks. Historical analysis reveals that while engineering
capabilities have advanced dramatically, fundamental challenges persist in balancing flood
protection with nature preservation, economic development with safety, and individual
property rights with collective risk reduction. The emergence of concepts such as “living
with floods” and “room for rivers” reflects the growing recognition that sustainable flood
management requires working with natural processes rather than attempting to completely
control them.

Current research reveals significant gaps in understanding the interactions between
technical, social, and regulatory components of flood management systems. Despite
substantial advances in hydrological modeling, hydraulic analysis, and monitoring tech-
nologies, integrating these technical capabilities with social vulnerability assessments and
regulatory frameworks remains a significant challenge.

The regulatory landscape for flood management exhibits considerable variation across
jurisdictions, creating challenges for coordinated action in transboundary river systems.
The European Union Floods Directive of 2007 represents an ambitious attempt to harmo-
nize flood risk management across European Union member states, yet implementation
experiences reveal persistent difficulties in balancing technical requirements with local
social and political contexts. Legal frameworks must address complex trade-offs between
development pressures, environmental protection, and flood safety while adapting to
changing climate conditions and the evolving scientific understanding of flood processes.

Key global trends in flood frequency, severity, and socioeconomic impacts have shifted
markedly over recent decades. The frequency of flood events (especially small- and
medium-scale floods) has increased globally, a trend driven by a combination of climate
variability, more frequent extreme precipitation, rapid urbanization, and changes in land
use that increase vulnerability in flood-prone areas [3]. Despite this rising number of flood
events and the growing exposure of populations and assets, there has been a notable global
decline in flood-related fatalities, particularly in Europe and other high-income regions.
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These global and regional trends mask significant local variation. Some regions have seen
increased exposure and losses due to concentrated development in flood-prone areas, while
others have benefited from declining exposure and improved resilience. The socioeconomic
impacts of floods remain most severe in low- and middle-income countries, where limited
infrastructure, lack of insurance, and weak institutional capacity hinder effective disaster
response and recovery. Moreover, the economic costs of flooding continue to rise in many
rapidly urbanizing regions, as higher-value infrastructure and denser populations are
increasingly at risk.

This paper aims to provide a comprehensive framework for understanding and ad-
dressing the core challenges facing sustainable river flood management through systematic
analysis of technical, social, and regulatory components and their interactions. By examin-
ing diverse flood types, historical management evolution, and contemporary case studies
from multiple global contexts, this research seeks to identify key principles and strategies
for the development of more effective, equitable, and sustainable flood management sys-
tems. The analysis integrates insights from hydrology, hydraulic engineering, social science,
and legal issues to develop references for policymakers, practitioners, and researchers
working to reduce flood risks.

This paper is focused on river floods. As explained in Section 3, this type of flood
differs fundamentally from pluvial and compound flood events in both their primary
drivers and spatiotemporal characteristics. River floods are typically caused by prolonged
and/or intense precipitation over the upstream catchment, leading to a gradual rise and
overtopping of riverbanks, often affecting large areas for several days to weeks as water
flows downstream.

2. Methodology
Understanding the varied characteristics and underlying mechanisms of different

flood types provides essential knowledge for developing effective management strategies.
While this analysis focuses specifically on river floods, comprehensive risk management re-
quires recognition that multiple flood types often interact within the same geographic areas,
creating compound risks that demand integrated assessment and response approaches.

This research uses a qualitative, integrative, and interdisciplinary methodology to
explore the core challenges of sustainable river flood management. The analysis combines
documentary research, case study review, and synthesis of the scientific literature drawn
from the fields of engineering, hydrology, social sciences, and law. Rather than relying
on a single analytical framework, this study builds a structured conceptual analysis that
integrates empirical insights with theoretical perspectives.

A review of the scientific literature was conducted through targeted searches in
databases such as Scopus, Web of Science, and Google Scholar using keywords includ-
ing “river flood management”, “flood governance”, “hydrological modeling”, “flood risk
regulation” and “social vulnerability”. Emphasis was placed on peer-reviewed sources
published in the last decade, although foundational and widely cited references were also
included to ensure continuity of knowledge. In parallel, legal frameworks and policy docu-
ments were selected for their regulatory relevance, regional impact, and representativeness
of broader governance trends, most notably the European Union Floods Directive and
international water law principles.

To enhance the practicality and contextual richness of the analysis, recent real-world
flood events were incorporated as illustrative case studies. These cases were chosen for their
relevance in highlighting challenges related to infrastructure capacity, early warning, social
vulnerability, and legal response. The different types of flooding discussed (e.g., fluvial,
pluvial, coastal, flash, and structural failure) were categorized and examined through
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their physical, temporal, and spatial attributes, enabling clearer differentiation of their risk
profiles and management implications.

The analytical structure of the study is organized along three core issues: technical,
social, and regulatory, which represent the key dimensions shaping flood management.
These axes were cross-referenced with the five classic phases of disaster risk management:
prevention, mitigation, preparedness, response, and recovery. This structure allowed for
a systematic and coherent evaluation of each component, facilitating the identification of
both recurring challenges and strategic opportunities across disciplinary boundaries.

By adopting this comprehensive methodological framework, the study seeks to present
a holistic perspective on the complexities of river flood risk and management. The approach
highlights the interconnectedness of physical processes, societal factors, legal frameworks
and institutional practices, encouraging the development of integrated and adaptive man-
agement strategies.

3. Types of Floods
3.1. Overview

Although this paper focuses mainly on river floods, effective risk management must
address all flood types, as each requires distinct strategies for mitigation, preparedness,
response, and recovery. This section outlines five main flood types, namely, river, pluvial,
coastal, flash, and those caused by structural failure, assessing their physical drivers and
implications for sustainable planning and management (see Table 1).

Table 1. Types of floods (adapted from several sources; see, e.g., [3,4]).

Flood Type Fluvial (Riverine) Pluvial (Urban) Coastal Flash Flood Structural Failure

Trigger
Prolonged rainfall,
snowmelt, ice-jam

obstruction

Intense rainfall
exceeding

drainage capacity

Storm surges, high
tides, cy-

clones/hurricanes,
sea level rise

Intense rainfall,
rapid snowmelt,

dam failure,
ice-jam burst

Dam/levee breach,
blocked drainage

systems

Severity Factors

Rainfall
duration/intensity,
catchment terrain,

soil saturation,
antecedent

moisture, climate

Impermeable
surface coverage,

drainage
infrastructure, land

use, storm
intensity

Tide levels, wind
intensity, sea level

rise, land
subsidence, coastal

alterations

Rainfall rate,
terrain steepness,

soil
imperviousness,
storm stalling or

repetition

Structural design
flaws, extreme

rainfall,
maintenance

failure, seismic
triggers

Risks

Large-area
inundation, crop

and property
damage, possible

fatalities if
unprepared

Urban property
damage, service

disruption,
waterborne disease
risk, psychological

stress

Coastal
inundation,

infrastructure loss,
erosion, human
displacement

High fatality risk,
infrastructure

collapse, debris
flow, extreme

sediment transport

Catastrophic
flooding,

high-velocity flow,
infrastructure and

environmental
devastation

Mitigation

Forecasting,
floodplain
restoration,

adaptive
infrastructure,
nature-based

solutions

Sustainable
drainage, urban
planning, green

infrastructure (e.g.,
permeable
surfaces)

Sea walls,
dune/mangrove

restoration, coastal
zone management,
elevation-adapted

shelters

Satellite-based
nowcasting,

machine learning
early warning

systems, public
awareness

Real-time
monitoring,

sensors, hazard
mapping, early

warnings, drainage
maintenance

Examples

Upper Danube
Basin study (2021):

62% of extreme
floods from
saturated

catchments +
rainfall

2022 Polish study:
68% impervious
surface = high

flood frequency;
2020 Milan flood

(EUR 200M
damage)

Storm Xynthia
(2020): 1.5 m surge,
EUR 1.4B damage;

Cyclone Freddy
(2023): 65% lacked

shelter access

2021 China Jinhua
Basin: 31% of

casualties from
only 19% of

volume

2013 Toronto flood
from blocked

drains
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The duration of flood events varies significantly depending on the type of flood,
primarily due to their causes and environmental context (see Figure 1).

Figure 1. Duration of events depending on the type of flood.

Fluvial floods typically develop gradually over days to weeks as rivers overflow their
banks due to prolonged rainfall. This slow onset allows for some warning and preparation,
but the extended duration can lead to widespread and persistent damage. In contrast,
pluvial floods, which occur in urban areas when intense rainfall overwhelms drainage
systems, usually last from several hours to a few days. These events can disrupt city life
and infrastructure, but generally recede more quickly than riverine floods. Coastal floods,
driven by storm surges or high tides, usually occur over a period of hours to days, often
coinciding with severe weather events like hurricanes. Flash floods and floods caused by
structural failures, such as dam or levee breaches, are the most abrupt, developing within
minutes to hours. These sudden floods pose significant risks to life and property due to
their rapid onset and powerful water flow, leaving little time for warning or evacuation.
Understanding the typical duration of each flood type is crucial for effective emergency
response and mitigation strategies.

3.2. River (Fluvial or Riverine) Floods

River floods, also known as fluvial or riverine floods, occur when the water level in a
river, creek, or stream rises, allowing water to flow onto the surrounding land. When rivers
exceed their channel capacity due to prolonged rainfall, snowmelt, or ice-jam obstructions,
floodplain are inundated. These events typically develop over days to weeks, with inunda-
tion patterns strongly tied to watershed characteristics and antecedent soil moisture [5].
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The severity of a river flood is mainly determined by the terrain profile and the
duration and intensity of rainfall in the river’s catchment area. Other factors include soil
water saturation and climate change effects on rainfall duration and intensity. In flatter
areas, floodwater tends to rise more slowly and be shallower but can remain for days. In
hilly or mountainous areas, flood processes may be faster—especially right after a heavy
rain—drain very quickly, and cause additional damage due to debris flow [6].

The damage from a river flood can be increased, as the overflow affects smaller rivers
downstream, which can cause dams and dikes to break (see Section 4.6 related to floods
due to structural failure). In any case, the processes involving the interactions between
the slower flow in the main channel and the faster flow in the floodplains must be taken
into account [7,8].

The 2021 study of the Upper Danube River Basin demonstrated that 62% of extreme
fluvial floods resulted from multi-day rainfall events interacting with saturated catchments,
emphasizing the role of basin-scale hydrological processes [4].

Recent mitigation strategies increasingly prioritize nature-based solutions, such as
floodplain restoration, which can reduce peak discharges by 15–25% in medium-sized
basins [9]. However, the 2021 German Ahr Valley floods revealed systemic vulnerabilities
in legacy flood infrastructure, showing the need for adaptive design standards that account
for changing precipitation regimes [5].

Fluvial floods can create significant economic damage due to their extensive reach
and duration, as their effects can be widespread and long-lasting. They can inundate vast
stretches of land, damaging crops, infrastructure, and property. River floods also have the
potential to alter landscapes by depositing sediment and reshaping river channels. In some
cases, these floods can lead to the displacement of communities and disruption of economic
activities for extended periods. Despite their slower onset compared to flash floods, river
floods remain a significant challenge for flood management and mitigation strategies.

3.3. Pluvial (Urban) Floods

Pluvial (or urban) floods results from intense rainfall that exceeds the capacity of
urban drainage systems, occurring independently of overflowing rivers or other water
bodies. Typically forming gradually, these floods allow time for evacuation and usually
involve shallow water depths (often under one meter) posing minimal immediate risk to
life but potentially causing substantial economic losses.

The impact of pluvial floods can be particularly severe in urban areas with large im-
permeable surfaces. A study of 36 Polish urban catchments identified that pluvial flooding
becomes frequent when impervious surface coverage exceeds 68%, emphasizing land use
over drainage capacity as the main driver [10]. The 2020 Milan floods, triggered by 142 mm
of rain in just three hours, caused EUR 200 million in damage despite the city’s advanced
stormwater infrastructure, highlighting how urbanization intensifies pluvial risks [9].

These floods can cause substantial damage to properties, disrupt transportation, and
lead to economic losses. Managing pluvial floods often requires improved urban plan-
ning, enhanced drainage systems, and the implementation of sustainable urban drainage
solutions to increase water absorption and reduce runoff.

3.4. Coastal Floods

Coastal floods occur when seawater submerges dry and low-lying land [5]. These
floods can result from various factors, including high tides, spring tides, and storm surges,
especially when compounded by high winds [5,11]. Low-pressure systems like tropical
storms, hurricanes, and cyclones play a significant role in causing coastal flooding by
bringing strong winds and heavy rainfall, contributing to rising sea levels [11].
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The impact of coastal flooding has intensified due to climate change effects such as
sea level rise and an increase in extreme weather events [5]. Human modifications to
coastal environments, such as groundwater extraction leading to land subsidence and the
construction of sea walls altering natural beach processes, can exacerbate coastal flooding
risks [5]. To mitigate these risks, both structural methods (like sea walls) and non-structural
approaches (such as coastal management and behavioral adaptations) are employed [5].
Natural defenses, including gravel bars, sand dune systems, and ecosystems like mangroves
and salt marshes, also play a crucial role in buffering against coastal flooding [5].

Coastal inundation combines storm surges, tidal variations, and sea-level rise, with
compound events (e.g., surge + rainfall) increasing 137% in frequency since 2000 along
European coasts [12].

3.5. Flash Floods

Flash floods are sudden, short-duration flood events triggered by intense rainfall, often
from severe thunderstorms, hurricanes, or tropical storms [6]. They may also be caused by
rapid snowmelt or sudden releases of water due to ice jams. These floods are especially
dangerous in areas with steep terrain or urban environments where impermeable surfaces
accelerate runoff [6].

Characterized by their rapid onset—occurring within minutes to a few hours—flash
floods can inundate low-lying areas with little or no warning. Their power is rather high,
capable of sweeping away vehicles, uprooting trees, shifting boulders, and destroying
buildings and infrastructure [4].

Flash floods pose significant risks to life and property and their disproportionate
danger is illustrated in global examples. On average, they cause more fatalities in the
U.S. than tornadoes, hurricanes, or lightning [6]. Beyond immediate destruction, they can
deposit massive amounts of sediment and damage vegetation not adapted to frequent
flooding [6]. A 2021 hydrological study in China’s Jinhua Basin found that although flash
floods accounted for only 19% of total flood volume, they were responsible for 31% of
flood-related casualties [13].

To mitigate these threats, advanced forecasting tools are being developed. One of the
examples is machine learning models that may integrate satellite rainfall data to predict
flash floods up to 12 h in advance [14]. The precise accuracy of such systems can vary
widely depending on the volume and quality of training data, as well as the selection of
input. Although these tools offer promising support for early warning systems, rapid onset-
and infrastructure-related limitations still pose challenges for timely response.

3.6. Floods by Structural Failure

Floods caused by structural failure occur when man-made structures designed to
control or contain water (e.g., dams or levees) fail due to design flaws, poor maintenance,
natural wear, or extreme external pressure.

Dam-break floods are among the most catastrophic hydrological events, occurring
when a dam fails and releases a sudden, massive volume of water downstream. The causes
of such failures can be structural deficiencies, overtopping due to extreme rainfall, seismic
activity, poor maintenance, or even deliberate human actions.

Though rare (<0.1% of flood events), dam failures produce catastrophic inundation
waves propagating at velocities exceeding 20 m/s [12]. The unpredictability and rapid onset
of dam-break floods make early warning systems critically important for risk reduction
and disaster response. Unlike riverine floods, which may develop over hours or days, dam-
break floods can inundate downstream communities with little or no warning. Modern
flood risk management emphasizes the integration of real-time monitoring, structural
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health assessment, and advanced hydrodynamic modeling to predict potential failure
scenarios and downstream inundation zones. Early warning systems must be capable of
detecting both meteorological triggers (such as extreme rainfall) and structural anomalies
in dams, disseminating alerts through multiple communication channels including sirens,
radio, mobile networks, and digital platforms. The effectiveness of these systems depends
not only on technological reliability but also on public education, preparedness drills, and
clear evacuation protocols [6].

Recent advances in remote sensing, digital elevation modeling, and artificial intel-
ligence have further enhanced the ability to predict and map dam-break flood hazards.
For example, the use of high-resolution satellite data and digital terrain models enables
authorities to delineate flood hazard zones, estimate travel times of flood waves, and
identify critical infrastructure and vulnerable populations at risk [15].

In a rather different scale, another structural failure are the floods resulting from
the blockage of drainage systems. These floods are significant and a growing challenge,
particularly in urban environments. The blockages are often caused by the accumulation
of debris such as leaves, litter, sediment, or, in some cases, ice, which prevent stormwater
from effectively draining away during heavy rainfall events. When drainage systems are
obstructed, even moderate precipitation can lead to localized surface flooding, as water
quickly accumulates on streets, in basements, and around buildings. This type of flooding is
distinct from riverine or coastal floods, and is often referred to as urban or pluvial flooding.
The 2013 Toronto flood, for example, saw extensive property damage and transportation
disruption largely due to overwhelmed and blocked drainage infrastructure during a
record rainfall event [16].

4. Flood Management Timeline
4.1. From Flood Control to Resilience Flood Management

Responding to floods requires a comprehensive understanding of their triggering
factors, which may include extreme precipitation, land use changes, extreme weather
events, and failures in containment infrastructure, depending on the type of flood. The
impact of floods can be amplified by factors such as soil impermeabilization in urban areas
and insufficient drainage systems. In the current context, flood management is guided
by international policies and directives, such as the European Union Floods Directive
(2007/60/EC), which establishes flood risk management plans.

Flood management has undergone significant evolution over recent decades, reflect-
ing both advances in scientific understanding and the growing complexity of flood risks.
Figure 2 presents a schematic view of this evolution. The earliest dominant approach,
known as flood control, relied heavily on structural engineering solutions such as dams,
levees, and floodwalls to prevent inundation. The focus was primarily on keeping water
out, rather than understanding or adapting to the underlying risks. Wang et al. [17] pro-
vided a comprehensive review of the evolution of flood management strategies, analyzing
research trends from 2000 to 2021 and highlighting the transition from traditional flood
control toward a more resilient and sustainable flood management paradigm. The authors
conducted a detailed bibliometric analysis of nearly 30,000 publications to identify research
hotspots, trends, and the emergence of new concepts in flood management.



Sustainability 2025, 17, 10981 9 of 26

Figure 2. From flood control to resilience flood management (adapted from [17]).

As limitations of purely structural approaches became apparent, traditional flood
management began to incorporate both structural and non-structural measures. This in-
cluded land use planning, floodplain zoning, and public education campaigns aimed at
reducing vulnerability and exposure. However, traditional strategies struggled to cope
with the increasing frequency and unpredictability of flood events, particularly as urban-
ization and climate change intensified the scale and complexity of flood hazards [18]. The
unpredictability of extreme weather events exposed the shortcomings of relying solely on
historical patterns and static defenses.

The next major shift was toward flood risk management, which emphasizes a com-
prehensive understanding of risk by integrating assessments of hazard, exposure, and
vulnerability [19]. This approach recognizes that some level of flood risk is inevitable and
seeks to minimize impacts through a combination of engineering, policy, and adaptive
strategies. Flood risk management comprises continuous monitoring and reassessment,
aiming to reduce risk to an acceptable level through prevention, mitigation, prepared-
ness, and response measures. It also acknowledges the importance of managing residual
risks and preventing the creation of new ones, making it a more dynamic and adaptive
framework than previous models.

Most recently, the concept of flood resilience management has emerged, focusing
on enhancing the capacity of infrastructure and communities to absorb, adapt to, and
recover from flood events. Resilience-based strategies go beyond minimizing damage; they
aim to enable rapid recovery and even transformation to a stronger, more adaptable state
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after disasters. This approach is increasingly important as the magnitude and complexity
of flood risks grow, requiring not just protection and mitigation, but also the ability to
learn from and adapt to changing conditions. The transition from control to resilience
represents a broader trend in disaster management, emphasizing sustainability, flexibility,
and long-term adaptation.

Flood management is a dynamic, multi-phase process that integrates legal, scientific,
technological, and socio-economic strategies to reduce risk, minimize impacts, and foster
resilience against flood disasters. As climate change, urbanization, and environmental
degradation intensify, the need for comprehensive and adaptive flood risk management
becomes increasingly urgent.

Effective flood management is typically framed around five key phases: prevention,
mitigation, preparedness, response, and recovery. Each of them plays an important role in
reducing flood risk and enhancing societal resilience. Table 2 presents a summary of these
phases, which will be further explained in the next subsections.

Table 2. Key phases of effective flood management.

Disaster Phase Technical Social

Prevention Forecast models, infrastructure design Land use planning, public awareness

Mitigation Nature-based solutions, levees Equity planning, community input

Preparedness Early warning systems Education, drills, trust building

Response Real-time monitoring, barriers Mutual aid, evacuation behavior

Recovery Damage assessment tools Livelihoods, social support systems

4.2. Prevention

Flood prevention aims to eliminate or significantly reduce the risk of flood occurrence
by addressing hazards at their source. Traditional approaches have focused on structural
interventions such as dams, levees, and reservoirs. However, the recent literature em-
phasizes the limitations of relying solely on engineered solutions, particularly given the
challenges of sedimentation, environmental degradation, and maintenance [17]. Non-
structural measures, such as land use planning, zoning regulations, and the preservation of
natural floodplains, are increasingly recognized as critical for sustainable prevention [17,19].
The adoption of green infrastructure and low-impact development practices, including
permeable pavements, urban wetlands, and riparian buffers, has proven effective in urban
environments by reducing surface runoff and enhancing infiltration.

The integration of ecosystem-based adaptation into prevention strategies is advo-
cated to support the Sustainable Development Goals and foster innovative, nature-based
solutions for flood risk reduction. Adaptive flood risk management, which accounts for
evolving hazards, exposure, and vulnerability due to land use and climate change, is
essential for effective prevention [19].

4.3. Mitigation

Mitigation refers to actions taken to reduce the adverse impacts of floods when they
do occur. This phase includes both structural measures (e.g., floodwalls, retention basins,
diversion channels) and non-structural interventions (e.g., insurance schemes, risk commu-
nication, and community engagement) [19]. The recent literature highlights the growing
importance of nature-based solutions which restore or mimic natural hydrological processes
and deliver co-benefits for biodiversity and ecosystem services [17].

The effectiveness of structural mitigation is highly context-dependent and can be
challenged by factors such as inadequate sediment management, insufficient environmental
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monitoring, and weak community participation [20]. The concept of residual risk (that
remains after all mitigation measures are implemented) highlights the need for continuous
monitoring and adaptation of strategies.

4.4. Preparedness

Preparedness encompasses the planning, capacity-building, and system development
necessary to ensure effective response to flood events. Key components include the estab-
lishment of early warning systems, emergency response plans, public education campaigns,
and regular training exercises [8,9]. Advances in remote sensing, hydrological modeling,
and real-time data integration have significantly improved flood forecasting and early
warning capabilities, enabling more timely and targeted interventions [7,8].

Community-based adaptation approaches, which leverage local knowledge and par-
ticipatory planning, are increasingly recognized as vital for enhancing preparedness, par-
ticularly in vulnerable and marginalized communities [10]. Effective preparedness also
requires robust coordination among stakeholders, clear communication channels, and the
integration of scientific and local knowledge in decision-making processes [11,17].

4.5. Response

The response phase is activated during and immediately after a flood event, focusing
on actions aimed at saving lives, protecting property, and minimizing immediate harm.
Core activities include evacuation, deployment of emergency services, provision of tempo-
rary shelter, and distribution of relief supplies [11,12]. The effectiveness of response efforts
is closely linked to the quality of preparedness, the availability of real-time information,
and the ability to adapt to rapidly changing conditions [8,9].

Recent studies emphasize the challenges of coordinating response efforts in multi-
hazard contexts, such as the simultaneous occurrence of floods and pandemics, which
require integrated strategies for health, logistics, and risk communication [11,12]. The use
of advanced flood early warning systems, supported by numerical modeling and geospatial
data, has proven instrumental in reducing casualties and economic losses [8].

4.6. Recovery

Recovery involves the restoration and improvement of affected communities follow-
ing a flood. This phase includes rebuilding infrastructure, restoring essential services,
providing psychosocial support, and implementing measures to reduce future vulnerabil-
ity [17,19]. The recovery process offers opportunities to “build back better” by integrating
resilience and sustainability into reconstruction efforts, thereby addressing underlying
vulnerabilities and enhancing long-term adaptive capacity [13,17].

Holistic recovery approaches, informed by lessons learned and scientific evidence,
are critical for promoting sustainable development and reducing future flood risk. The
literature highlights the importance of monitoring flood risk evolution over time, adapting
recovery strategies to changing conditions, and ensuring that recovery efforts do not
inadvertently increase future risk through maladaptive practices [19].

5. Social Component
The social component is an essential dimension of effective flood management, as floods

are not only meteorological, hydrological, hydraulic and environmental phenomena but are
also deeply linked with human activities and ways of living. While engineering solutions and
hydrological and hydraulic models play critical roles, the overall success of flood management
depends significantly on how individuals and communities perceive, prepare for, respond
to, and recover from flood events. Incorporating social dimensions into flood management
ensures that policies and interventions are inclusive, equitable, and sustainable.
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During the mitigation phase, the social component contributes to reducing long-term
flood risk by ensuring that the voices and needs of affected communities are integrated
into planning and decision-making processes. Kaufmann & Wiering (2021) [21] analyzes
how public participation is implemented under the EU Floods Directive compared the
implementation of public participation under the EU Floods Directive and the Water
Framework Directive, emphasizing the importance of integrating community perspectives
into flood risk management, particularly regarding land use regulation and floodplain
zoning. The authors highlight that inclusive participation fosters public acceptance of
mitigation measures and strengthens trust in institutional processes.

Community engagement also increases acceptance of risk-reduction measures, espe-
cially when such policies may restrict land use or require resettlement. Social vulnerability
assessments can identify groups that are disproportionately at risk, such as low-income
families, elderly individuals, and historically marginalized populations. A typical social
vulnerability assessment framework for flood risk incorporates a composite index built
from several key indicators, with weights reflecting their relative importance (Keating et al.
2017 [22]). Common dimensions and indicators include:

• Socio-economic status/income level (e.g., percentage of low-income households)
• Demographic structure (e.g., proportion of elderly and children)
• Infrastructure accessibility (e.g., distance to emergency services, hospitals)
• Education level (e.g., percentage of population with primary or higher education)
• Physical disability/health status (e.g., number of people with mobility or health limitations)
• Language and information access (e.g., percentage of population with limited profi-

ciency in the national language)

Weights can be established using expert elicitation or principal component analysis
and are usually normalized to sum to 1. The specific choice of indicators and weighting
scheme should be adapted to local context and supported by data availability.

In this context, Scolobig (2015) [23] stresses the effectiveness of participatory mitigation
strategies in Alpine regions, noting how co-designed early warning systems and zoning regu-
lations contribute to more equitable outcomes. Transparency in planning enhances community
ownership and facilitates smoother implementation of risk-reduction interventions.

The 2011 “superflood” in Manitoba, Canada, exemplifies institutionalized environ-
mental injustice, where flood mitigation strategies diverted water toward First Nations
reserves to protect urban centers like Winnipeg [24]. This decision, rooted in colonial
land use practices, displaced Indigenous communities and exacerbated existing health
disparities—a violation of both procedural and distributive justice principles [25].

In the preparedness phase, social awareness and education are key to building commu-
nity resilience. Risk communication campaigns, when designed with cultural and linguistic
sensitivity, can empower people to take proactive measures such as creating emergency
plans, participating in drills, and understanding early warnings.

Local organizations and community-based networks often play a key role in prepared-
ness, as they possess the trust and proximity needed to mobilize collective action. Social
capital, defined by trust, cooperation, and strong community ties, becomes a major asset for
building readiness. Butler (2017) [26] explores how trust and transparency influence public
buy-in for flood preparedness policies. Their study of UK flood management reveals that
participatory practices, such as community mapping, reduce social conflict and increase
compliance with land use regulations. Moreover, the authors stress that social assessments
during mitigation and preparedness planning are critical for addressing power imbalances
and ensuring equitable policy outcomes.

Emerging approaches reframe communities from passive recipients and beneficiaries to
active co-producers of flood knowledge. In Seoul, South Korea, participatory vulnerability
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assessments incorporating resident feedback identified critical risk factors overlooked by
technical models, including basement dwellings in aging neighborhoods [27]. These insights
enabled targeted infrastructure upgrades and social support programs, reducing flood mortal-
ity rates by 37% between 2018 and 2022. Complementing these efforts, the country’s “Flood
Literacy Index” used personalized vulnerability scores and neighborhood-level preparedness
competitions to boost household insurance uptake from 12% to 67% across pilot cities between
2020 and 2023. The reach of these initiatives was enhanced by the deployment of cultural
mediators to translate technical terminology into locally relevant narratives.

In the response phase, the strength of the social organization can significantly influence
the effectiveness of emergency operations. A population that trusts local authorities and
understands the risks is more likely to comply with evacuation orders [28]. Communities
with strong social ties often engage in mutual aid, helping each other to evacuate, share
resources, and protect the most vulnerable members. Local knowledge about terrain,
infrastructure, and mobility constraints also improves the relevance and timeliness of
formal response efforts.

Community-led approaches were observed to strengthen flood response capacity in
the Bangladesh’s Union Councils [29]. By training local volunteers to disseminate forecasts
and guide evacuations, these councils achieved 89% population coverage in pilot areas, a
significant improvement over top-down approach. Similarly, Kuhlicke et al. [28] showed
that in New Orleans, residents who mistrust levee systems or government officials are
significantly less likely to evacuate during emergencies. Their findings emphasize how
institutional trust is directly linked to public responsiveness during crises.

Traditional flood management practices offer valuable complements to engineering
solutions. Analyzing two communities in central Vietnam, Hudson et al. (2020) [30] studied
the combination of ancestral hydrological knowledge with modern forecasting tools to
create hybrid early warning systems. This integration improved evacuation response
times by 28% compared to purely technological approaches [30]. However, successful
adoption requires reconciling epistemic differences, where Western science often privileges
quantitative data over qualitative place-based knowledge.

The increasing use of crowdsourced data, particularly from social media platforms
such as Twitter/X, has transformed real-time risk communication. During Nigeria’s 2020
flood season, geolocated social media posts enabled emergency services to prioritize re-
sponse in underserved urban areas, reducing rescue delays by 41% [31]. However, chal-
lenges remain. Algorithmic biases and uneven access to digital platforms risk excluding
less technologically adept populations, which stresses the need for inclusive platform
governance [32].

Finally, in the recovery phase, social input is essential for ensuring that post-flood
rebuilding is equitable and resilient. Recovery programs that actively involve affected
populations tend to be more efficient and culturally appropriate. Social considerations also
include addressing psychological trauma, restoring livelihoods, and rebuilding community
institutions. Fair compensation, inclusive planning, and support for the most vulnerable are
necessary to avoid deepening inequalities and to foster long-term social stability. Recovery
is not just about physical reconstruction but also about restoring dignity, trust, and hope.
The integration of social dimensions into flood management has emerged as a critical
paradigm shift, recognizing that technical infrastructure alone cannot address the complex
risks posed by river floods. Flood management should go beyond purely technical solutions
to embrace holistic and people-centered approaches.

It is important to understand how social vulnerability, community resilience, and
participatory approaches shape flood outcomes, arguing that equitable and inclusive
strategies are essential for sustainable risk reduction. By analyzing historical precedents,
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institutional frameworks, and contemporary case studies, it is possible to demonstrate that
socially integrated flood management not only saves lives but also strengthens long-term
adaptive capacity while addressing systemic inequalities [33]. Spatial analyses in Seoul
revealed flood vulnerability correlates strongly with socioeconomic status: neighborhoods
with high concentrations of public assistance recipients faced 3.25 times greater flood
damage risk compared to affluent areas [27]. In the United States, floodplain development
patterns systematically expose low-income households and racial minorities to recurrent
flooding, with Black communities experiencing 40% higher flood-related economic losses
than white counterparts [34].

The Sendai Framework for Disaster Risk Reduction has further emphasized the im-
portance of “building back better,” advocating equity-focused reforms in flood recovery.
Thailand’s post-2011 flood reconstruction policies mandated vulnerability audits and com-
pensatory measures for displaced populations [35]. Similarly, the 2023 revision of the
EU Floods Directive introduced legally binding requirements for environmental justice
assessments in national flood risk management plans, a development shaped by increasing
climate litigation by marginalized groups.

The social component of flood management represents both one of its greatest chal-
lenges and one of its most promising frontiers. As evidenced by global case studies,
communities are not passive victims of flooding; they are active agents in shaping resilient,
adaptive futures. Realizing this potential requires dismantling structural inequalities in
risk exposure and democratizing flood governance and decision-making processes. Innova-
tions such as social media-enabled early warning, and culturally embedded preparedness
programs point the way forward. Scaling these approaches will demand policy reform,
multi-sector collaboration, and sustained investment in community capabilities.

6. Technical Component
6.1. Framework

The technical component of river flood management involves the engineering and
technological tools that span the entire disaster management cycle, from preparedness
through recovery. In recent decades, technical solutions have advanced from isolated
interventions to integrated systems that operate continuously across all phases of flood
management. This evolution reflects the growing recognition that effective flood risk
reduction requires coordinated technical approaches that encompass structural defenses,
predictive modeling, real-time monitoring systems, and adaptive rebuilding strategies, all
working in a complete way to address the dynamic nature of flood hazards and vulnerability
contexts in an era of non-stationary hydroclimatic conditions.

The preparedness phase represents the foundation of effective flood management,
where technical components play a crucial role in establishing the infrastructure and sys-
tems necessary for flood risk reduction [17]. Technical solutions focus on developing
predictive capabilities and designing protective infrastructure. Flood preparedness relies
heavily on updated hydrologic-hydraulic modeling systems that simulate catchment re-
sponses under diverse scenarios, enabling proactive infrastructure planning that goes far
beyond the empirical observations used by historical civilizations.

These technical systems include river gauge networks, meteorological stations, and
satellite-based monitoring tools. The integration of these monitoring systems with ad-
vanced modeling capabilities allows for the development of flood forecasting models
that can predict flood events days in advance, providing crucial lead time for emergency
response preparations. The preparedness phase also encompasses the design and construc-
tion of structural flood protection measures; for instance, including levees or retention
basins to form the primary line of defense against flood hazards [18].
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When flood events occur, the technical approach transitions from preparedness to
active response, where real-time monitoring, decision support systems, and emergency
infrastructure management become rather relevant [19]. The response phase demonstrates
the critical importance of integrated technical systems that can function under extreme con-
ditions while providing accurate information to civil protection and affected communities.

Machine learning algorithms and data-driven approaches enhance the accuracy of
flood forecasting during active events, allowing for dynamic adjustments to response strate-
gies based on updated conditions. These technical capabilities enable emergency managers
to make informed decisions about evacuations, resource deployment, and operations; for
instance, the controlled release of water from reservoirs or the activation of flood barriers.

During active flood events, Earth observation (EO) tools, especially those utilizing
satellite remote sensing, play a crucial role in rapidly identifying and mapping inundated ar-
eas. These tools use optical and radar sensors to detect the water extent. Synthetic Aperture
Radar (SAR) satellites are particularly valuable because they can penetrate cloud cover and
operate at night, offering consistent data during severe weather conditions when optical
sensors may be hindered. By comparing pre- and post-event satellite imagery, EO systems
can detect changes in land surface reflectance and identify newly inundated zones. These
flood maps are critical for guiding emergency response and resource allocation and iden-
tifying isolated or severely affected populations. One example of the European initiative
taking advantage of EO for disaster response is the Copernicus Emergency Management
Service-Mapping (EMS-Mapping). Operated by the European Union, EMS-Mapping pro-
vides on-demand satellite-based geospatial information to support emergency management
authorities both within and beyond Europe. It delivers detailed flood delineation maps,
damage assessments, and risk analyses within hours or days of an activation.

Figure 3 shows a real example from EMS-Mapping after the flooding event in Paiporta,
a town of approximately 27,000 inhabitants located eight kilometers from Valencia’s city
center [36]. On 29 October 2024, residents witnessed a sudden “tsunami” of mud and
debris surging through the streets, an event triggered by intense rainfall and upstream
hydrological saturation.

 

Figure 3. Flood in Valencia Region, Spain Reference—Case of Paiporta Flood, 29 October 2024.
Activation EMSR773 of the Copernicus Emergency Management Service—Mapping [36].
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Technical components during recovery encompass damage assessment technologies,
reconstruction planning systems, and infrastructure rebuilding strategies that incorporate
lessons learned from the flood event.

Again, post-flood damage assessment relies heavily on remote sensing technologies,
including satellite imagery and aerial surveys, that can rapidly evaluate the extent of
infrastructure damage and guide reconstruction priorities [37]. Geographic information
systems and spatial analysis tools enable detailed mapping of flood impacts, helping
engineers and planners to understand failure mechanisms and identify areas requiring
enhanced protection. These technical assessments inform reconstruction decisions that can
improve community resilience and reduce vulnerability to future flooding events.

The mitigation phase encompasses the long-term technical strategies designed to
reduce flood vulnerability and enhance community resilience through systematic infras-
tructure improvements and land use modifications [19]. Technical mitigation approaches
have evolved from single-purpose flood control structures to integrated systems that
provide multiple benefits while addressing the complex interactions between urban de-
velopment and flood risk. This evolution reflects growing recognition that effective flood
mitigation requires technical solutions that can adapt to changing conditions and integrate
with broader urban systems [17].

Modern technical mitigation strategies emphasize the development of blue-green
infrastructure systems that combine traditional engineering approaches with nature-based
solutions to provide comprehensive flood protection [38,39]. These integrated systems
include urban green spaces, constructed wetlands, permeable pavements, and bioswales
that work together to manage stormwater runoff while providing additional environmental
and social benefits.

6.2. Meteorologic and Hydrologic Analysis

Meteorological and hydrological processes play a fundamental role in river flood
generation and propagation. The complex interplay of factors contributing to river flooding
includes precipitation patterns, catchment characteristics, land use modifications, and the
influence of climate change on extreme rainfall. Current methodologies for flood prediction
demonstrate considerable advances through integration of process-based models with
emerging technologies. Significant uncertainties persist in model performance and flood
risk assessment capabilities that warrant continued research and development efforts.

Precipitation extremes constitute the primary driver of river flooding, with their
characteristics fundamentally determining flood magnitude and frequency [40].

Extreme convective storms producing heavy precipitation can be categorized into
distinct types including deep convective cores, deep-wide convective cores, wide convective
cores, and broad stratiform regions, each contributing differently to flood generation
processes. The temporal resolution of rainfall events proves critical for accurate flood
modeling, with high-intensity rainfall requiring sophisticated approaches to capture the
nonlinear relationship between precipitation input and runoff response [41].

Catchment characteristics exert profound influence on flood generation mechanisms
through their control of water storage, infiltration, and routing processes [42]. Baseflow
significantly contributes to river floods in many regions, with research in Peninsular India
demonstrating that baseflow exhibits similar trend patterns as floods, while trends in
rainfall and soil moisture show different behaviors [42]. The significant contribution of
baseflow to river floods in some regions suggests that traditional surface-water-focused
approaches may underestimate flood risks. Development of integrated models that ex-
plicitly represent groundwater–surface water interactions could improve flood prediction
capabilities. Studies of small urbanized catchments reveal that imperviousness acts as
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an effective indicator affecting both total runoff volume and peak discharge, while the
spatial concentration of impervious surfaces influences flood characteristics differently
depending on their distribution patterns [43]. Catchment spatial patterns demonstrate
inherent influences on flood risks, with the number and distribution of rainwater inlets
affecting peak flow mitigation potential.

Topographic characteristics, soil properties, and drainage network geometry collec-
tively determine the catchment’s hydrological response to precipitation inputs. Research
indicates that soil depth correlates negatively with hydrological model performance, sug-
gesting that deeper soils introduce greater complexity in moisture dynamics and runoff
generation processes [44].

Land use dynamics fundamentally alter catchment hydrology through modifications
to surface roughness, infiltration capacity, and flow routing characteristics. Urban green
spaces emerge as key mitigators of flood risk by regulating runoff and enhancing water
absorption capacity [45].

Attribution of flood changes to specific drivers remains challenging due to the com-
plex interplay between atmospheric processes, catchment processes, and river system
processes [46]. Existing frameworks for flood attribution require regional analysis ap-
proaches that exploit scaling characteristics to identify fingerprints of different driving
mechanisms [46]. However, the relative importance of these different drivers varies spa-
tially and temporally, complicating the development of generalizable attribution methods.

Advanced process representation should also address the effects of human interven-
tions on flood characteristics. Research indicates that reservoir regulation has positive
effects by reducing flood peaks and volumes, while simultaneously increasing the duration
of flood events [42]. Incorporating these complex human–natural system interactions into
predictive models represents an important area for future development.

Contemporary modeling approaches show significant advances through integration
of process-based models with machine learning techniques and remote sensing data. The
limitations of existing models stem from parameter uncertainty, scale dependencies, and in-
complete process representation, particularly regarding human–natural system interactions
and non-stationarity under climate change.

The IPCC AR6 Working Group II (2022) [47] present floods as a compound and
systemic risk that demands: (i) integrated technical, ecological, and social solutions;
(ii) forward-looking land use and infrastructure planning; (iii) inclusive governance to
address uneven vulnerability and resilience gaps. It also cautions against maladaptive
practices (e.g., over-reliance on gray infrastructure without social consideration) and em-
phasizes the importance of flexible, adaptive strategies that evolve with changing climate.

6.3. Hydraulic Analysis

The field of hydraulic engineering in the context of river floods has undergone great
transformations, evolving from traditional flood control approaches to sophisticated inte-
grated flood risk management frameworks [48]. Modern hydraulic engineering for river
flood management now operates within an integrated framework that considers not only
the physical characteristics of flood events, but also their broader socio-economic and
environmental implications.

Hydraulic analysis serves as the basis of effective flood risk management, providing
the quantitative foundation upon which all subsequent risk assessment and mitigation
strategies are built [49]

Traditional hydraulic engineering relied heavily on structural measures such as levees,
dams, and diversion channels to manage floods. However, this approach has shown
its limitations in the face of modern challenges such as climate change, urban growth,
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and sustainability demands. Despite significant investments, flood-related losses persist,
highlighting the shortcomings of single-purpose engineering solutions [49]

Hydraulic modeling for river flood management employs dimensional approaches
ranging from simplified one-dimensional (1D) frameworks to complex three-dimensional
(3D) simulations, each offering distinct advantages depending on spatial resolution re-
quirements and computational constraints. One-dimensional models, such as HEC-RAS,
solve the Saint-Venant equations along river reaches to predict water surface profiles and
discharge characteristics, making them highly efficient for large-scale floodplain studies
and steady-flow analyses if specific issues such as floodplain occupation are considered [50].
These models may work in simulating longitudinal flow dynamics in channelized systems
but simplify cross-sectional variations by assuming uniform velocity distributions, limiting
their ability to capture lateral flooding patterns or complex hydraulic phenomena like
eddies or secondary currents. Two-dimensional (2D) models, including MIKE 21 and HEC-
RAS 2D, address these limitations by resolving flow dynamics across horizontal planes,
enabling detailed mapping of flood inundation extents, velocity fields, and shear stress
distributions in urban and topographically complex areas. The integration of 2D hydro-
dynamic modules with GIS platforms allows for sophisticated flood risk assessments that
incorporate land use, infrastructure, and hydraulic structures. While 2D models provide
superior spatial resolution compared to 1D approaches, they remain constrained by com-
putational demands when applied to large river networks or long-duration events, often
requiring simplified turbulence closure schemes and hydrostatic pressure assumptions.

Three-dimensional (3D) hydraulic models resolve vertical flow components and pres-
sure distributions, offering unparalleled precision for analyzing stratified flows and sedi-
ment transport dynamics in critical infrastructure zones such as dam spillways or bridge
piers. However, the computational intensity of 3D simulations has restricted their applica-
tion to localized reaches, inducing the development of hybrid frameworks that combine
dimensional reductions with machine learning techniques.

Computational speed remains a key challenge for real-time forecasting and emergency
response. Efforts to improve efficiency include parallel computing, AI integration, and
GPU use, which can accelerate simulations by up to two or three orders of magnitude [49].

7. Legal Frameworks for River Flood Management
7.1. Core Principles and Policies

Regulatory and legal frameworks serve as the foundation for flood management
strategies around the world. Differences in legal approaches reflect varying priorities,
governance structures, and historical experiences with flooding. This section examines
comparative legal frameworks for flood management across different regions, highlighting
challenges in harmonizing legislation, ensuring effective implementation, and addressing
transboundary issues.

The regulatory component of river flood management involves the legal, institutional,
and policy instruments that govern flood risk reduction, response, and recovery. Effective
flood governance requires enforceable laws that mandate cross-sector coordination, as
exemplified by the EU Floods Directive’s requirement for member states to integrate flood
risk management plans with water framework directives [51]. Modern regulatory systems
must balance rigidity for enforcement with flexibility to accommodate changing climate
scenarios. One example of this issue is the tension in Sweden’s struggle to reconcile
hydropower licensing with floodplain restoration mandates [52].

Flood regulation must address complex trade-offs between development, safety and
environmental protection. It also must adapt to changing climate patterns, land use, and
growing exposure in flood-prone areas.
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As presented in this paper, effective river flood management requires more than technical
expertise: it depends on the social approach and sound legal and regulatory principles that
guide how decisions are made, risks are shared, and responsibilities are assigned. The legal
frameworks for river flood management are founded on a set of core principles that strengthen
flood-related legislation and policy worldwide, as presented in Table 3.

Table 3. Core principles (underlined in bold) that strengthen flood-related legislation and policy worldwide.

Principle Possible Legal
Application Relevance Example

Precautionary

• Uncertainty should not
be used as a reason to
delay flood prevention
measures.

• When scientific
knowledge is
incomplete but there is
credible risk of serious
damage, action should
be taken, even if full
cause-and-effect
relationships are not yet
proven.

• Enabling floodplain
zoning in anticipation of
future risks

• Requiring
climate-resilient
infrastructure standards

• Supporting early
warning systems even in
data-scarce contexts.

• It ensures that legal
systems are proactive,
not reactive, helping to
reduce future costs and
human suffering

• Art. 191 of the EU Treaty
mandates preventive
action despite scientific
uncertainty.

• The Netherlands’ Room
for the River program
operationalizes this by
legally requiring 600
m3/s additional Rhine
River discharge capacity
by 2050 [51].

Polluter Pays

• Originally used in
environmental law, this
principle is increasingly
relevant in flood
contexts, particularly
where human activity
increases flood risk
(deforestation, urban
sprawl, or illegal
riverbed encroachment).

• Charging for runoff
impacts caused by land
use change

• Penalizing violations of
river buffer zones

• Requiring risk-based
insurance contributions
from high-risk sectors

• It encourages
risk-generating actors to
internalize the cost of
risk, promoting more
responsible land and
water use.

• Colorado’s Urban
Drainage Act (2022)
imposes stormwater fees
on properties exceeding
impervious surface
limits, generating USD
120 million annually for
green infrastructure, a
direct application of cost

No-Harm

• Rooted in international
water law, this principle
obliges states and actors
to ensure that their
actions do not cause
significant harm to
others, especially
downstream users or
neighboring
jurisdictions.

• Environmental Impact
Assessments for flood
control infrastructure

• Regulating
transboundary water
management through
cooperative treaties and
preventing upstream
land use changes that
increase downstream
flood risk

• It supports cooperation
and accountability
between regions, sectors,
and countries, especially
for shared river basins.

• Article 7 of the UN
Watercourses
Convention prohibits
transboundary harm

• In 2023, Laos
compensated
Cambodian farmers
USD 47 million for flood
damages caused by
Sekong River
hydropower operations
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Table 3. Cont.

Principle Possible Legal
Application Relevance Example

Subsidiarity and Decentralization

• Flood risk decisions
should be made at the
lowest effective level,
meaning local or
regional authorities
should lead, unless
national-level action is
necessary.

• Establishing local flood
management agencies

• Delegating planning and
enforcement powers to
municipal governments

• Allowing
community-based risk
mapping and response
planning

• It enhances local
ownership,
responsiveness, and
contextual relevance,
which are critical for
timely flood risk
management.

• The EU Floods Directive
decentralizes
implementation to river
basin districts while
maintaining
transnational standards,
enabling France to tailor
flood risk maps to
Alpine geographies
while Italy addresses Po
River sedimentation
through regional decrees
[51].

Equity and Environmental Justice

• Flood regulation must
consider who benefits
and who bears the
burden of risk.

• Marginalized or
low-income populations
are often
disproportionately
exposed to flood
hazards and may lack
the resources to recover.

• Prioritizing protection
for vulnerable groups in
flood zone policies

• Mandating equitable
compensation for
displacement or land
use restrictions

• Ensuring just access to
protective infrastructure
and emergency services

• It ensures flood
management policies do
not exacerbate social
inequalities, aligning
with human rights and
sustainable
development goals.

• South Africa’s National
Water Act (1998)
reserves 25% of
floodplain restoration
funds for historically
disadvantaged
communities,
addressing
apartheid-era spatial
inequities in informal
settlement flooding

Public Participation and Transparency

• Legitimate flood
governance requires
informed, inclusive, and
participatory
decision-making.

• Public involvement
improves policy
acceptance, local
relevance, and
democratic
accountability.

• Requiring public
consultations in flood
risk planning

• Guaranteeing access to
information (e.g., flood
maps, alerts, project
designs)

• Enabling citizen science
and local knowledge
integration

• It ensures stakeholders
have a voice in decisions
affecting property and
safety, leading to better
outcomes and trust in
institutions.

• EU Floods Directive
(2007/60/EC) requires
member states to
involve the public in
drafting flood risk
management plans,
though implementation
varies.

These principles help to align national regulations with international standards. By
embedding them in legal frameworks, governments and institutions can create a robust
and adaptive regulatory system, prioritizing human safety, environmental integrity, and
intergenerational responsibility.

Despite these core frameworks, there is significant variation in legal concerns on flood
management across countries and regions, shaped by differences in governance structures,
socio-economic conditions, exposure to flood risks, and historical experience with major flood
events. The types of regulatory documentation used in flood management may include, for
instance, water resource management laws, disaster risk management acts, flood-specific
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legislation, natural resources protection statutes, land use and spatial planning laws, and
climate change adaptation legislation. Water resources management laws typically address
water use, drainage, and watershed protection, as seen in the Water Acts of Bangladesh, China,
and the United Kingdom. Disaster risk management laws, such as those in Bangladesh, India,
and Indonesia, focus on multi-hazard risk reduction, preparedness, and emergency response.
Some countries, like the United States, have presented flood-specific legislation that directly
targets flood risk prevention, control, and mitigation [53].

In Europe, the European Union’s Floods Directive (2007), presented in next sub-section,
requires member states to assess and manage flood risks at the river basin level, mandating
the creation of flood hazard maps and management plans that account for climate change.
Federal countries like Belgium manage flood risks at the regional level, resulting in a
patchwork of policies.

In North America, the United States employs a combination of federal laws, alongside
state regulations and local ordinances. The federal government provides overarching
frameworks and funding, but much of the implementation is decentralized. Canada
lacks a comprehensive national flood law, with provinces and territories holding primary
responsibility and the federal government supporting mapping and emergency response.

Asian countries present a range of approaches. China’s Ministry of Water Resources
leads a hierarchical system with national, basin, and local flood control headquarters,
and reforms since 1998 have shifted the focus from structural control to integrated risk
management. In Bangladesh, Indonesia, and Nepal, legislation emphasizes a mix of
structural and non-structural measures, often integrating disaster risk management and
climate adaptation. Japan’s national law mandates comprehensive flood risk assessment,
zoning, and investment in both hard and soft measures, coordinated centrally [54].

International and regional agreements, such as the Sendai Framework for Disaster Risk
Reduction and the Paris Agreement, increasingly shape national legislation by promoting
risk reduction and climate adaptation. Transboundary river basins are managed through
international commissions, such as those for the Danube and Rhine, which harmonize
regulations and facilitate data sharing.

Legal legislation for river flood management is highly context-dependent, reflecting
each country’s governance structure, risk profile, and historical experience. While interna-
tional best practices are increasingly adopted, significant regional differences remain in the
scope, focus, and implementation of flood regulations. Effective flood risk management re-
quires not only robust legal documentation but also coordination across governance levels,
integration with spatial and climate policies, and mechanisms for community engagement
and adaptation [52].

7.2. Example of Legal Framework—European Union Floods Directive of 2007
7.2.1. Benchmark for Regional Coordination

The European Union Floods Directive of 2007 established a comprehensive frame-
work for assessing and managing flood risks across member states. This directive repre-
sents a shift from traditional reactive flood defense approaches to more integrated risk
management strategies.

The Directive’s implementation reveals a paradoxical situation regarding public par-
ticipation. Unlike the Water Framework Directive (WFD) which strongly advocates for
public involvement but has seen low public interest, the Floods Directive is less emphatic
about participation despite citizens being more directly affected by flood management
issues-particularly given the current trend toward a ‘risk management’ approach [55].
This discrepancy highlights the challenge of balancing technical expertise with public
engagement in flood management policy.
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Studies of FD implementation in Germany show considerable variety in participation
approaches, with a general trend toward “less” rather than “more” participation compared
to the WFD [55].

This raises questions about the effectiveness of public inclusion in flood manage-
ment planning and whether regulatory frameworks adequately facilitate meaningful
stakeholder engagement.

7.2.2. Transboundary Flood Management: Legal Challenges Across Borders

River systems rarely conform to political boundaries, creating complex legal challenges
for flood management. A comparative analysis of flood management legal systems in
the Netherlands, Flanders, and France reveals significant differences in approaches to
transboundary flood risks, particularly in the Scheldt and Meuse river basins.

These differences highlight a critical knowledge gap regarding the competencies of
relevant administrative authorities and the legal instruments available for preventive
flood risk management [56]. Without this knowledge, establishing a balanced system for
managing transboundary flood risks becomes virtually impossible. The analysis identifies
the need for greater compatibility between national legal systems to effectively prevent or
mitigate transboundary flood risks [56].

The comparative study demonstrates how domestic legal regimes can create barriers
to coordinated action, even when operating under the same EU Directive. Legal frame-
works must facilitate cooperation by clearly defining the actors involved and their legal
instruments for implementation [56]. This comparison of legal consequences of policy-
making and implementation of specific measures provides a foundation for more effective
transboundary cooperation.

7.2.3. Public Participation in Flood Risk Management: Legal Frameworks

Legal provisions for public participation in flood risk management vary considerably
across jurisdictions. A comparative study of multiple European Member States’ responses
to the Floods Directive requirements shows significant variation in how public participation
is incorporated into flood risk mapping processes.

The legal basis for participation differs between countries, affecting the form and
extent of stakeholder involvement. Some countries have developed robust legal frame-
works facilitating meaningful public engagement, while others maintain more minimal
compliance with participation requirements [57]. These differences influence the quality
and legitimacy of flood management plans and can impact their effectiveness during imple-
mentation. Successful public participation requires not only appropriate legal frameworks
but also administrative practices that genuinely value stakeholder input. This highlights
the challenge of designing regulations that mandate meaningful engagement rather than
tokenistic consultation processes.

7.2.4. Compensation Mechanisms: Legal Frameworks for Flood Victims

Legal frameworks for compensating flood victims vary significantly across countries.
A comparison of developments in Belgium and the Netherlands examines how these
neighboring countries have implemented different approaches to catastrophe compensation,
with distinct outcomes [58].

The analysis reveals that the private insurance market is more developed in Belgium
than in the Netherlands, where reform processes continue. This comparison enables
conclusions about the comparative benefits of comprehensive insurance schemes for natural
disasters, highlighting tensions between private market solutions and public intervention.

From a law and economics perspective, the study examines the evolution of private
insurance and public intervention through compensation funds, revealing different prefer-
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ences for private or public solutions and their financing mechanisms [58]. This comparison
demonstrates how legal frameworks for flood victim compensation must balance market
efficiency with social protection goals.

8. Conclusions and Future Directions
Sustainable river flood management has emerged as a multifaceted and urgent global

challenge driven by the increasing frequency and intensity of flood events due to climate
change, urbanization, and outdated infrastructure. Traditional flood control methods that
relied heavily on structural solutions are no longer sufficient on their own. Instead, modern
flood management requires an integrated approach that blends technical innovation, robust
legal frameworks, and socially inclusive strategies.

This comprehensive study highlights the complexity of flood risk, encompassing di-
verse flood types with distinct characteristics, causes, and management needs. It shows that
effective flood risk reduction demands coordinated efforts across five management phases:
prevention, mitigation, preparedness, response, and recovery. Nature-based solutions,
adaptive infrastructure, and community-centered practices are increasingly recognized as
essential components of resilient systems.

Technical advancements in hydrological and hydraulic modeling, satellite monitoring,
and real-time data integration enable more accurate forecasting and targeted response.
However, technology alone cannot address the socio-political dimensions of flood risk.
Social inequality, institutional trust, and public participation significantly influence flood
outcomes, as vulnerable populations often bear the brunt of impacts and face systemic
barriers to recovery.

Legal and policy frameworks, such as the European Union Floods Directive, provide
necessary structure but vary widely in implementation and effectiveness. Principles such
as precaution, equity, subsidiarity, and public participation are essential to ensure that flood
governance is just, transparent, and adaptive to future risks.

Implementing an integrated flood management framework requires a shift from tra-
ditional flood control to a holistic, risk-based approach that is adaptive, inclusive, and
sustainable. The process begins with understanding the whole river basin system, account-
ing for all sources of flood risk, and recognizing that absolute protection is impossible and
some flooding is natural and even beneficial. Actions should combine structural measures
like levees and reservoirs with nonstructural solutions such as land use planning, building
codes, early warning systems, and restoration of wetlands. Plans must be flexible and
regularly updated to reflect changing climate, land use, and social conditions, and should
be based on clear risk and uncertainty assessments rather than rigid engineering standards.

Ultimately, sustainable river flood management requires a paradigm shift from con-
trolling nature to coexisting with it. Summing up the abovementioned, the following core
recommendations are made:

1. Integrate Structural and Nonstructural Measures

Flood risk management is most effective when combining engineered infrastructure
(such as levees, reservoirs, and diversion channels) with nonstructural strategies, including
land use planning, flood risk mapping, community preparedness, and insurance schemes. A
diverse portfolio of measures increases adaptability and long-term effectiveness, especially
under changing climatic and urban conditions.

2. Embrace Whole-System and Nature-Based Solutions

Successful management demands a catchment-scale perspective that recognizes the
dynamics between river systems, floodplains, and human settlements. Nature-based
solutions (e.g., wetland restoration, floodplain reconnection, and green urban infrastructure)
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not only reduce risks but provide co-benefits for ecosystems and communities. Efforts
should shift towards making room for water in the landscape, rather than solely relying on
defenses against it.

3. Foster Adaptive Risk Management and Social Equity

Given the uncertainties posed by climate change and socio-economic shifts, policies
and interventions must be designed to be robust under a range of possible futures. This
entails continuous monitoring, evaluation, and adjustment of management strategies,
as well as clear communication of risks. Investments and actions should be distributed
equitably, prioritizing the protection of high-risk and vulnerable groups while maintaining
long-term sustainability for all stakeholders.

4. Promote Participatory Governance and Multidisciplinary Collaboration

Resilient flood management requires active involvement of local communities, di-
verse sectors, and different scales of government. Stakeholder engagement in planning,
decision-making, and response fosters shared responsibility, local ownership, and the inte-
gration of traditional, scientific, and policy knowledge. Multidisciplinary and cross-border
collaboration are essential for tackling the complexity of river flooding.

By harmonizing engineering excellence, social justice, and legal accountability, so-
cieties can build more resilient, equitable, and adaptive flood management systems that
safeguard both people and ecosystems in the face of an uncertain climate future.
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