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Aims and Scope of the Series

Transforming our World: the 2030 Agenda for Sustainable Development endorsed
by United Nations and 193 Member States, came into effect on Jan 1, 2016, to
guide decision making and actions to the year 2030 and beyond. Central to this
Agenda are 17 Goals, 169 associated targets and over 230 indicators that are
reviewed annually. The vision envisaged in the implementation of the SDGs is
centered on the five Ps: People, Planet, Prosperity, Peace and Partnership. This call
for renewed focused efforts ensure we have a safe and healthy planet for current
and future generations.

This Series focuses on covering research and applied research involving the five Ps
through the following topics:

1. Sustainable Economy and Fair Society that relates to SDG 1 on No Poverty,
SDG 2 on Zero Hunger, SDG 8 on Decent Work and Economic Growth, SDG
10 on Reduced Inequalities, SDG 12 on Responsible Consumption and Pro-
duction, and SDG 17 Partnership for the Goals

2. Health and Wellbeing focusing on SDG 3 on Good Health and Wellbeing and
SDG 6 on Clean Water and Sanitation

3. Inclusivity and Social Equality involving SDG 4 on Quality Education, SDG 5
on Gender Equality, and SDG 16 on Peace, Justice and Strong Institutions

4. Climate Change and Environmental Sustainability comprising SDG 13 on
Climate Action, SDG 14 on Life Below Water, and SDG 15 on Life on Land

5. Urban Planning and Environmental Management embracing SDG 7 on Af-
fordable Clean Energy, SDG 9 on Industry, Innovation and Infrastructure, and
SDG 11 on Sustainable Cities and Communities.

The series also seeks to support the use of cross cutting SDGs, as many of the
goals listed above, targets and indicators are all interconnected to impact our lives
and the decisions we make on a daily basis, making them impossible to tie to a
single topic.
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Preface

Climate change represents one of the most significant challenges of our time,
impacting natural systems, human health, economies, and societies worldwide. The
increasing frequency and intensity of extreme weather events, such as hurricanes,
floods, and heatwaves, underscore the urgent need for comprehensive risk manage-
ment strategies and adaptive measures. This edited volume, Climate Change and Risk
Management — Strategies, Analysis, and Adaptation, brings together a diverse collection
of research that addresses the multifaceted nature of climate change and proposes
actionable solutions.

Section 1: Foundations and Risk Management Strategies

The book begins with Chapter 1, “Adapting to Climate Change through Risk
Management.” This chapter outlines key principles of risk management, including
exposure, sensitivity, adaptive capacity, and vulnerability, providing a concep-

tual framework for understanding and mitigating the impacts of climate change.
Following this, Chapter 2, “Perspective Chapter: Advancements in Disaster Risk
Mitigation Strategies,” delves into recent advancements in disaster risk mitigation,
emphasizing macro regional development and policy implementation. Chapter 3,
“Risk Management in Mass Gatherings,” addresses the unique challenges of managing
risks during mass gatherings, focusing on health hazards and risk assessment.

Section 2: Climate Data Analysis and Technological Tools

The second section presents advanced techniques and tools for analyzing climate
data and assessing risks. Chapter 4, “Analysis of Climate Indices to Determine Global
Climate Patterns: Techniques for Summarizing Complex Climate Data,” introduces
methods for summarizing complex climate data to identify global patterns, which

is crucial in understanding phenomena such as the 2017 Atlantic hurricane season.
Chapter 5, “Synthesis of Tropical Cyclones: Understanding, Modeling, and Adapting
to Climate Change Impacts,” focuses on modeling tropical cyclones and assessing their
impacts in the context of climate change, including the increasing intensity of storms
like Hurricane Maria. Chapter 6, “Current and Future Multirisk Analysis in Climate
Change Scenarios with Riskcoast WebGIS,” explores the use of WebGIS technology in
multi-risk analysis for coastal areas, demonstrating its application in regions affected
by rising sea levels. Chapter 7, “Potential Earthquake Proxies from Remote Sensing
Data,” examines remote sensing techniques for identifying earthquake proxies and
assessing risks, showcasing how these tools can predict and mitigate the effects of
climate-induced seismic activity.

Section 3: Case Studies and Scenario Analysis

The third section focused on real-world applications and case studies. Chapter 8,
“Forecast of Catastrophic Floods Based on Hydrodynamic Modeling: The 2013 Flood



on the Amur River Case Study,” provides an in-depth analysis of catastrophic flood
forecasting using hydrodynamic models, with a specific case study of the 2013 flood
on the Amur River, highlighting the importance of accurate modeling in disaster pre-
paredness. Chapter 9, “Perspective Chapter: The Coastal Migration of the Locations
of Tropical Cyclone Rapid Intensification over the North Indian Ocean,” investigates
the patterns of tropical cyclone rapid intensification over the North Indian Ocean,
underscoring the implications of a warming climate on these events and their devas-
tating impacts on coastal communities.

Section 4: Vulnerability, Resilience, and Policy Engagement

The final section addresses the human and policy dimensions of climate change.
Chapter 10, “People Vulnerability before, during and after a Disaster: A Dynamic
Taxonomic Approach,” explores the dynamic nature of human vulnerability and resil-
ience before, during, and after disasters, using examples from recent events like the
2020 Australian bushfires. Chapter 11, “Science-Policy Interfacing and Community-
Building for Disaster Risk Reduction in the Area of Natural Hazards,” emphasizes the
importance of bridging the gap between science and policy for effective disaster risk
reduction, illustrating successful community-building efforts in earthquake-prone
regions. Chapter 12, “Understanding and Integrating Systemic Risk (SR) into Disaster
Risk Reduction (DRR) and Risk Informed Development (RID) for Long-Term
Resilient Development,” provides insights into integrating systemic risk into disaster
risk reduction and sustainable development strategies, crucial for building long-term
resilience against climate change impacts.

This volume serves as a valuable resource for researchers, practitioners, and policy-
makers engaged in the critical task of managing and adapting to the risks posed by
climate change. By presenting both theoretical frameworks and practical case studies,
it aims to enhance our collective understanding and capability to address one of the
most pressing issues of our time.

Antonio Di Pietro,

Energy Technologies and Renewable Sources Department,
ENEA Casaccia Research Centre,

Rome, Italy

José R. Marti,

Department of Electrical and Computer Engineering,
The University of British Columbia,

Vancouver, Canada

Vinay Kumar

Assistant Professor of Meteorology,

Department of Atmospheric Science, Environment Science, and Physics,
University of the Incarnate Word,

San Antonio, USA
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Chapter1

Adapting to Climate Change
through Risk Management

Samin Ansari Mahabadi

Abstract

Climate change, along with changes in hydrological variables, causes alterations
in access to water resources, the intensification of extreme phenomena (such as
droughts and floods), and economic, social, and environmental instability. Risk
management emerges as an appropriate approach for increasing adaptation to climate
change, characterized by its inherent flexibility and the reduction of uncertainties
associated with climate change. This approach improves adaptive capacity through
transformation and reversibility processes, ultimately reducing the system’s exposure
and vulnerability to risks. In this chapter, we delve into key concepts and components
related to risk and adaptation, including resilience, exposure, sensitivity, adaptive
capacity, vulnerability, and their connections and interactions. Subsequently, we
elucidate the methodology for enhancing climate change adaptation through risk
management, utilizing a variety of processes and tools. Furthermore, we provide an
illustrative example of the application of the portfolio robust decision-making tool for
climate change risk management in the integrated water resources system.

Keywords: risk management, exposure, sensitivity, adaptive capacity, vulnerability,
adaptation to climate change

1. Introduction

The ongoing phenomenon of climate change, characterized by long-term altera-
tions in average climatic conditions and fluctuations, has brought about significant
transformations in the components of the hydrological cycle. This includes changes in
precipitation patterns, snow melting, evaporation, and soil moisture dynamics, lead-
ing to a cascade of consequences, including heightened risks associated with extreme
events, such as droughts and floods, and uncertainties in accessing water sources
[1]. Therefore, one of the paramount challenges facing the twenty-first century is
the imperative to mitigate the risks associated with climate change and maintain the
sustainability of systems under the effects of this phenomenon. This challenge is
particularly pronounced in sectors reliant on water resources, where the impact of
climate change poses a significant threat.

In response to the inescapable impacts of climate change on susceptible systems
and their sustainability, the imperative of addressing adaptation to climate change is
raised. The concept of adaptation, originally applied to the study of biological systems
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in the 1970s [2], has since transcended disciplinary boundaries, finding applications
in diverse scientific fields, from ecology to social sciences, psychology, and econom-
ics. Although the term is not novel, it has gained prominence in recent years as a
primary response to the impacts of climate change.

Various definitions of climate change adaptation have been proposed, with
the Intergovernmental Panel on Climate Change (IPCC) characterizing it as the
adjustment of natural or human systems in response to occurred or expected
stimuli or their effects. Adaptation aims to minimize damages and vulnerability or
seize opportunities [3, 4]. The United Nations Framework Convention on Climate
Change (UNFCCC) defines adaptation as practical measures to shield countries and
societies from potential disruptions and damages caused by climate change effects.
Furthermore, adaptation is viewed as a dynamic process during which strategies
for adjustment, coping, and utilization of the consequences of climate events are
reinforced, developed, and implemented [5]. In essence, adaptation represents the
process or outcome that reduces harm or the risk of harm, while achieving benefits
associated with climate variability and change [6].

The IPCC has delineated various forms of adaptation into three distinct categories:
self-adaptation, independent adaptation, and planned adaptation. Self-adaptation
refers to measures taken before the tangible effects of climate change become appar-
ent. An example of self-adaptation is social learning in society to adapt to possible
risks, such as flooding [7]. On the other hand, independent and planned adaptation
strategies come into play after the observation of climate change effects. The disparity
between independent and planned adaptation lies in the approach to responding to
climate stimuli. Independent adaptation relies on individual characteristics, unfettered
by public organizational intervention. It draws from people’s perceptions, scientific
information, and experiential knowledge, allowing for swift implementation [8]. In
contrast, planned adaptation involves the formulation and implementation of policies
that are adopted based on awareness and assessment of changing conditions, and the
planning and execution of these measures (such as process, operational, and institu-
tional measures) may necessitate a substantial amount of time [9]. It is noteworthy
that the risk of climate change and the vulnerability of systems that lack adaptation
measures are significantly higher compared to systems where adaptation is planned.

Numerous sources of uncertainty associated with climate change and its adapta-
tion, encompassing factors such as the accuracy of climate change predictions, the
impact of climate change on systems, the nature of adaptation strategies, the level of
stress experienced by the system, and the efficacy of adaptation measures, underscore
the appropriateness of adopting a risk management approach for climate change
adaptation. In this regard, the significant impact of climate change on the water
sector and challenges arising from climate-induced uncertainties in water supply and
demand, along with their consequential economic, social, and environmental effects,
have amplified the ineffectiveness of the traditional management approach (com-
mand and control). This issue has led to a growing inclination toward risk manage-
ment for climate change adaptation within this sector.

This shift prompts crucial questions: Within the risk management approach,
adaptation can be formed under which processes, and what mechanisms are employed
at each process to reduce the effects and risks associated with climate change? The
elucidation and design of these processes pave the way for effective risk management
implementation, within diverse systems. Further questions extend to the factors
influencing the reduction of vulnerability of an adaptive system to external threats like
climate change. In other words, how is the connection and the impact pathway of the
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adaptive capacity on vulnerability? Considering the concepts of resilience and vulner-
ability, how is it possible to increase adaptive capacity and reduce risk through adapta-
tion measures? This understanding not only clarifies the interplay of these concepts
but also serves as a guiding framework for bolstering adaptive capacity within systems.
Additionally, the selection of adaptation measures prompts an essential question: what
are the characteristics that define an appropriate method and model for evaluating the
effects of climate change and selecting suitable adaptation strategies to reduce risk? These
considerations are paramount in navigating the complex landscape of climate change
impacts and ensuring the judicious choice and implementation of adaptation measures.
To address the above questions, various review studies in the fields of water resources
management under climate change, adaptation concepts and processes, and assessment
of adaptation strategies were reviewed [10-19]. While these studies are categorized
as review papers, their scope has been confined to specific dimensions of adaptation,
neglecting the crucial exploration of interrelationships among various dimensions of
adaptation and risk. Therefore, they are unable to answer the questions raised in this field.
This chapter addresses this gap by delving into diverse dimensions of adapta-
tion. It scrutinizes the risk management approach, the adaptation processes, and the
intricate connections between adaptation, vulnerability, and resilience concepts for
adaptation, especially in the water sector. Through an examination of conceptual
advancements, along with an assessment of the pros and cons of different approaches
and processes, the chapter presents a combination of the authors’ findings to create
an adaptation system to climate change. Therefore, it provides valuable knowledge
and insights, enhancing our comprehension of adaptation and delineating its various
facets. Consequently, it offers a model for augmenting adaptation to climate change
through a risk management framework.

2. Concepts related to adaptation
2.1Impact of vulnerability components changes on adaptation and risk

Effectively responding to the challenges posed by climate change necessitates a
strategic understanding of the relationship between adaptation and vulnerability. The
initial step in adapting to the conditions created by climate change involves identify-
ing vulnerable points. Subsequently, solutions are adopted to enhance the system’s
capacity to mitigate these vulnerabilities. Therefore, vulnerability analysis is neces-
sary to achieve adaptation.

Various definitions of vulnerability exist, one of which characterizes it as the
extent of a natural system’s or human society’s inability to cope with the adverse effects
of climate change, variability, and extreme events. This depends on the changes in
climate, sensitivity, and adaptive capacity within the system or society [20]. Similarly,
vulnerability is described as a condition influenced by physical, social, economic, and
environmental factors or processes, intensifying society’s sensitivity to hazards [21].
Vulnerability also pertains to the amount of damage caused by specific dangerous
events. Climate vulnerability, therefore, signifies the degree of sensitivity or inability
of a system to withstand the adverse effects of climate change, encompassing fluctua-
tions and extreme events that depend not only on the sensitivity of a system but also
on its adaptive capacity [22]. According to the IPCC definition [23], vulnerability is a
function of three factors: exposure, sensitivity, and adaptive capacity. In the context
of climate change, “level of exposure “ is defined as the intensity of changes in climate

5



Climate Change and Risk Management — Strategies, Analysis, and Adaptation

increase increase

+ Exposure * Adaptive

* Sensitivity Capacity
ﬁ ecrease f

* Adaptive

) * Exposure
Capacity

* Sensitivity

High vulnerability Low vulnerability
Figure 1.

Relationship between vulnerability components and their effects.
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Figure 2.
The connection between vulnerability, hazard, and risk.

variables, while “sensitivity” denotes the extent of the effects of climate change on the
system. “Adaptive capacity” reflects the system’s ability to reduce potential damages
and use opportunities. Consequently, increasing exposure and sensitivity components
heightens vulnerability, whereas an increase in the system’s adaptive capacity reduces
vulnerability. Figure 1 illustrates the relationship between vulnerability components
and the impact of adaptive capacity on vulnerability.

Risk emerges from the interaction between hazards and vulnerability.
Consequently, alterations in vulnerability components impact the level of risk. By
mitigating vulnerability through adjustments in its constituent elements, such as
enhancing adaptive capacity and reducing exposure, the risk is concurrently dimin-
ished. Figure 2 illustrates the connection between vulnerability, hazard, and risk.

2.2 The relationship between adaptive capacity and vulnerability and resilience

The concept of vulnerability exhibits deficiencies in several key dimensions, with
shortcomings including a disproportionate emphasis on evaluating system issues
over its core functionality, more attention to the state of the system than its active
processes and mechanisms, an oversight in neglecting to analyze the system’s mis-
sion within the drawn landscape, and a disproportionate focus on risks or damaging
components.

Simultaneously, prioritizing the system’s survival takes precedence over scrutiniz-
ing its separate issues. Consequently, to assess the system’s stability in fulfilling its
expected function, introducing an additional concept becomes imperative, and this
can be accomplished by incorporating the notion of “resilience.” It is important to
highlight that potential connections and related concepts exist between the frame-
works of vulnerability and resilience, as elucidated by [24], and these can be regarded
as mutually complementary.
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Adaptation reduces vulnerability and increases resilience
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Figure 3.
Conceptual relationship between climate change, vulnerability, and adaptation (in the sense of resilience).
Reference: Adapted from UKCIP [22].

The shift in perspective from the vulnerability-oriented focus on system factors
to the resilience-oriented emphasis on processes and system relationships is evident
in the literature on adaptation [25]. Until 2008, adaptation measures in the continents
of Asia, Africa, and Europe predominantly centered on vulnerability, addressing
processes such as ensuring water availability for pastures or enhancing the efficiency
of irrigation systems. However, in line with the 2014 recommendations from the
IPCC, there has been a discernible transition toward greater consideration of system
functions in adaptation measures. This is reflected in initiatives like local develop-
ment planning and the integrated management of water and soil resources [26].

The interrelationship and conceptual framework involving “vulnerability,”
“resilience,” and “adaptive capacity” within the context of climate change impacts are
elucidated in Figure 3. This visual representation illustrates the historical trajectory
of the system, encountering climate risks within the bounds of natural fluctuations
(climate changes). During these fluctuations, the system operates within the “resil-
ience” range, sustaining stability under constant climatic conditions. However, the
advent of climate change imposes new trends on the system, which is beyond the limit
of its resilience and puts the system in a vulnerable area.

In reaction to these alterations, Adaptation measures strengthen the adaptive
capacity of the system through two paths: modifying the flexibility range and reduc-
ing vulnerability. Ultimately, combining these pathways delineates a new boundary
(blue part) that protects the system against emerging climate fluctuations—a bound-
ary known as anti-climate.

Section 3 delves into a comprehensive explanation of the execution of these two
pathways, elucidating the enhancement of adaptive capacity under the heading of
adaptation processes.

3. Adaptation process

In the majority of research, the term “adaptation” has historically been construed
as the idea of reverting to the past [27]. Within this conceptualization, adaptation rep-
resents a system’s capacity to return to its initial state and a stable point of equilibrium
following the disturbance. This static form of adaptation is often referred to as revers-
ibility adaptation or incremental adaptation in certain studies, wherein the system’s
structure, performance, and feedback are maintained to reduce vulnerability [28].
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Over time, this definition has evolved, moving away from a static interpretation
to embracing a dynamic concept [29]. In the revised definition, adaptation does not
aim to achieve the system’s initial equilibrium but emphasizes sustaining the system,
absorbing changes, and adapting to disturbance conditions through gradual transfor-
mation, ultimately reaching a new equilibrium. In other words, the adaptive capacity
of the system in dealing with changes and disturbances increases by transferring the
characteristics of the system from one state to another. This perspective, known as
transformation adaptation, allows for the attainment of a new equilibrium point by
altering the structure and purpose of the system, a concept aligned with the modifica-
tion of the resilience range (Section 2). Figure 4 illustrates a schematic representation
of the system’s initial equilibrium state and the newly created equilibrium state.

The viewpoint of transformation adaptation distinguishes between the two con-
cepts of sustainability and stability; instead, it introduces criteria such as adaptability,
flexibility, and dynamic instead of control, resistance, and static. In transformation
adaptation, the concepts of diversification and modularization (transformation
into smaller elements with independent functions) along with decentralization are
proposed [30]. In this adaptive methodology, the trait of diversification enables the
system to manifest different responses amid conditions of pressure and disturbance.
An exemplification of this adaptive strategy is observed in the cultivation of crops
with varying sensitivities to climate changes. Moreover, the features of modulariza-
tion and decentralization, particularly when elements share similar functions, can
reduce the risk temporally and spatially, preventing the entire system from being
under pressure simultaneously and in the same location. An illustrative example is the
cultivation of a desired crop in diverse locations to distribute and minimize potential
risks. Table 1 provides a comparative analysis of two adaptation processes.

/ Unstable \

Stable

Buffer Zone

Stable New equilibriumstate |

Initial state

\ Position 7
Figure 4.

System equilibrium in the initial state and the new state.

Reversibility adaptation Transformation adaptation
Objectives Maintain the purpose and structure of the Change the purpose and structure of the
system system
Return to the initial equilibrium state Create a new equilibrium state
Attributes Static equilibrium adaptation Dynamic equilibrium adaptation
Dynamic-resilience-adaptation flexibility Static-fortification control-resistance

Table 1.
Objectives and characteristics of the two adaptation approaches.

8



Adapting to Climate Change through Risk Management
DOI: http://dx.doi.org/10.5772/intechopen.1005008

3.1 Adaptation process in water resources

Recognizing the significance of adapting to climate change within the integrated
water resources system, this section delves into two distinct paths of the adaptation
process aimed at restoring balance to the water resources system. As depicted in
Figure 5, factors such as climate change and excessive consumption contribute to
a decline in available water. Given the pivotal role of water as an interface between
various subsystems, this decline precipitates adverse effects on the economic,
social, and environmental performance of the system, ultimately leading to its
degradation.

In this situation, adaptation can be pursued through two distinct pathways.

In the reversibility process, actions are undertaken to revert to the original state
and the initial equilibrium point. Depending on the system’s capacity to recover,
these actions may either fully restore the system to its initial state (restoration), or
partially reinstate the conditions preceding the degradation (rehabilitation),
thereby enhancing system conditions [31, 32]. Conversely, in the transformation
adaptation process, structural changes increase the system’ resilience by creating
a new equilibrium point. The adaptive method of transformation in water resource
management with a protective approach can be applied by reallocating water
resources and creating new equilibrium conditions for the system. So, by changing
the structure of the system through diversifying economic activities and allocat-
ing water resources to them, the system’ sensitivity and adaptive capacity will
decrease and increase, respectively. Samples of various implemented measures
through both reversibility and transformation processes at different temporal and
spatial scales in countries are shown in Table 2. In addition, the comprehensive
classification of these adaptation processes within the system is illustrated in
Figure 6.

System with
new

Economic and social performance

v

Water resources
Figures.
The effectiveness of different approaches to system reconstruction and vestoration. Source: modified Gurr et al.
[31] for water resources.
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Reversibility Source Transformational approach Source
approach

Water management [33-36] Changing the cultivation pattern (changing rice r to [37-41]
and agricultural water- rice and cotton in China), (changing rice cultivation to

saving technologies in apple in India), (changing rice to alfalfa and safflower in

China and India Kazakhstan), and (wheat to fruit trees in Morocco)

Building Local [42]

Irrigation

Infrastructure in Chile

Restoration of [43-46] Change in economic activities (allocation of agricultural [47-52]
destroyed areas land to fish farming in China), (allocation of rice

through the creation cultivation land to aquaculture in Bangladesh), (change

of protection zones in from animal husbandry to rainfed farming and

Ethiopia beekeeping in Kenya), and (switches between cropping

Dikes and inlet barriers (53] and transhumant livelihoods in Burkina Faso)

for the Gulf Coast in
the United States

Table 2.
Adaptability measures through veversibility and transformation approaches.

Resilient Lt
Adaptation

-

Figure 6.
Classification of adaptation methods. Source: Author.

3.2 Advantages and disadvantages of climate change adaptation processes in the
water resources system

Adapting to climate change within the transformational process holds the poten-
tial for heightened success in ensuring the sustainability and preservation of the
system. This success is attributed to the removal of flawed structures and the estab-
lishment of a more flexible structure that exhibits reduced sensitivity to the impacts
of climate change. Such achievements gain particular significance within the inte-
grated water resources system grappling with the challenges posed by climate change.

In the realm of water scarcity, the challenge extends beyond the repercussions
of climate change alone; we consistently face mechanisms that perpetuate the
escalating trend of consumption. However, adaptation strategies centered around
reversibility cannot merely address the water shortage resulting from climate change.
Consequently, a shift toward adaptation strategies is imperative, focusing on struc-
tural changes to control the escalating mechanisms of consumption within a trans-
formation process. Furthermore, beyond its impact on the quantity of available water
resources, climate change also induces alterations in the intensity and frequency of
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extreme events. In such circumstances, the transformation adaptation process proves
to be more effective than the reversibility adaptation process due to the flexibility and
heightened system carrying capacity.

It is essential to note that the prescription of transformation adaptation results in
a significant shift in water consumption and may leave no alternative, but we should
embrace this approach in some cases. However, implementing such a change requires
a fundamental change in the economic and social structures that have evolved over
many years in a given region, inevitably giving rise to path dependency.

Path dependence emerges as a formidable obstacle to the acceptance and success
of this form of adaptation. Conversely, reversibility adaptation strategies refrain from
instigating substantial changes to the region’s structure. Since they do not deviate
significantly from the path taken, they hold the potential for greater acceptance and
success compared to transformation adaptation. Nevertheless, the development
capacities and preparations created through reversibility adaptation can serve as
facilitating factors in transitioning toward transformation adaptation [54].

The cultivation of awareness among stakeholders becomes paramount for the
success of climate change adaptation processes [55]. The local capacities and flexibil-
ity for transformation adaptation can be created by local stakeholders through social
learning processes, representing the best option from a community-oriented perspec-
tive for transformation adaptation measures. This form of adaptation is regarded as
reversibility adaptation [56]. In this regard, reversible adaptation strategies can be
effective in the short to medium term, and when aligned with training and capacity
building, they lay the groundwork for transformation adaptation strategies [57].

Considering the merits and drawbacks of distinct adaptation processes, research
endeavors have been undertaken to optimize their application across various countries.
In New Zealand, in response to challenges faced by farmers arising from shifts in water
availability, climate change, and land use alterations, localized research was conducted.
Building on these findings, a comprehensive program for the regional adaptation path
was formulated. This program recommended reversibility adaptation for the short-term
and proposed transformation adaptation for long-term sustainability [58]. Subsequent,
prerequisites for transformation adaptation were identified, including a shift in prevail-
ing attitudes and public understanding [59] and legislative modifications [58]. Also, in
Australia, to achieve sustainability, four adaptation pathways were defined based on
farmers’ experiences. Research outcomes indicated that sustainability could be attained
by following several paths together, both individually and as a group [60].

4. Risk management approach for climate change adaptation

The risk management (RM) approach, initially introduced by Wideman in 1992,
has undergone enhancements based on user experiences in diverse projects marked
by uncertainties [61, 62]. The uncertainty in climate forecasts, stemming from the
numerous global climate change scenarios and models, has prompted the adoption of
arisk management approach in climate change adaptation efforts in recent years [63].

The essence of the risk management approach is based on the development of
adaptation strategies for both current and anticipated risks. These strategies are evalu-
ated using a wide range of possible future scenarios to create robust adaptation strategies
and measures [64]. Rather than utilizing quantitative data of future climate scenarios
solely for impact assessment, this approach employs such data to assess the robustness of
proposed strategies, aligning with the principles of robust decision-making [65].
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In the risk management approach, the risk is characterized as a function of the
probability of repeating the consequences, directing attention toward the conse-
quences of climatic events rather than solely focusing on the probability of those
events occurring [64]. A notable advantage of the risk-based approach, as opposed
to a top-down approach, lies in early stakeholder involvement. They facilitate the
identification of potential adaptation strategies, which are subsequently subjected to
analysis across a diverse array of scenarios.

Systems encounter uncertainties in predicting climate change, its effects, and
changing conditions over time, leading to uncertainties regarding the potential
impact of adaptation measures on the system.

Over the past two decades, numerous methodologies have been developed to
address these uncertainties. In this regard, the risk management approach, owing to
its inherent flexibility, can adeptly leverage an extensive array of these methodolo-
gies. Moreover, climate change impact assessment, adaptation, and vulnerability have
common elements with risk management, including the need to manage uncertainty,
communication between hazards and consequences, communication between techni-
cal experts and stakeholders, risk reduction by reducing hazards and the conse-
quences of these hazards, and formal processes to link all these activities are [63].

Due to the high impact of climate change on water resources, the risk management
approach has been extensively applied for climate change adaptation across various
countries (refer to Table 3). Drawing from the experiences of scientists [66] in manag-
ing transboundary water resources, the utilization of this approach in climate change-
affected resource management is viewed as a natural development. In this study, six
key steps were suggested in the risk management process for transboundary water
resources, encompassing risk assessment planning, risk identification, risk assessment,
risk response plan, control plan, and continuous evaluation of the program.

Many governments worldwide, including New Zealand and Australia, have
embraced risk management as a main approach to assess adaptation options to
climate change [67]. For instance, the South Australian Government’s Department
of Environment, Water, and Natural Resources has established a process framework
for risk management in water planning and management. This framework addresses
natural resource risks, community values, and the effective performance of manage-
ment practices. It incorporates key components such as communication and consulta-
tion, monitoring and evaluation, context building, risk assessment (including risk
identification, analysis, and estimation), and risk reduction, ensuring the implemen-
tation of activities of communication and consultation, and monitoring and evalua-
tion throughout all stages of the process [71].

Application Source
Risk management for transboundary water conflict resolutions [66]

A risk management approach to climate change adaptation (New Zealand and Australia) [67]
Management of water resources planning by US agencies, including the US Army Corps of [68]
Engineers

Thames River Barrier, energy production in the Niger Basin, water management in Yemen, and [69]

flood risk management in a large southeast Asian metropolis

Risk management to reduce the effects of climate change in the Southern Mediterranean Countries [70]

Table 3.
Examples of risk management applications in dealing with climate change in water resources.

12



Adapting to Climate Change through Risk Management
DOI: http://dx.doi.org/10.5772/intechopen.1005008

Various methods underpin risk management and assessment, developed in diverse
frameworks [69, 71, 72]. Among risk management and assessment methods, the flex-
ible robustness methods provide a viable means of planning for changes in water sup-
ply and demand under evolving climate conditions. Methods of risk management have
found widespread use in American agencies, including the United States Army Corps
of Engineers (USACE), for efficient water resource management [68]. Examples such
as the Thames River Dam, energy production in the Niger Basin, water management in
Yemen, and flood risk management in a major Southeast Asian metropolis, introduced
as the applications of the framework of risk management with robust decision-making
tools for uncertainty management by World Resources Institute [69].

In the realm of adaptation assessment at both national and local levels, it is
suggested to employ risk management approach. Within this context, evaluating
adaptation strategies in alignment with key concepts such as vulnerability/resilience,
sustainable development, and disaster risk, facilitates comprehension of prevailing
policies, managerial practices within communities, existing programs and knowl-
edge, and identifying risks [63].

5. Evaluation and decision-making tools for adaptation strategies

It is imperative to conduct a thorough evaluation of the impacts resulting from
adaptation strategies and measures to gauge the efficacy of enhancing the system’s
adaptive capacity and resilience, while concurrently mitigating vulnerability and risk
associated with climate change. The significance of scrutinizing the effects of adapta-
tion strategies and measures has given rise to various methodological approaches
and tools, which are broadly categorized into groups encompassing natural sciences,
social sciences, overlapping natural and social sciences, and transdisciplinary [73].

Within the realm of natural sciences-based methods, assessments are carried out
through hydrological modeling, hydrodynamic modeling, and integrated evaluation
modeling. However, the limitations of hydrological and hydrodynamic modeling
methods lie in their challenges of accessing data related to other factors influenc-
ing risks at the same resolution, coupled with a deficiency in integrated assessment
capabilities. Integrated assessment modeling (IAM) emerges as a suitable option
for large-scale (global) assessments, enabling the evaluation of human-environ-
ment interactions and the interplay between adaptation and mitigation [74, 75].
Nonetheless, the uncertainty in estimating the costs and benefits of adaptation
measures constrains the broader application of these models.

In contrast, methods rooted in social sciences adopt a bottom-up approach and
include risk assessment, participatory evaluation, and cost-benefit analysis. The risk
assessment method possesses the advantage of determining risk reduction measures
and conducting uncertainty analyses, thereby overcoming the limitations associated
with IAM [76]. However, drawbacks of the risk assessment method include the mis-
match between the time scale of adaptation to climate change and short-term com-
munity concerns, as well as the absence of high-resolution future climate information
at the local scale and the associated risks.

Recent years have witnessed the development of participatory evaluation meth-
ods aimed at evaluating the impacts of climate change and its adaptation [77-79].
Notwithstanding the merits of these methods, they exhibit certain limitations, such
as subjectivity in stakeholder identification, the selected assessment method, and the
stakeholders’ level of knowledge.
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Overlapping methods try to solve the shortcomings of social and natural sciences-
based methods by combining the elements of them. Environmental assessment
models, hydroeconomics models, and water resource systems assessment modeling
are examples of overlapping methods employed in this context.

Hydroeconomic models were presented due to the effect of water on economic
performance [80, 81]. Initially, hydroeconomic modeling incorporated simulation
models in specific fields along with economic equations, yet it fell short of providing
a comprehensive evaluation of adaptation options [82]. Consequently, these models
were developed over time.

Recognizing the constraints of financial resources and time in implementing adapta-
tion strategies, the integration of decision-making tools with developed hydroeconomic
models became imperative, leading to the emergence of transdisciplinary tools. These
analytical tools can be applied in combination with all three aforementioned methods.

Decision-making tools consist of two main groups: single decision criterion and more
than one decision criterion. The development of transdisciplinary tools first has been
done by incorporating common decision-making tools, including single-criteria decision
tools (CBA, CEA) and multi-criteria analysis (MCA), in conjunction with hydroeco-
nomic models [73, 83]. In the following, Robust decision-making tools were integrated
with hydroeconomic models due to their relative superiority in addressing risks [84].

In summary, the evaluation of climate change adaptation strategies necessitates
integrated dynamic models that account for climatic and non-climatic uncertain-
ties affecting future conditions. These models should encompass various economic,
social, and environmental factors, as well as mechanisms evolving over time.
Additionally, decision-making tools alongside these models are imperative to the
judicious selection of strategies, taking into account both risk factors and stakeholder
participation. Below is an example of a suitable tool with the desired features.

6. Climate change adaptation through modern portfolio theory in risk
management approach

The Modern Portfolio Theory (MPT) stands out as a robust decision-making tool
suitable for reducing risk. Its distinctive capability lies in its capacity to calculate
climate risk and the risk-taking of decision-makers. Rooted in economic theory, this
model serves as a strategic planning methodology for investments in conditions of
uncertainty. It simultaneously incorporates two criteria economic risk and economic
return, within a unified mathematical model.

The portfolio optimization process involves selecting the optimal combination of
financial assets, aiming to maximize investment returns while minimizing risk. At its
core, MPT posits that by investing in assets with low correlation with each other, the
inherent risks associated with each asset can be mitigated, resulting in a stable return
with reduced overall risk [85].

By expanding the number and diversity of assets and allocating investments to
assets with more return and less risk, MPT effectively manages both systematic risk
(about changes affecting all activities) and unsystematic risk (related to changes
specific to each activity). In actuality, MPT mitigates the system’s susceptibility to
fluctuations by leveraging the diversification feature. This, in turn, diminishes the
system’s vulnerability and risk.

According to the recommendations of the Intergovernmental Panel on Climate
Change, the application of MPT in climate change adaptation planning has gained
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prominence in recent years across various sectors. Given the substantial impact of
climate change on the water sector, the concept of portfolio risk distribution has been
employed in investments to devise adaptation strategies and measures. For instance,
within the domain of water supply, the portfolio approach integrates existing infrastruc-
ture with other options such as protective measures and water transfer. This method
yields a diverse range of water supply portfolios, effectively reducing the required costs
to meet demand and enhancing adaptability to evolving climatic conditions.

Moreover, recognizing the pivotal role of water in the agricultural sector, MPT has
been instrumental in offering varied strategies to manage climate change-induced
risks [86]. Table 4 provides illustrative examples of these studies. In these investiga-
tions, diversification has been leveraged as a key feature to mitigate the risks associ-
ated with climate change.

In the realm of water allocation, wherein water functions both as a final and inter-
mediate product within various economic sectors, water can be assumed as capital.
The uncertainty associated with accessing this vital resource under climate change
introduces a level of unpredictability to the economic performance of the system.

The MPT model, when applied to water allocation, strategically allocates this finite
resource to activities characterized by higher economic efficiency and their economic
performances are not affected by changing climate conditions simultaneously and
to the same extent. Developing this set of activities with less sensitivity to climate
fluctuations requires structural change. Within the revamped structure, enhanced
adaptability is realized by minimizing uncertainty and fostering economic stability,
resulting in a reduced vulnerability of the system. Consequently, the MPT, through
the transformation adaptation process, serves as an effective strategy for risk manage-
ment in climate change adaptation.

Since in the MPT model, a set of optimal points (returns and risks) is produced,
the stakeholders with different utilities can choose one of the points based on their
degree of risk tolerance, and in this way, the risk-taking of stakeholders is considered
in the decision for water allocation. In this way, risk management by the MPT ensures
a holistic evaluation that considers both the systemic vulnerabilities and the varying
risk tolerance levels of involved stakeholders.

Surface water and groundwater resources management [87, 88]
water quality [89]
Coping with flood and drought extreme events [90, 91]
Reducing environmental risks [92]
Water distribution (reducing the risk of water distribution network) [93]
Risk reduction in garden systems [94]
Water supply (irrigation water, urban water, and areas with a common water source) [95-101]
Combined planning of water supply and demand [102]
Combination of various infrastructures of water resources [103]
Land use change and cultivation pattern change [88, 104, 105]
Diversity in products and sources of income for farmers [106]
Diversification in products by examining the gross margins [107]

Table 4.
The application of modern portfolio theory for adaptation to climate change in the water and agriculture sector.
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Given the significant influence of water on both social and environmental systems,
disregarding these dimensions may result in the ineffectiveness of climate change
adaptation strategies [108]. Also, according to section (2-3), reversibility adaptation
strategies can increase the adaptive capacity as a complement to the transformation
adaptation strategy (allocation of water based on MPT). This dual approach, combin-
ing both reversible and transformation adaptation processes, presents a comprehensive
strategy for risk management and ensuring successful adaptation to climate change,
which was first proposed by the author of this chapter in the form of the water resources
integrated dynamic model and MPT model were presented [109]. This research was con-
ducted in a catchment of a lake. In this research, the MPT theory was developed with the
social criterion, and water was reallocated as a decision variable between the economic
activities of agriculture, services, and industry; in this way, this portfolio plane included
optimal points produced. This reallocation by the transformation process reduced the
basin’s sensitivity to climate change and increased its adaptive capacity. In addition,
reversible adaptation strategies were presented to moderate the effects of climate change,
and these strategies were evaluated in the integrated model; then, the portfolio planes of
these strategies were prioritized on the axes of return, risk, and Gini coefficient of the
MPT model. Finally, an optimal point based on the risk tolerance of the beneficiaries was
selected from the selected strategy screen for allocation in climate change conditions.
The results of this research show the improvement of the economic performance of the
basin (about 1.2 times) by reallocating more water to the service and industry sector in
the transformation adaptation process, preserving the environment, and restoring the
lake by saving water consumption in the agricultural sector in reversibility process.

7. Conclusions

The pressures out of system capacity brought to it due to environmental changes,
including climate change, and the effects they have on different parts of the system take it
out of balance. Finally, this situation leads to the failure of the system. In this situation, the
only way to save and survive the system against pressures is to create adaptations so that
the system adapts to new conditions. Achieving this adaptive system is possible through an
efficient risk management approach. According to IPCC’s definition, climate risk is a func-
tion of danger, exposure, and vulnerability, so the risk can be reduced through changes in
vulnerability components, i.e., increasing adaptive capacity and reducing sensitivity.

Two processes are identified for dealing with risk of changes beyond the system’s
capacity: reducing vulnerability through adjustment measures (reversibility adapta-
tion) or increasing resilience by establishing new equilibrium conditions (transfor-
mation adaptation). Research findings indicate that reversibility adaptation may not
always restore the system to its initial state, while transformation adaptation leads to a
new and sustainable equilibrium by altering the system’s structure.

If structural changes in the transformation adaptation process are made based on
the principle of decoupling, it not only enhances adaptive capacity but also establishes
a stable (dynamic) balance over time, promoting resource preservation and promot-
ing economic growth with reduced resource consumption.

In the decoupling method, resources are allocated to sectors with a higher eco-
nomic benefit ratio to less resource consumption and minimized environmental
impact. In this context, integrating considerations of wastewater and carbon emis-
sions generated from economic activities to resource consumption leads to the realiza-
tion of a green economy and sustainable development goals.
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Contrary to the advantages offered by transformation adaptation, this approach
encounters resistance from stakeholders due to the significant economic and social
structural changes it introduces, particularly in regions where long-standing habits
and dependencies on existing structures have developed. In contrast, reversible
adaptation processes are more likely to gain social acceptance due to their minimal
impact on existing structures. Consequently, for an effective climate change adapta-
tion strategy within a risk management framework, it is advisable to implement both
adaptation processes complementarily.

Given the interconnected nature of economic, social, and environmental subsys-
tems and the inherent uncertainties in climate change adaptation outcomes, a com-
prehensive evaluation is imperative. Adopting a transdisciplinary approach through
dynamic integrated models allows for a holistic assessment of these strategies. To
aid decision-making and strategy selection, the use of robust decision-making tools,
which consider current and future risks as well as stakeholders, is crucial.

The portfolio theory, renowned for its diversification feature, emerges as a fitting
robust decision-making tool for risk management. By maximizing economic returns,
minimizing risks, and adhering to the decoupling principle (maximizing return ratio
to resource consumption), this theory allocates resources or capital strategically to a
set of activities with high productivity, low risk, and less dependence on each other
(reduction of systems’ sensitivity). This, in turn, enhances adaptive capacity and
reduces vulnerability. His theory can also be used to choose appropriate strategies
based on the risk-taking of stakeholders. In this way, it becomes possible to reduce
risk through conversion and reversibility processes. Ultimately, integration of the
portfolio model with dynamic integrated evaluation models further enhances the
potential for comprehensive risk management under changing climate conditions.
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Abstract

Disasters, whether natural or human-induced, present persistent challenges,
necessitating effective strategies for risk reduction and resilience enhancement.
Recent advancements in disaster risk reduction (DRR) encompass dynamic risk
assessment models, behavioral insights integration, and cutting-edge technologies
like artificial intelligence and remote sensing. Cross-border collaborations further
strengthen resilience efforts, exemplified by programs such as the European Union’s
Horizon 2020 initiative, Interreg and Directorate of Humanitarian Aid and Civil
Protection (DG ECHO). Technological innovations, particularly in Al and machine
learning, have revolutionized early warning and decision-making systems and rapid
damage assessment, while policy frameworks increasingly advocate for integrated
risk reduction and management approaches and climate resilience. Community
engagement emerges as a cornerstone of that approach, incorporating local commu-
nities’ values and priorities in DRR and DRM strategies. It is a necessity to empower
communities through participatory and interactive tools, collaborative mapping, and
planning processes and foster inclusive practices, crucial for vulnerable groups’ pro-
tection. Interdisciplinary approaches and collaborative partnerships underscore the
multifaceted nature of DRR, emphasizing the necessity of sustained investment and
political commitment. Together, all these efforts can pave the way for building safer,
more resilient societies equipped to confront the challenges of tomorrow’s disasters.

Keywords: cross-border, project, risk management, disaster management, policies,
natural disasters, macroregional development

1. Introduction

Disasters, whether natural or human-induced, have been an enduring challenge
throughout human history, causing immense suffering, loss of life, and economic
devastation [1]. From earthquakes and hurricanes to pandemics and industrial acci-
dents, the impact of disasters reverberates across communities and nations, highlight-
ing the urgent need for effective strategies to mitigate risk and enhance resilience.
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Recent decades have witnessed significant advancements in our understanding of
disaster risk and the development of innovative approaches to disaster risk reduction
(DRR) [2]. From the emergence of dynamic risk assessment models to the integration
of behavioral insights and the application of cutting-edge technologies, such as arti-
ficial intelligence and remote sensing, these innovations represent the latest results in
DRR research and practice.

The climate crisis and its impacts demand proactive action. Prevention,
Preparedness, and Immediate Response, focused on bolstering the country’s resil-
ience. These are the essential pillars for adapting our country to the new, unprec-
edented realities, which form the core of the ministry’s approach to risk management
arising from the climate crisis.

In this context, the development of a National Strategy for the Climate Crisis and
Civil Protection is being pursued. This is a long-term strategy, not merely theoretical
but based on scientific data and implemented through a specific action plan, founded
on a national dialog on the climate crisis and its challenges.

Within the functions of the Ministry of Climate Crisis and Civil Protection,
we rely on the established general plans for emergency needs and situations of
emergency protection policy, as well as the management of their consequences. The
institutional framework for handling urgent events, managing hazards, conducting
environmental inspections, and related activities. Additionally, we rely on pollution
mapping, drafting crisis management plans for civil protection phenomena, as well as
plans formulated for emergency needs by municipalities and regions in Greece.

In addition to national efforts, cross-border projects have become increasingly
significant in addressing transnational disaster risks. Initiatives such as the Horizon
2020 Programme, Interreg and DG ECHO prevention and preparedness, on Cross-
Border Disaster Risk Reduction exemplify collaborative efforts that enhance regional
resilience. These projects focus on sharing data, technology, and best practices across
borders to effectively manage and mitigate risks posed by disasters that do not respect
national boundaries.

In this chapter, we explore the latest developments in DRR and their implications
for building safer, more resilient communities. We begin by examining the dynamics
of risk, including the evolving nature of hazards and vulnerabilities, and the role of
dynamic risk assessment models in providing more accurate and timely risk assess-
ments. We then delve into the behavioral aspects of risk perception and decision-
making, highlighting the importance of understanding human behavior in designing
effective DRR strategies.

Advancements in technology have transformed the DRR landscape, offering new
tools and capabilities for early warning, damage assessment, and spatial analysis [3].
The use of Al and remote sensing technologies, for instance, has revolutionized our
ability to anticipate, prepare for, and respond to disasters with greater precision and
efficiency.

Policy and governance frameworks play a crucial role in shaping DRR efforts,
providing the legal and institutional framework necessary for effective risk manage-
ment [4]. Integrated risk management approaches, which consider the interconnected
nature of hazards and vulnerabilities, are increasingly being adopted to promote
more coordinated and sustainable DRR strategies. Mainstreaming climate change
adaptation measures into DRR policies and practices is also essential for building
resilience to the growing impacts of climate change. Projects like the Integrated Risk
Management Framework and the Climate Resilient Infrastructure Project highlight
these integrated approaches.
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Furthermore, international cooperation is vital for comprehensive disaster risk
reduction. These collaborations enhance regional capacities to manage large-scale
disasters through joint training exercises, shared resources, and harmonized policies.
Such initiatives underscore the importance of a united approach to disaster resilience,
transcending national limitations and fostering global solidarity.

At the center of DRR efforts are communities, whose resilience depends on their
ability to anticipate, prepare for, and respond to disasters. Community engagement
and empowerment initiatives, grounded in principles of inclusivity and participation,
are essential for building resilience from the ground up [5]. The ROSES project aims to
raise and enhance risk awareness, sharing of best practices, and risk communication by
elaborating actions in the fields of Host Nation Support in cross-border areas, empower-
ing local communities for joint disaster risk reduction and management, activating
collaboration in bilateral agreements, public engagement, inclusion of vulnerable
groups, risk awareness in educational structures, and innovative processes in the protec-
tion of cultural heritage, thus making disaster risk reduction inclusive and collaborative.
Similarly, the SAILOR project focuses on cross-border risk assessment and action plans
in the Georgia-Azerbaijan area, enriching the ongoing work on forest fires. Also, SOLVE
project focuses on Cross Border Complex Floods And Forest Fires Prevention And
Management between the cross-border area of North Macedonia and Greece, and the
BALANCE project aims to address the pressing needs of effective multi-lateral response,
reducing the disaster risk in highly prone regions and among social groups with inad-
equate institutional capacities for disaster management while enhancing response
coordination to complex events and improving the skillsets and contingency plans and
the bilateral and multilateral cooperation protocols in the field of civil protection.

The challenges posed by disasters are complex and multifaceted, requiring com-
prehensive and integrated approaches to risk reduction [6]. By harnessing the latest
insights, innovations, and technologies, stakeholders can enhance their capacity to
mitigate risk, build resilience, and create safer and more sustainable communities for
future generations.

2. Behavioral insights in risk perception

Recent research in behavioral science has recognized different ways of think-
ing and mental shortcuts that affect how we see risks and make decisions [7]. By
incorporating behavioral insights into risk communication and public engagement
efforts, such as those undertaken by the Behavioral Risk Communication Project,
policymakers can enhance community resilience and promote adaptive behaviors in
disaster-prone areas.

Effective risk communication is essential for fostering public awareness and
motivating behavioral change in disaster-prone areas [8]. Tailoring communication
messages to specific audience segments and utilizing trusted channels, such as local
community leaders and social media influencers, can enhance the effectiveness of risk
communication efforts. Moreover, engaging communities in two-way communication
processes, such as participatory risk mapping exercises and community forums, can
facilitate dialog and build trust between stakeholders.

Behavioral nudges, such as default options, social norms, and incentives, can influ-
ence decision-making and encourage individuals to adopt risk-reducing behaviors [9].
By designing interventions that leverage behavioral insights, policymakers can promote
actions that enhance community resilience and reduce vulnerability to disasters.
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3. Technological innovations

Advancements in artificial intelligence (AI) and machine learning are revolution-
izing disaster response and recovery efforts. Al-powered algorithms can analyze vast
amounts of data to identify patterns and predict disaster impacts with unprecedented
accuracy [10]. From optimizing evacuation routes to assessing infrastructure vulnerabil-
ities, Al-driven solutions are transforming the way we prepare for and mitigate disasters.

Early warning systems play a crucial role in reducing the loss of life and property
in disaster-prone areas. Machine learning algorithms can improve the accuracy
and reliability of early warning systems by analyzing historical data and real-time
observations to detect emerging threats. By continuously learning from new data
and refining their predictive capabilities, these systems can provide timely alerts
and actionable information to at-risk communities, enabling them to take proactive
measures to mitigate disaster impacts [11].

Remote sensing technologies, such as satellite imagery and drones, offer invalu-
able insights into disaster-affected areas, allowing for rapid damage assessment and
resource allocation. Coupled with geospatial analysis tools, these technologies enable
responders to visualize spatial patterns of risk and prioritize interventions accord-
ingly. The Remote Sensing Damage Assessment Initiative, for example, leverages
high-resolution satellite imagery to identify and assess the impact of disasters on
infrastructure and communities.

Following a disaster event, timely and accurate assessment of the extent and sever-
ity of damage is essential for coordinating response efforts and allocating resources
effectively [12]. Satellite imagery provides a bird’s-eye view of affected areas, allowing
responders to identify damaged infrastructure, assess the impact on communities,
and plan targeted interventions. By leveraging high-resolution imagery and auto-
mated image analysis techniques, responders can streamline the damage assessment
process and expedite recovery efforts.

Unmanned aerial vehicles (UAVs), or drones, offer a flexible and cost-effective
platform for conducting rapid assessments in disaster-affected areas [13]. Equipped
with high-resolution cameras and sensors, UAVs can capture detailed imagery of
inaccessible or hazardous locations, providing responders with real-time situational
awareness and actionable intelligence. By deploying UAVs for damage assessment,
search and rescue operations, and environmental monitoring, emergency responders
can improve their operational efficiency and decision-making capabilities in dynamic
disaster scenarios.

4. Policy and governance

Traditional approaches to DRR often focus on individual hazards in isolation,
leading to fragmented and ineffective risk management strategies. Integrated risk
management frameworks advocate for a holistic approach that considers the inter-
connected nature of hazards and vulnerabilities. By adopting a comprehensive risk
governance approach, policymakers can enhance coordination among stakeholders
and promote sustainable development practices that reduce overall risk exposure.

In regions prone to multiple hazards, such as earthquakes, tsunamis, and cyclones,
hazard-specific approaches may overlook the compounding effects of concurrent
or sequential disasters [14]. Multi-hazard risk assessment and planning frameworks
integrate data from various sources to identify synergies and trade-offs between
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different risks, allowing policymakers to prioritize interventions that address multiple
hazards simultaneously. The Integrated Risk Management Framework project exem-
plifies this multi-dimensional approach, aiming to build more resilient communities
prepared to withstand complex disaster scenarios.

As climate change exacerbates the frequency and intensity of natural disasters,
there is a growing recognition of the need to integrate climate change adaptation mea-
sures into DRR strategies [15]. By mainstreaming climate resilience considerations
into policy formulation and infrastructure planning, governments can build more
resilient communities better equipped to withstand future shocks and uncertainties.
The Climate Resilient Infrastructure Project, for instance, focuses on incorporating
climate-resilient design principles into new infrastructure developments.

Investing in climate-resilient infrastructure is essential for reducing vulnerability
to climate-related hazards and enhancing long-term sustainability. Climate-resilient
design principles, such as elevated structures, green infrastructure, and nature-
based solutions, can help minimize the risk of damage and disruption caused by
extreme weather events. By incorporating climate resilience into infrastructure
planning and development processes, governments can future-proof critical assets
and infrastructure systems, ensuring their continued functionality and serviceabil-
ity in a changing climate.

Integrating climate adaptation considerations into development planning
processes is essential for promoting sustainable and resilient growth [16]. By main-
streaming climate risk assessments into land use planning, infrastructure investment,
and natural resource management decisions, governments can identify climate-
related vulnerabilities and prioritize actions that enhance resilience. Moreover,
incorporating climate adaptation measures into national policies and regulations
helps build institutional capacity and fosters a culture of proactive risk management
at all levels of governance.

5. Community engagement and empowerment

Empowering communities to actively participate in decision-making processes,
co-create solutions, and take ownership of their resilience initiatives fosters a culture
of preparedness, solidarity, and collective action. By nurturing partnerships between
communities, governments, academia, and civil society organizations, we can
leverage diverse perspectives, resources, and expertise to address the unique needs
and priorities of each community and ensure inclusive and sustainable risk reduc-
tion outcomes. The ROSES project in the Western Balkans and the SAILOR project
in the Georgia-Azerbaijan area are examples of cross-border initiatives that aim to
enhance risk awareness, collaboration, and preparedness, thereby contributing to the
resilience of communities across borders. The SOLVE project in the cross-border area
of North Macedonia and Greece and BALANCE project in Western Balkans improve
multilateral response, lower disaster risk in vulnerable areas and groups, boost coor-
dination for complex events, enhance skills and contingency plans, and strengthen
cooperation in civil protection.

Engaging communities in participatory risk mapping and planning exercises
can help identify local hazards, vulnerabilities, and capacities, enabling residents to
develop context-specific strategies for risk reduction and response. By combining
traditional knowledge with scientific expertise, community-led risk mapping initia-
tives can generate valuable insights into local risk dynamics and inform the design of
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targeted interventions. Moreover, involving community members in decision-making
processes fosters ownership and accountability, leading to more sustainable and effec-
tive risk reduction outcomes [17].

Building resilient communities requires strengthening social networks and
fostering mutual support among residents. Community resilience networks, such as
neighborhood associations and volunteer groups, play a crucial role in coordinating
disaster preparedness and response activities at the local level [18]. By facilitating
information sharing, skills training, and resource mobilization, these networks
enhance community cohesion and adaptive capacity, enabling residents to cope with
and recover from disasters more effectively. Moreover, leveraging existing social
capital and cultural traditions can enhance the effectiveness and sustainability of
community resilience initiatives.

Vulnerable and marginalized groups, such as women, children, and persons with
disabilities, often bear the brunt of disasters due to pre-existing inequalities and
discrimination. Inclusive approaches to risk reduction prioritize the needs and rights
of these populations, ensuring their meaningful participation in decision-making
processes and access to life-saving services [19]. By addressing underlying social and
economic vulnerabilities, inclusive DRR strategies can enhance the resilience of the
entire community and promote sustainable development outcomes.

Gender-responsive DRR approaches recognize the unique vulnerabilities and
capacities of men, women, and gender-diverse individuals and seek to address gender
inequalities in disaster preparedness, response, and recovery efforts [20]. By main-
streaming gender considerations into policy and programming, governments can ensure
that women’s voices are heard, their needs are met, and their contributions are valued
throughout the disaster management cycle. Moreover, empowering women as agents of
change enhances community resilience and fosters more inclusive and equitable societies.

Persons with disabilities often face significant barriers to accessing life-saving
information, services, and support during disasters. Disability-inclusive DRR strate-
gies prioritize the rights and needs of persons with disabilities, ensuring their full
participation in disaster preparedness, response, and recovery efforts [21]. By main-
streaming disability considerations into policy development and program implemen-
tation, governments can remove physical, communication, and attitudinal barriers
that prevent persons with disabilities from fully engaging in disaster risk reduction
activities. Moreover, promoting disability-inclusive approaches fosters a culture of
diversity, equity, and inclusion that benefits society as a whole.

6. Conclusions

The exploration of new insights and innovations in disaster risk reduction illumi-
nates promising opportunities to fortify societies against the threats posed by disas-
ters. The convergence of cutting-edge technologies, interdisciplinary approaches, and
community-centered strategies has the potential to significantly bolster our collective
resilience and sustainability in the face of diverse hazards.

The integration of advanced technologies, such as artificial intelligence, machine
learning, and remote sensing, equips us with powerful tools for anticipating, assess-
ing, and responding to disaster risks with unprecedented accuracy and efficiency.
These technologies enable the development of early warning systems that provide
timely alerts to at-risk populations, allowing for proactive measures to mitigate
the impacts of impending disasters. Moreover, the utilization of remote sensing
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techniques facilitates rapid damage assessment and resource allocation, guiding
targeted interventions and optimizing disaster response efforts.

Interdisciplinary approaches that draw upon diverse fields of expertise, including sci-
ence, engineering, social sciences, and policy, foster a more comprehensive understand-
ing of disaster risk dynamics and inform the design of effective risk reduction strategies.
By synthesizing insights from multiple disciplines, we can develop holistic solutions that
address the complex interplay of hazards, vulnerabilities, and societal factors contribut-
ing to disaster risk. This integrative approach enhances our ability to anticipate emerging
threats, adapt to changing conditions, and build resilience across all levels of society.

Community engagement and empowerment lie at the heart of effective disaster
risk reduction efforts, recognizing the invaluable role of local knowledge, capacities,
and social networks in building resilience from the ground up. Empowering com-
munities to actively participate in decision-making processes, co-create solutions, and
take ownership of their resilience initiatives fosters a culture of preparedness,
solidarity, and collective action. By nurturing partnerships between communities,
governments, academia, and civil society organizations, we can leverage diverse
perspectives, resources, and expertise to address the unique needs and priorities of
each community and ensure inclusive and sustainable risk reduction outcomes.

Realizing the vision of a safer and more resilient future for all requires sustained
investment, political commitment, and collaboration across sectors and stakehold-
ers. It entails mobilizing financial resources to support research, innovation, and
capacity-building initiatives aimed at strengthening our resilience to current and
emerging threats. It also demands political leadership and governance structures that
prioritize disaster risk reduction as a fundamental component of sustainable develop-
ment, integrating risk considerations into planning, policymaking, and investment
decisions at all levels.

Furthermore, achieving our shared goals necessitates fostering partnerships and
fostering collaboration among governments, international organizations, academia,
private sector entities, and civil society actors. By fostering an environment of
cooperation, knowledge sharing, and mutual support, we can leverage the collective
expertise and resources of diverse stakeholders to address complex challenges and
maximize the effectiveness of our risk reduction efforts.

In the end, the journey toward building resilient and sustainable societies is
complex and challenging. It is also filled with opportunities for innovation, collabora-
tion, and transformative change. By embracing the latest insights and innovations
in disaster risk reduction and working together across disciplines and sectors, we
can build a safer, more resilient future for all, where communities are empowered to
thrive in the face of adversity.
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Abstract

In this section, risk management in mass gatherings will be addressed. Mass
gatherings, due to their nature, fall into the category of unique events since they have
the potential for incidents, injuries, and even fatalities. Identifying these potential
risks and managing them can help event organizers to prevent accidents. This section
of the book, by classifying and introducing threatening risks in mass gatherings,
provides a better understanding of the organization of such events and ultimately
facilitates the risk assessment process in mass gatherings.

Keywords: risk, risk management, mass gatherings, risk assessment, health

1. Introduction

According to the World Health Organization’s definition, a mass gathering is an
event, pre-planned or spontaneous, where the number of individuals is sufficient
to strain the planning and response resources of the community at the local, state,
or national level. Mass gatherings can occur for various reasons, including reli-
gious, social, cultural, political, and sporting events. Mass gatherings are broadly
categorized into planned and unplanned (spontaneous) gatherings, each having its
own subtypes. This categorization is crucial in the management of mass gatherings
because the planning and execution of these events depend on the type of gathering
and the conditions of the venue. Depending on the type of gathering, the conditions,
and the facilities available, various risks may threaten the participants. Managing
unplanned mass gatherings is notably more challenging, and these gatherings pose
greater health risks to participants [1].

The safe organization of a mass gathering requires preparedness from various
entities involved in its execution, such as the main organizing authority, different
health departments, pre-hospital emergency services, regional hospitals, and col-
laborating sectors like the police and fire departments. Within these, the health
sector must ensure readiness in various areas. As the first step in the preparedness
plan, each sector should identify the risks associated with its role. After identifying
the hazards and vulnerabilities of each event, we can analyze potential risks and
design operational plans to eliminate or reduce them. Indeed, each of these events is
susceptible to health-threatening risks and has its own specific incidents. Over the
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past decade, concerns about health-related hazards in mass gatherings have increased
[2]. The primary health concerns in mass gatherings include infectious diseases such
as respiratory and foodborne illnesses, injuries, traffic accidents, heat-related issues,
insect bites, non-communicable diseases, and terrorism [3]. Many mass gatherings
have reported high mortality rates due to communicable diseases, non-communicable
diseases, injuries from stampedes, and terrorist attacks. In addition to infectious
diseases, both endemic and seasonal (resulting from water, food, and respiratory
sources), the health system faces challenges such as bruising, lacerations, limb
amputations, muscle strains, headaches, dizziness, asthma and respiratory problems,
heat-related issues, and abdominal pains that require specialized medical care [4].

In addition, participants in mass gatherings may undergo psychological changes that
can have negative aspects, posing risks to their health [5]. Numerous statistics from
around the world highlight the multiple injuries resulting from mass gatherings.
These unfortunate incidents occur in various types of cultural, sports, and religious
events. In addition to causing injuries, these events have also led to fatalities. The
primary causes of mortality are often associated with stampedes and trauma [6].
The hazards associated with mass gatherings are related not only to the number of
participants but also depend on various other factors. The risks have a direct relation
to the existing hazards, the level of exposure, and the vulnerability of the population
and the environment [7]. Organizers of mass gatherings must have access to reliable
data from various aspects of the event to provide efficient resources and equipment
and predict the required personnel in the health sector [8]. The most important

step in this regard is assessing the risks of mass gatherings in the pre-event stage.
Many injuries resulting from mass gatherings occur due to the lack of a risk manage-
ment strategy. To prepare for managing mass gatherings and implement preventive
measures to reduce risks, in the first step, it is necessary to identify risk factors and
conditions that may contribute to health hazards in a mass gathering, creating the
possibility for a comprehensive risk assessment. In essence, after identifying the
hazards, we can analyze and evaluate them, assessing the likelihood of incidents and
their impact on participants. To achieve maximum risks in mass gatherings, the best
way is to categorize them based on a scientific methodology. With this approach, we
are essentially aiming to develop effective management actions. One such classifica-
tion is the 5-part categorization, which classifies various threatening risks into five
main categories:

1. Environmental hazards

2.Hygiene hazards

3. Psychosocial hazards

4.Individual hazards

5.Management and facility hazards [9].

Understanding the hazards of each category in managing the risks of that category
can be very beneficial. The collection of risks from all categories can provide event

organizers with a comprehensive and complete overview of risks. In fact, after iden-
tifying risks in each category, a general risk assessment for the entire mass gathering
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Figure 1.
Five domains of mass gathering hazavds.

can be obtained. For a better understanding of each category and ultimately achiev-
ing an overall risk assessment, the threatening risks of each category will be fully
explained in this section (Figure 1).

2. Environmental hazards

This area encompasses risks related to the event venue and weather conditions dur-
ing the gathering. These risk factors include the number of participants and population
density, moving crowds, hot weather air humidity, wide dispersion (large distances)
in uneven environments, the likelihood of traffic accidents, rainfall, cold weather,
outdoor gatherings, gatherings without clear boundaries, drowning incidents, insect
bites, and sunburn. The larger the number of participants in a gathering, the greater
the need for planning. As the population density increases, the likelihood of risks
related to stampedes and associated traumas also rises. According to studies, between
1980 and 2007, 215 different human stampede incidents led to 7069 deaths and 14,000
documented injuries worldwide. With 965 people reportedly killed during a religious
gathering in Baghdad in 2005, it was the deadliest stampede of its kind in the previous
century. A total of 380 pilgrims lost their lives in the human stampede that occurred
in Mina Valley during the 2006 Hajj. Only in the year 2015 occurred another human
stampede during the Hajj, which tragically lost the lives of 769 pilgrims [10].

A study on the mass gathering of Hajj in 2018 showed that there were referrals to
relief centers with different degrees of hyperthermia between 11:00 AM and 2:00 PM.
In addition, people with old age and underlying diseases have a higher risk of hyper-
thermia [11]. A modeling study on 79 mass gatherings showed that the environmental
heat index is one of the important factors in increasing the patient presentation rate
(PPR) in mass gatherings [8].

Holding a mass gathering in extremely cold or hot weather increases the risks.
In colder weather, the use of heating devices is necessary, which itself requires
safety measures. In very hot weather, the risk of heat-related illnesses such as
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heatstroke increases. Additionally, participants’ need for safe drinking water will
be higher in these conditions.

2.1 Solutions and measures to reduce environmental hazards

One of the first steps organizers of mass gatherings should consider is estimat-
ing the number of participants based on the available space. Additionally, the entry
of individuals into the gathering venue should be regulated through specific gates.
Restriction on the entry of vehicles into the gathering area should be clearly defined at
a specified boundary to minimize the risks associated with traffic accidents.

The facilities available in the venue or the environment of the gathering place should
be proportional to the number of participants and accommodated at the event site. The
population density needs to be estimated, and facilities should be strategically placed
throughout the gathering location based on this density to ensure adequate coverage.

In gatherings held in open environments, especially those involving walking, it is
essential to have designated rest areas with shade and access to clean water at speci-
fied intervals. If the gathering takes place near a river or lake, access to it should be
restricted or prohibited to prevent the risks associated with drowning [9, 12].

3. Hygiene hazards

This area encompasses significant hazards that have the potential to pose risks to
all participants and even the entire community. These risks include the outbreak of
diseases, the hygiene quality of food and beverages, waste disposal, and wastewater
discharge. In fact, this domain highlights risks that may have future consequences for
the entire society, including epidemics of respiratory diseases that may occur after the
mass gathering in the community.

In addition, due to the lack of adherence to hygiene requirements related to food
and water, outbreaks of gastrointestinal epidemics may also occur. In gatherings,
especially those lasting more than one day, negligence in proper waste disposal and
sewage can pose environmental hazards to the region. Lack of health supervision
in the preparation and distribution of food is another risk in this area. A 15-year
retrospective study on the spread of meningitis in mass gatherings has shown that
these gatherings have a high potential for the spread of infectious diseases, although
the development of a vaccine to prevent this health problem has been helpful [13].
Also, in mass gatherings held in the United States, the spread and transmission of
respiratory diseases such as influenza have been reported. This concern is also pres-
ent in international gatherings about more diseases such as measles and mumps [14].
The outbreak of food poisoning is one of the concerns that has been observed in mass
gatherings. In one case in India, 291 people with symptoms of diarrhea, abdominal
pain, fever, chills, and vomiting went to the hospital due to food poisoning within a
few hours after the gathering [15]. During the spread of the COVID-19 pandemic, it
was shown that due to the possibility of the virus spreading in mass gatherings, the
death rate caused by the virus increases in events [16].

3.1 Solutions and measures to reduce hygiene hazards

One of the most important solutions to reduce the risks related to the health sector
is the design of a patient tracking and surveillance system. Based on the potential

40



Risk Management in Mass Gatherings
DOI: http://dx.doi.org/10.5772/intechopen.1004193

diseases that may cause an epidemic in mass gatherings, a surveillance system should
be adjusted. The syndromic care system helps the organizers to identify people who
have symptoms of respiratory, gastrointestinal diseases, etc. The distribution of

food and water should be done under the supervision of health inspectors who are
approved by the organizers, and the distribution of food and water from unreliable
sources should be prevented. Health inspectors must have the necessary authority
and responsibility to cancel the distribution of foods that are suspected from a health
perspective. In planned gatherings, the venue for the gathering should be planned for
standard collection of sewage and waste from a hygiene perspective. Another aspect
to consider in this area is preventing the presence of street vendors in large gatherings
because dealing with the distribution of food items by vendors can be very challeng-
ing. Additionally, the presence of street vendors in mass gatherings increases the
possibility of terrorist and bioterrorist attacks [17, 18].

4. Psychosocial hazards

One of the factors that can turn a mass gathering into a severe incident with
multiple casualties is the behavior of the crowd. Before organizing a large gathering,
the crowd behavior should be determined based on the type of gathering. In gather-
ings accompanied by the excitement of participants, there is a higher possibility of
risks. For example, confrontational gatherings where two opposing groups organize it
together, election campaigns, or sporting events held in stadiums fall into this category.

In gatherings where alcohol consumption is possible, the risks in this area are high-
lighted because the crowd has the necessary behavioral potential for various risks.
Another risk related to this area is the possibility of widespread rumors in gatherings.
The spread of rumors among the crowd may lead to changes in crowd behavior,
overcrowding, and pose health risks to the participants. Reported from sporting and
music MGEs demonstrated that, drug and alcohol usage lead to intoxication, aggres-
sion, and serious injuries [19]. In addition to the behavior of the crowd, one of the
other important factors in the psychological field of mass gatherings is the mood of
the crowd. Identifying population mood is more difficult than identifying population
behavior because it is often invisible. The mood of the population is divided into three
levels: passive, active, and energetic. The more the mood of the population is toward
the energetic level, the higher the probability of risks [20].

4.1 Solutions and measures to reduce psychosocial hazards

Some measures related to reducing these hazards need to be taken before holding
the gathering, and some actions should also be carried out during the event.

Before the gathering, the type of event and the behavior of the crowd should be
anticipated, and special facilities for it should be planned at the event venue accord-
ingly. During the gathering, the behavior of the crowd, the level of excitement, and
the potential for crowd confrontation should be monitored, and if any slight changes
are observed, necessary interventions should take place. Before the gathering, laws
related to alcohol consumption restrictions or prohibitions should be communicated
to the participants. It is recommended that cameras responsible for monitoring the
crowd during the gathering be equipped with operators trained in crowd behavior
analysis. These operators should report any changes, congestion, or excitement
observed during the event. To prevent the spread of rumors and the creation of
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anxiety among the participants, multi-layered communication should be carried
out. This communication can be done through monitors, loudspeakers, or paper
announcements. Timely and comprehensive communication will create confidence
among participants and prevent emotional behaviors [9, 21].

5. Individual hazards

This area essentially reflects the general characteristics and demographics of partici-
pants in mass gatherings. The risks in this area increase as participants in mass gather-
ings come from vulnerable population groups. The presence of the elderly, children,
and women in mass gatherings increases the required facilities for the event. Involving
individuals with illnesses or disabilities and limited mobility in mass gatherings will
face higher risks in this area. However, it is not possible to prevent the presence of these
individuals in gatherings. Considering the nature of gatherings, which may involve rec-
reational, social, or cultural activities, the presence of these individuals is unavoidable.

5.1 Solutions and measures to reduce psychosocial hazards

The first step in reducing such risks is to create a comprehensive profile of the
population of individuals participating in the gathering. This action should be
undertaken before the gathering by identifying and registering participants. Based
on this profile, specific facilities may be added to the location of the mass gathering.
Considerations such as wheelchair access, additional seating areas, and increased
spacing for the crowd are among these measures. For gatherings that last more than a
day or several days, providing medical and pharmaceutical needs for sick and elderly
individuals should be mandatory.

6. Management and facility hazards

The risks arising from this area include improper planning, insufficient organizing
personnel, inadequate facilities, and improper placement of facilities. For example,
the lack or shortage of healthcare personnel at the gathering site (doctors, nurses,
firefighters, police, and emergency medical workers), neglect of security and the
potential for terrorist attacks, the absence of directional signs, failure in risk assess-
ment, lack of communication, lack of pre-incident warning, absence of vaccina-
tion programs, lack of collaboration among agencies, difficult access to healthcare
services, scarcity of medical service resources, challenging access to water and food,
availability of alcohol, absence of free water, and the organization of gatherings for
an extended period. Each of these risks has a high potential for causing incidents with
a large number of casualties. Mass gatherings, given their nature, require planning
similar to what happens in emergencies and disasters. In these gatherings, various
organizations with different missions must work alongside each other. In this context,
the unity of command and communication appropriate to the incident are crucial
[9]. Statistics extracted from the Global Terrorism Database (GTD) over the last 50
years show that the number of terrorist attacks has increased in recent decades. These
attacks have been carried out with various weapons in various music, sports, reli-
gious, and political festivals. These attacks in mass gatherings have killed hundreds of
people and injured thousands of others [17].
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6.1 Solutions and measures to reduce management and facility hazards

The most crucial step in this area is risk assessment before organizing a mass
gathering. All potential risks, including those mentioned in previous areas, should
be assessed, classified, and managed before conducting the mass gathering. Without
conducting a risk assessment, any action taken will be blind and non-purposive.

In this area, it is essential to estimate the facilities and personnel required for
organizing a mass gathering. This estimation depends on the results of the initial risk
assessment. Another important category in this area is the placement of facilities and
employees who provide services. This is particularly crucial, especially for emergency
response personnel and healthcare service providers. In the event of an incident and
the participants’ need for medical services, both access to the target population and
the evacuation of injured individuals are vital.

Access routes to the population and methods of transporting injured individuals
to medical centers should be clearly defined and practiced on pre-designed maps. The
safe conduct of mass gatherings requires the definition of multiple communication
layers to establish effective communication among all organizing entities in the gath-
ering. Due to population overload, the use of conventional communication systems
such as mobile phones in mass gatherings may come with challenges. Therefore, orga-
nizers should equip themselves with alternative communication layers, such as using
wireless communication, monitors, displays, and audio alerts at international gather-
ings should be compatible with the languages of the participants in the gathering.

In addition, in international gatherings, attention should be paid to the cultural
differences among participants in mass gatherings. Warnings, educational programs,
and executive plans should be designed in accordance with different cultures. In
events that last more than a few days, a well-thought-out program for educating
participants before the event is essential.

The Incident Command System (ICS) should be planned and practiced in
advance. Individuals serving as responders in mass gatherings need to be familiar
with their roles and responsibilities outlined in the ICS. This requires conducting
multiple exercises and drills in the pre-event phase before the event takes place
[9, 22]. In order to hold safe and create the necessary coordination between all service
providers in mass gatherings, it is necessary to use an integrated management system,
just like natural disasters. The implementation of the public health emergency opera-
tion center (PHEOC) is one of the necessities [23].

6.2 Opportunities for conducting mass gatherings

Despite all the risks that threaten the health of participants in mass gatherings and
the potential for various incidents to occur, organizing these gatherings also presents
numerous opportunities for the organizers. Many planned programs for handling
incidents and disasters are executable and assessable during conducting the mass
gatherings. Implementing an incident command system as the primary management
structure during incidents at mass gatherings, making it feasible and evaluable.

Communication systems not commonly used in normal situations, such as wireless
communication and satellite phones, can be utilized and evaluated during the execu-
tion of mass gatherings. Collaborative work and coordination between departments
are inevitable during mass gatherings, enhancing organizations’ capabilities in this
regard. Some existing processes of organizations may require fundamental changes
during incidents. These processes can be practiced, assessed, and revised during the
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execution of mass gatherings. Performing mass gatherings sometimes necessitates the
establishment of additional infrastructures in the host community. These developed
infrastructures can contribute to the overall development of the hosting community.
This is particularly advantageous in cities and communities with lower levels of
development, providing a golden opportunity for improvement.

7. Conclusion

Mass gatherings are organized for various social, cultural, and religious reasons,
primarily aimed at providing entertainment in society. However, for various reasons,
they have the potential to turn into an incident. Therefore, the organizers of these
gatherings must conduct a comprehensive assessment of potential risks and, based on
that, identify and reduce the identified hazards as much as possible. They should also
anticipate the necessary facilities and human resources required for organizing mass
gatherings. This section of the chapter provides a classification of threatening risks
in mass gatherings and details each category, offering organizers the opportunity to
identify these risks. In addition, each category includes proposed solutions to assist in
managing and reducing these hazards.
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Chapter 4

Analysis of Climate Indices to
Determine Global Climate Patterns:
Techniques for Summarizing
Complex Climate Data

Edgard Gonzales and Kenny Gonzales

Abstract

Large-scale atmospheric and oceanic circulation fluctuations have a strong
impact on the global hydrological cycle and tropical cyclones (TC), which mainly
generate intense precipitation and flooding. The primary objective of this research
is to analyze the main climate indices (CI), which are techniques used to sum-
marize complex climate information in simpler and more understandable forms.
These indices are based on meteorological data, such as temperature, precipitation,
humidity, and other atmospheric parameters to provide summary information
about the climatic conditions in a particular region. Some common utilities and
functions of climate indices are (i) climate monitoring; (ii) anomaly detection;
(iii) agricultural planning; (iv) climate risk assessment; (v) scientific research;
(vi) climate insurance; (vii) climate adaptation; and (viii) evaluation of water
resources. CI play a crucial role in water management climate research and public
policy planning, providing tools to understand and address challenges associated
with climate conditions.

Keywords: global hydrological cycle, tropical cyclones, climate indices, precipitation,
flooding

1. Introduction

It is now well-recognized that large-scale atmospheric and oceanic circulation
fluctuations have a strong impact on the global hydrological cycle. Such relationships
are helpful in the global understanding of the non-stationary relationships that exist
between ocean and atmosphere mean conditions and freshwater discharge integrated
at a continental scale [1]. TC dominate natural hazard losses, these losses have
increased substantially in recent decades, driven largely by increased exposure, and
studies that isolate the hazard component by normalizing the losses for exposure find
no linear long-term trend [2].

49 IntechOpen



Climate Change and Risk Management — Strategies, Analysis, and Adaptation

CI are tools used to summarize complex climate information in simpler and more
understandable forms. CI play a crucial role in various fields, from agriculture and
water management to climate research and public policy planning, providing tools to
understand and address challenges associated with weather conditions.

These indices are based on meteorological data, such as temperature, precipita-
tion, humidity, and others, to provide summarized information about weather condi-
tions in a particular region. Here are some common utilities and functions of climate
indices: (i) climate monitoring; (ii) anomaly detection; (iii) agricultural planning;
(iv) climate risk assessment; (v) scientific research; (vi) climate insurance; (vii)
climate adaptation; and (viii) water resources assessment.

There is a diversity of climatic or oceanic indices developed by different research-
ers worldwide, however, for this research, only the most well-known and used indices
are described.

2. North Atlantic Oscillation (NAO)

NAO, represents the dominant climate pattern, where a meridional shift of the
atmospheric mass occurs over the North Atlantic area, Europe, and North America.
The NAO measures the strength of westerly flow (positive with strong westerly winds
and vice versa) and is an important source of seasonal to interdecadal variability,
influenced by ocean and sea ice processes. The NAO and its recent counterpart, the
Arctic Oscillation/Northern Hemisphere Annular Mode (AO/NAM), are the signifi-
cant variability modes in the northern hemisphere winter climate [3].

NAO is based on the difference in the air pressure between the high area of the
Azores (Azores Anticyclone) and the low area of Iceland (Iceland Anticyclone) and
has two phases: positive and negative.

NAO

Pacific Atlantic Indian
Ocean Ocean Ocean

30°s

150°W 120°W 20" W 60w 0w 0" 30°E 60°E S0°E

Figure 1.

NAQO, based on the atmospheric pressure, differences between Iceland and the Azores represent the dominant
climate pattern in the Novth Atlantic Region, and its teleconnection is chavacterized by a meridional
displacement of atmospheric mass.
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During positive phases of the NAO, weaker pressure occurs between Iceland and
the Azores, generating above-average temperatures in the eastern US and throughout
northern Europe and below-average temperatures in Greenland and throughout
southern Europe, Europe, and the Middle East. This variability causes stronger wetter
winds from the west toward Europe, causing milder, wetter winters in that region, as
well as more frequent storms in the North Atlantic.

During the negative phase of the NAO, dominant processes occur for long periods,
for example, in the mid-1950s until the winter of 1978/1979 (24 years), there were
four periods of at least 3 years each in which the negative phase was dominant and the
positive phase was absent.

Likewise, opposite patterns of temperature and precipitation anomalies occur
(colder and drier winters in Europe). They are also associated with above-average
rainfall in northern Europe and Scandinavia in winter, below-average rainfall in
southern and central Europe, and a decrease in storms in the North Atlantic. Both
phases of the NAO present prolonged periods of positive and negative phases generat-
ing changes in the location of the jet stream and the path of storms from the North
Atlantic to Western and Central Europe and with large-scale modulations of the
transport patterns of heat and humidity (Figure 1) [4].

NAO predicts winter weather patterns (temperature and precipitation) in Europe
and North America, important for agriculture and water management.

3. Tropical North Atlantic Index (TNA)

The TNA index represents the damage potential of North Atlantic TCs due to the
effect of winds and coastal surges using seasonal climate parameters of sea surface
temperature and flow direction. These climatic parameters are indicators of the
variables of intensity size and speed of advance of the TC. The potential damage from
the cyclone is based on assessments of past periods expressed in actual damage and
the characteristics of exposure and vulnerability [5].

It is the development of an index of cyclone damage potential formulated as [6]

K“‘f*S(R“ﬂ
65 50 1)
CDP-=4

AL

where vy, is the maximum surface wind speed (knots), Ry, is the radius of
hurricane-force winds (nautical miles), and v, is the forward translation speed
(knots). The CDP applies to damage caused by wind, waves, and currents at sea as
well as damage caused by intense winds on land and coastal flooding, excluding
damage resulting from precipitation. The CDP coefficient scales from 0 to 10, and
the damage is related to the duration of destructive winds (vt™'), not just their
maximum value (v,,).

TNA Positive: the SST in this region is above average, favoring the formation of
hurricanes in the Atlantic.

TNA Negative: SSTs are below average; therefore, hurricane season is less active.

Applying the TNA index is important to evaluate winds, coastal waves, changes in
SST, and forecast hurricane and TC activity in the tropical Atlantic region. Its use is
essential to plan and reduce the adverse effects of climate (Figure 2).
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Figure 2.

TNA, based on SST variations of the tropical Atlantic and regions of the Gulf of Mexico and the west coast of
Africa, monitors hurvicane and tropical cyclone activity and is developed using seasonal climate variables of
relative SST and steering flow.

4, South Atlantic Oscillation Index (SAM)

SAM describes the fluctuations in atmospheric pressure around the South Pole.

It is the main mode of interannual atmospheric variability in the extratropics of the
southern hemisphere (SH) (Atlantic Ocean, South America, Australia, New Zealand,
southern Africa, and Antarctica), but is not consistent in the terrestrial areas of SH,
indicating that the influence of the SAM index is modulated by regional effects.
Teleconnections are stationary in regions with good proxy data coverage (South
America, Tasmania, and New Zealand) [7].

Similarly, SAM is quantified by an empirical orthogonal function (EOF analysis)
as EOF1 of the field or as the difference in mean sea level pressure (SLP) between
mid and high latitudes [8]. Likewise, SAM also presents a barotropic vertical struc-
ture at the sea level. SAM and NAM (Northern Annular Mode) are used to deter-
mine the processes involving the troposphere and stratosphere in each hemisphere
[9]. According to the EOF1 definition, SAM evolution would explain on average
30% of the climate variability of the hemisphere through the SLP or geopotential
height [10].

Positive phase: it occurs during the summer, generating strengthening of the
westerly winds associated with warming in the Peninsula. During the autumn, winter,
and southern spring, warming occurs in the Antarctic Peninsula related to sea surface
temperatures (SST) in the tropical Pacific and Atlantic.

Negative phase: it indicates a weakening of the processes generated in the positive
phase.

The ENSO-Peninsula temperature relationship during autumn is weak on interan-
nual time scales, and the tropical Pacific SST variability associated with the El Nifio-
Southern Oscillation (ENSO) is stronger mainly during winter and spring. These
circulation changes dominate interannual temperature variability across the Antarctic
Peninsula during summer and autumn.
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Figure 3.

SAM, based on fluctuations in atmospheric pressure over the South Atlantic; South America, Australia, New
Zealand, Southern Africa, and Antarctica, presents positive and negative phases velated to westerly winds
associated with greater and lesser warming.

The SAM index can help foresee anomalous climatic conditions, such as heat
waves, drought, or intense rains, floods, as well as the impact on ecosystems and
biodiversity. Likewise, knowledge of the SAM index can help plan water resources
management and natural risk management (Figure 3) [11].

5. Atlantic Multidecadal Oscillation Index (AMO)

The AMO operates on a longer time scale with North Atlantic SST fluctuations
that can last decades, with impacts on atmospheric circulation and surrounding
regions, influencing the distribution of precipitation, temperature, and extreme
events such as hurricanes and storms. Similarly, the AMO monitors climate variability
during alternating warm and cold phases in large parts of the Northern Hemisphere
and is related to rainfall in northeastern Brazil, African Sahel, Atlantic hurricanes,
and summer weather in North America and Europe.

During the positive phase of the AMO, the SST is warmer than average, in most
of the North Atlantic, except for the east coast of the United States. The atmospheric
patterns that appear are anomalous low pressures over the Atlantic between 20°S and
50°N, cyclonic surface winds around the low, and reduced wind speeds over the tropi-
cal Atlantic. Warm SST anomalies in the tropical Atlantic (via atmospheric telecon-
nections) generate anomalous cooling in the equatorial eastern-central Pacific.

During the negative phase of AMO, more or less opposite conditions occur and the
SST is cold in most of the North Atlantic, producing an increase in precipitation in the
eastern tropical Atlantic.

Anticyclonic anomalies in the North and South Pacific generate equatorward
winds, distributing along the coasts of North and South America and contributing
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AMO operates on a longer time scale (decades) with fluctuations in the North Atlantic SST, influencing
atmospheric circulation, precipitation, temperature, and extreme events such as hurricanes and storms. It is a
near global scale mode of observed multidecadal climate variability with alternating warm and cool phases of the
northern hemisphere.

to further cooling [12]. However, there are differences between SST and atmospheric
anomalies during periods of the same phase, especially in the extratropics. The cor-
relation between the AMO and air temperature anomalies is positive over much of the
world between 40°S and 50°N [13].

Global-scale Multidecadal Variability (GMV) could be generated by the AMO through
atmospheric teleconnections and atmosphere-ocean coupling mechanisms. Its horizontal
pattern resembles that of the Interdecadal Pacific Oscillation (IPO) in the Pacific and
the AMO in the Atlantic Ocean, whose processes could affect precipitation and global
temperature around the world. Observations show that there is a strong negative correla-
tion when AMO outperforms GMV throughout approximately 4-8 years [14].

The usefulness of this index allows us to make forecasts of climate patterns in the
North Atlantic on a multidecadal time scale, as well as planning in the management of
the agricultural sectors, water resource management, and understanding of climate
variability in the Atlantic North and its impacts on the global climate (Figure 4).

6. The Arctic Oscillation Index (AO)

The AO exerts a predominant influence on the variability of atmospheric circula-
tion (atmospheric pressure) in the extratropical region of the northern hemisphere
during the boreal winter, and the common feature is the oscillation of inverted sea
level pressure (SLP) anomalies in high and mid-latitude regions [15].
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Figures.
AO describes the variability of atmospheric pressure at high latitudes in the northern hemisphere (Arctic) and
presents positive and negative phases related to atmospheric pressure.

Positive phase: there is lower atmospheric pressure in the Arctic and higher pres-
sure in the mid-latitudes of the northern hemisphere, leading to a strengthening of
the polar jet stream and the generation of strong winds.

Negative phase: during this phase, atmospheric pressure is highest in the Arctic
and lowest in mid-latitudes, and this process weakens the polar jet stream and causes
greater variability in the climate.

The AO is also known as the near-surface mean sea level pressure (MSLP) pattern
related to the northern annular modes (NAM). It has its application in climate models
to predict climate patterns or changes in high latitudes of the northern hemisphere,
as well as understanding climate variability in the Arctic and its effects on the global
climate. It is also useful in short- and long-term planning in sectors such as agricul-
ture, energy, and transportation (Figure 5) [16].

7. Oceanic Nifio Index (ONI)

ONI is used to determine the occurrence and duration of El Nifio episodes, based
on monitoring SST in the central Pacific Ocean. It is used to detect a level of SST
above the average that is maintained for several months, covering both the beginning
and the end of an El Nifio episode.

When a seasonal anomaly of 0.5°C in temperature is recorded for the first time,
it indicates a high probability that an El Nifio event will develop; although to confirm
stronger alerts, it is necessary to wait several months. For this reason, it was suggested
that an ONI value of 0.7°C marks a critical point at which the EI Nifio phenomenon
stabilizes, providing an additional period for social decision-makers to implement
preventive actions. This indicates that the initial detection of a value of 0.7°C could
reliably indicate the stabilization phase of the El Nifio phenomenon, providing
greater reliability to the current El Nifio onset indicator, set at 0.5°C, thus allowing
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Figure 6.
ONI describes the occurrence and duration of El Nifio and La Nifia episodes, based on SST monitoring in the
central Pacific Ocean.

vulnerable communities to prepare for the foreseeable social and ecological impacts
of the phenomenon [17].

ENSO indicators can be evidenced through the Oceanic Nifio Index (ONI),
as well as through variations in SST that influence the intensity of precipitation.
Consequently, the presence of El Nifio and La Nifia causes a reduction or increase in
precipitation in Indonesia [18, 19].

Positive phase: known as El Nifio, SSTs in the central and eastern equatorial Pacific
are warmer than normal (weakening trade winds and a reduction in the resurgence
of cold waters). There is an increase in precipitation over the equatorial Pacific and
drought in some regions such as Australia and western South America. In addition, it
could lead to an increase in the frequency of tropical cyclones in the Pacific, as well as
hotter and more arid climatic conditions in certain areas of Asia and Africa.

Negative phase: known as La Nifia, SSTs in the central and eastern equatorial
Pacific are colder than normal (strengthening of the trade winds and an increase in
the resurgence of cold waters). There is increased rainfall over the western Pacific
and drier conditions in the eastern equatorial Pacific. Additionally, it may result in
increased hurricane intensity in the Atlantic and cooler, wetter weather conditions in
some regions of Asia and Australia.

These ONI phases, El Nifio and La Nifia, have important implications on global
climate patterns and can affect sectors such as agriculture, fisheries, food security,
natural disasters, and other aspects of society and the economy (Figure 6).

8. Southern Oscillation Index (SOI)

SOI, one of the world’s most important climate indices, is a measure of the differ-
ence in air pressure in the Pacific Ocean, from Tahiti in the southeast to Darwin in the
west. SOI is used to monitor and anticipate variations in both ENSO and the Walker
Circulation (WC). During El Nifio episodes, for example, the WC weakens, and the
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SOI tends to show negative values. Climate fluctuations associated with alterations
in the WC exert a significant influence on the climate, ecosystems, agriculture, and
communities in various regions of the planet.

Related research has shown that (i) WC and SOI have weakened in recent decades,
(ii) WC tends to decrease in climate models in response to higher concentrations of
greenhouse gases in the atmosphere, as well as it has also been determined that the
atmospheric pressure at the mean sea level (MSLP) between the eastern and western
equatorial Pacific tends to increase during the twenty-first century, and not decrease.

Under global warming, the MSLP tends to increase in both the Darwin region and
Tahiti which is located in a large region where the MSLP tends to increase in response
to global warming.

The influence of global warming is already having a significant impact on the long-
term variability of SOI, accounting for 45% of the standard deviation of the 30-year
moving averages of the SOI. This proportion is estimated to increase to approximately
340% by the end of the twenty-first century. The implications of these findings for
understanding recent climate change and seasonal prediction are discussed [20, 21].

Positive phase: during this phase, atmospheric pressure is higher than normal in
the central and eastern Pacific region and lower than normal in the western Pacific
region. This may indicate La Nifia conditions and is associated with the cooling of sea
surface waters in the central and eastern Pacific.

Negative phase: in this phase, atmospheric pressure is lower than normal in the
central and eastern Pacific region and higher than normal in the western Pacific
region. This would indicate El Nifio conditions and is associated with a warming of
sea surface waters in the central and eastern Pacific.

60°N
30°N
o
(8] Tahiti
Darwin (o)
SOl
30°S
Pacific Ocean
60°S
S0°E 120°E 150°E 180° 150°W 120°W S0°W 60°W
Figure?7.

SOI, monitors and anticipates variations in both ENSO and the Walker Circulation (WC) and presents positive
and negative phases associated with cooling and warming of SST.
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These phases of the SOI are fundamental to understanding the El Nifio-Southern
Oscillation (ENSO) phenomenon and its effects on global climate patterns. However,
the SOI is not a good indicator of long-term equatorial changes related to global
warming.

The SOI is used to monitor the evolution of ENSO and provide information on the
phases of El Nifio and La Nifia, as well as used in climate models to predict the occur-
rence and intensity of El Nifio and La Nifia events. These predictions are important
to assist in resource planning and management in sectors such as agriculture, water,
and energy management, as well as preparing for potential climate impacts, such as
drought and floods (Figure 7).

9. Multivariate ENSO Index (MEI)

MEI, uses several ocean-atmosphere variables (sea level atmospheric pressure
(SLP), SST, zonal and meridional components of the surface wind, and outgoing long-
wave radiation (OLR)) in the tropical Pacific basin, to monitor and evaluate the ENSO
phenomenon more completely and flexibly. The MEI stands out as the only ENSO
index that considers spatial variations of its main components concerning the seasonal
cycle. Furthermore, it represents a weighted average of all these characteristics [22].

“*T'El Nifo

. Alantic
Ooean

Atiartic
Ocean

Sea Surface Temperature Anomaly

' e SRR

Figure 8.

MEI uses several ocean-atmosphere variables (SST, wind at different levels of the atmosphere, and cloudiness)

in the tropical Pacific basin, to monitor and evaluate the ENSO phenomenon more completely and flexibly. (a)
The highest values of MEI (typical of El Niiio events). (b) The lowest values of MEI (typical of La Nifia events).
Source: Adapted https://psl.noaa.gov/enso/mei/. 2024.
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The spectral analysis carried out using appropriate data reduction techniques on
the monthly values of the MEI (1950-2008) has revealed the presence of a significant
60-month cycle, with a statistical reliability greater than 99%. The highest MEI
values (typical of El Nifio events, (Figure 8a)) and the lowest MEI values (typical
of La Nifia events, (Figure 8b)) coincide with the highest and lowest points of the
60-month cycle [23].

The extreme points of the MEI show a correlation with the extremes in the
fluctuations of the atmospheric CO, concentration and are inversely related to the
extremes of the variation in the length of day (LOD) rate. This indicates a strong con-
nection between both local and global mechanisms in the Earth-atmosphere system,
which are remarkably coupled and synchronized at various scales [24].

One of the applications of the MEI index is the prediction of the occurrence and
intensity of El Nifio and La Nifia, which allows planning the management of risks
associated with extreme climate phenomena, such as droughts, floods, and storms
for the benefit of agriculture, as well as to implement water and soil management
practices (Figure 8).

10. Rapid Intensity Index (RII)

RII has been designed to be applied in the Atlantic and Northeast Pacific basins,
using large-scale predictor from the Statistical Hurricane Intensity Prediction Scheme
(SHIPS), that is, to calculate the probability of rapid intensification (RI) occurring
in the next 24 hours, using a linear discriminant analysis. The individual predictive
factors used by RII show variations between the two basins. In the Atlantic basin, the
most important factors include the change in intensity in the last 12 hours, the diver-
gence at higher levels, and the vertical shear. In the case of the eastern basin of the
North Pacific, the factors with the greatest weight are the change in intensity in the
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Figure 9.

RII, based on SST, atmospheric humidity, wind speed, and direction in different layers of the atmosphere,
using mathematical models is designed for the prediction of hurricane intensity, that is, the probability of rapid
intensification (RI) occurring in the next 24 hours (Atlantic and Northeast Pacific Basins).
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last 12 hours, the symmetry of the internal convection areas, the difference between
the current intensity, and the maximum potential of the system.

An analysis of forecast accuracy was performed by comparing climatological data
for the 2006 and 2007 hurricane seasons, the results of which demonstrated that
RII probabilistic forecasts are consistently accurate in both basins. Furthermore,
using deterministic forecasts, RII was monitored to outperform all other available
operational tools in terms of probability of detection (POD) and false alarm rate
(FAR) [25]. Likewise, through the use of satellite images around the center of aTC, a
characteristic pattern of precipitation rings has been found, which is associated with
RI. By coupling the ring criterion with the RII index of the SHIPS, the probability of
RI increased almost twofold. This suggests that both the ring and the SHIPS RII index
contain independent information for predicting RI.

RII allows determining the probability that a tropical cycle will experience a
rapid increase in its intensity. This information is valuable for forecasting agencies
as well as for decision-making in terms of evacuations and emergency preparations.
Additionally, RII can be combined with other criteria such as satellite-detected
precipitation ring patterns to further improve the accuracy of predicting the rapid
intensification of tropical cyclones (Figure 9) [26].

11. Genesis Potential Index (GPI)

GPI is an indicator to evaluate the probability of development of TC, its argumen-
tation includes the processes that drive climate variability and the future change of
the genesis of TC (TCG). The GPI of a TC estimates oceanic and atmospheric param-
eters, based on the understanding of oceanic impacts, where many factors are evalu-
ated and discriminated, resulting in a GPI index. However, the precise determination
of the contribution of thermodynamic environmental factors compared to dynamic
factors in the formation of convective storms remains a challenge, especially in the
context of global warming [27].

Through stepwise logarithmic regression analysis and considering 11 dynamic and
thermodynamic factors, four main dynamic factors have been identified; the absolute
vorticity at 850 hPa, the vertical velocity at 500 hPa, the vertical variation of the wind
in the troposphere, and the vorticity of the zonal wind shear at 500 hPa. These four
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Figure 10.

GPI, based on atmospheric parameters such as SST, low-level cyclonic vorticity, atmospheric instability, vertical
wind shear, and atmospheric humidity, evaluates the probability of TC development, based on the understanding
of oceanic impacts, where several factors are evaluated and discriminated.
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main dynamic factors have a significant influence on both the current simulation and
the future projection of global warming. The dynamical GPI, which is composed of
these four dynamical parameters, provides a valuable diagnostic tool for understand-
ing future changes in tropical storm formation. At the same time, it improves the abil-
ity to represent interannual variations in the frequency of tropical storm formation in
the oceans of the western Pacific and southern hemisphere [28].

Its application of the GPI helps to forecast and monitor the potential for the
development of tropical cyclones and the intensity they could reach in a given region.
It is important for preparation, mitigation, and response to possible extreme weather
events (Figure 10).

12. The Pacific Decadal Oscillation Index (PDO)

The PDO is a crucial indicator of decadal climate variability in the Pacific, defined
as the main empirical orthogonal function of North Pacific Sea Surface Temperature
anomalies, which some experts have compared to a long-lasting pattern in the Pacific
climate, similar to El Nifio. Others have described it as a combination of two, some-
times independent, modes of climate variability in the Pacific, showing differences
in terms of the location and temporal characteristics of variations in SST in the North
Pacific. A growing body of evidence highlights the notable influence of the PDO in
the southern hemisphere, with significant effects on climatic conditions in the mid-
latitudes of the South Pacific Ocean, Australia, and South America.

PDO presents positive and negative phases. During positive phases of the PDO,
SSTs in the North Pacific tend to be warmer than normal, while during negative
phases, they tend to be colder than normal. These phases can persist for decades
before changing, and their effects can be felt in different parts of the world, influenc-
ing climate patterns and weather phenomena. During the periods between 1890 and
1924, as well as between 1947 and 1976, a prevalence of “cold periods” of the PDO
was observed. On the other hand, between 1925 and 1946, as well as from 1977 to the
mid-1990s, “warm periods” of the PDO predominated.

Based on climate reconstructions from tree ring and coral records in the Pacific, it
is suggested that variations in the PDO (along different time scales) can date back at
least to the year 1600, although various indirect reconstructions show significant dis-
crepancies, just as PDO fluctuations during the twentieth century showed two general
patterns of periodicity (one from 15 to 25 years and another from 50 to 70 years), the
mechanisms underlying this variability are still not fully understood [29].

It has been shown that the PDO can be reconstructed from a representation of sea
surface temperature anomalies in the North Pacific, using a first-order autoregres-
sive model and influenced by low-temperature variability in the Aleutians, the El
Nifio-Southern Oscillation (ENSO) phenomenon, and the zonal advection of oceanic
anomalies in the Kuroshio-Oyashio extension. The latter originates from oceanic
Rossby waves, driven by Ekman pumping in the North Pacific. The response patterns
of sea surface temperature to these processes are not perpendicular and determine
the spatial characteristics of the PDO. It is concluded that the PDO is not an indepen-
dent dynamical mode but rather arises from the superposition of fluctuations in sea
surface temperature with different dynamical origins [30].

PDO is used for the prediction of climate patterns such as droughts and floods,
and the frequency and severity of events such as El Nifio and La Niiia, providing
information on long-term SST trends in the North Pacific, is also an important topic
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PDO is an indicator of climate variability over decades with a long-lasting pattern in the Pacific climate similar
to El Nifio. PDO presents positive and negative phases. Positive phase: North Pacific SSTs ave warmer than
normal. Negative phase: the opposite of the positive phase. These phases can last decades before change, and their
effects can be felt in different parts of the world.

of scientific research to better understand long-term climate variations and their
impact on marine and terrestrial ecosystems. Likewise, understanding the positive
and negative phases of PDO can help in the sustainable management of natural
resources (Figure 11).

13. The Madden-Julian Oscillation Index (MJO)

The MJO index is a measure that describes the variability of rain and wind pat-
terns in the tropical region of the Indian Ocean and the Pacific Ocean, allowing us to
characterize the phase and intensity of the Madden-Julian Oscillation (natural cycle
of changes in convection and winds in the equatorial region, characterized by two
areas, one of suppressed rainfall and one of enhanced rainfall, each cycle of the oscil-
lation lasts 30-60 days and is split into eight phases of equal length).

The MJO, like weather, has pulses of variability with a finite predictability time
scale (predictability of at least 2-3 weeks), that is, future states of the MJO can be
predicted up to a certain time in advance based on the knowledge of current and past
states. Teleconnection links linked to MJO have a significant effect on circulations
outside tropical regions, influencing meteorological and climate events such as mon-
soons in Southeast Asia, tropical storm formation in the Indian Ocean and the Pacific,
the North Atlantic Oscillation, and the Pacific-North America pattern, and can also
affect precipitation patterns in Australia and India. However, the accuracy of the MJO
has been a considerable challenge in many general circulation models (GCMs), as
these often introduce significant biases in the fundamental atmospheric fluxes. This
makes it difficult to adequately reproduce the teleconnection patterns associated with

62



Analysis of Climate Indices to Determine Global Climate Patterns: Techniques for Summariging...
DOI: http://dx.doi.org/10.5772/intechopen.114389

eastward movement

upward
(30°n O\ motion
C o p.Y :
sunny
stormy anddry N\
and wet \
30°s N
\\
Y
rm— — —— — — 7 e = N
(30 ) (_60°E ) ( 90°E ) (120°€ ) (_150°E J (_180° ) (150°W )
\ longitude

Figure 12.
MJO describes the variability of rainfall and wind patterns in the tropical Indian Ocean and Pacific Ocean, as
well as to better understand climate variability on a global scale.

the MJO and the resulting impacts in the extratropics. Previous studies have revealed
that the spatial arrangement of MJO-associated warming in the Indo-Pacific (MJO
models) has alimited impact on the ability to predict teleconnection patterns [31].

These studies suggest that the sensitivity to the location of tropical heating
near the subtropical jet is minimal. However, it has been observed that warming of
the MJO east of the dateline could modify teleconnection trajectories in the North
American region [32].

The MJO index is useful for short- and medium-term climate prediction in various
regions of the world, improving predictions of extreme weather events, such as
droughts, floods, and tropical cyclones, as well as to better understand climate vari-
ability on a global scale (Figure 12).

14. Indian Ocean Dipole Index (IOD)

IOD measures climate variability in the Indian Ocean region and its effects on
regional and global climate. Determining the fluctuation of SST differences between
two opposite regions in the western Indian Ocean and the eastern Indian Ocean
plays an important role in predicting the El Nifio Southern Oscillation in the tropical
Pacific. IOD manifests itself as abnormal changes in SST, and atmospheric pressure
in different parts of the Indian Ocean, and this process also generates positive and
negative phases.

During the positive phase, the waters in the western Indian Ocean tend to be warmer
than normal, while in the eastern Indian Ocean, they are colder than normal [33].

The Nifio 3.4 index and IOD can be used to indicate drought phenomena, espe-
cially the 2-month main anomaly SST parameter in MJJ and NDJ [34].
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IOD measures climate variability in the Indian Ocean vegion and its effects on regional and global climate
(western Indian Ocean and eastern Indian Ocean) and plays an important role in predicting the El Nifio
Southern Oscillation in the tropical Pacific. I0D manifests itself as abnormal changes in SST and atmospheric
pressure (it presents positive and negative phases), in different parts of the Indian Ocean.

The decade-long signal of the IOD index is closely related to the depth anomaly
at which the 20°C isotherm is found in the ocean, suggesting that oceanic processes
play an important role in the long-term variation of the IOD. Furthermore, this signal
is also linked to anomalies in zonal winds, and in tropical regions, it is interpreted to
have a decadal modulation of events occurring over single and multi-year periods [35].

The application of IOD allows the prediction of extreme weather events, droughts,
floods, and storms, which can assist in disaster planning and mitigation, as well as
natural resource management and agriculture in the Indian Ocean region (Figure 13).

15. Pacific Regional Equatorial Index (PREI)

This PREI Index was developed to determine the occurrence of a unique ENSO
that occurred in 2017 specifically in the northern area of Peru, whose occurrence is
not common. For example, a previous similar event occurred in early 1925. This type
of ENSO was called Coastal ENSO by the Multisectoral Commission in Charge of the
National Study of the El Nifio Phenomenon (ENFEN).

The Coastal ENSO event that occurred in 2017 was one of the first recorded with
Meteorological satellites, whose occurrence is due to a succession process of Modoki
ENSO and Modoki La Nifia events [36]. Likewise, it is also mentioned that the mecha-
nism for the Coastal El Nifio is the combined effect of local winds and equatorial Kelvin
waves that caused the extreme coastal El Nifio phenomenon of 2017, amplified by the
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positive Bjerknes feedback. Furthermore, pre-existing SST warming along the western
coast of subtropical South America also favored anomalous northerly winds [37].

Its usefulness lies in differentiating the occurrence of a traditional ENSO and a
Coastal ENSO, which have different formation processes, and allowing the prediction of
extreme climate events such as precipitation and flooding in the northern area of Peru.

Table 1 presents a summary of the description and applications of the different
climate indices developed in the present study.

Climate Index Description Applications
North Atlantic Based on atmospheric pressure differences Prediction of weather patterns;
Oscillation between Iceland and the Azores temperature and precipitation,
(NAO) NAO positive: strong, moist winds, and more important for the management of
frequent storms in the North Atlantic. High agriculture and water resources
rainfall in Scotland and southwestern Norway.
Warm and wet winters in Western Europe.
NAO negative: colder, drier winters in Europe and
fewer storms in the North Atlantic
Tropical North Based on SST variations of the tropical Atlantic, Predicts the intensity, size and
Atlantic Index regions of the Gulf of Mexico and the west activity of hurricanes and TCs in
(TNA) coast of Africa. Monitors hurricane and tropical the tropical Atlantic region.
cyclone activity. Important for planning and
TNA positive: the SST is above average, favoring mitigating the impacts of these
the formation of hurricanes in the Atlantic. climate events.
TNA negative: the SST is below average.
Therefore, the hurricane season is less active.
South Atlantic Based on fluctuations in the atmospheric Prediction of heat waves, drought,

Oscillation Index
(SAM)

pressure over the South Atlantic, South America,
Australia, New Zealand, Southern Africa, and
Antarctica.

Positive phase: it occurs during the summer,
with west winds associated with warming in the
Peninsula.

Negative phase: indicates a weakening of the
processes generated in the positive phase.

heavy rain (floods), and storm.
Important for the management
of water resources and natural
risks, as well as the mitigation of
the impact on ecosystems and
biodiversity.

Atlantic
Multidecadal
Oscillation Index
(AMO)

It operates on a longer time scale (decades)
with fluctuations in the North Atlantic

SST, influencing atmospheric circulation,
precipitation, temperature, and extreme events
such as hurricanes and storms.

Positive phase: SSTs in the North Atlantic are
higher than normal.

Negative phase: SSTs in the North Atlantic are
lower than average.

Forecasting climate patterns in the
North Atlantic on a multi-decadal
time scale.

It allows planning in the
management of water resources,
energy, and agriculture.

Arctic

Oscillation Index
(AO)

Describes the variability of atmospheric pressure
at high latitudes in the northern hemisphere
(Arctic)

Positive phase: atmospheric pressure; lowest in
the Arctic and highest in mid-latitudes of the
northern hemisphere, strengthening of the polar
jet stream and strong winds.

Negative phase: atmospheric pressure; highest in
the Arctic and lowest in mid-latitudes, weakening
the polar jet stream and greater variability in
climate.

Application in climate models,
to predict climate patterns in
high latitudes of the northern
hemisphere (Arctic) and their
effects on global climate.
Short- and long-term planning
in agriculture, energy, and
transportation
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Climate Index

Description

Applications

Oceanic Nifio

Describes the occurrence and duration of El Nifio

Monitoring and forecasting the

Index (ONI) and La Nifia episodes, based on SST monitoring in occurrence of El Nifio and La
the central Pacific Ocean. Nifia events, which can generate
Positive phase: known as El Nifio, SSTs in the increased rainfall in the equatorial
central and eastern equatorial Pacific are warmer Pacific and drought in regions such
than normal. as Australia and western South
Negative phase: known as La Nifia, SSTs in the America and vice versa.
central and eastern equatorial Pacific are colder Helps plan and mitigate its possible
than normal. impacts.

Southern Monitors and anticipates variations in both ENSO Monitors and predicts the

Oscillation Index
(SOI)

and the Walker Circulation (WC).

Positive phase: indicates La Nifia conditions,
associated with cooling of sea surface waters in
the central and eastern Pacific.

Negative phase: indicates El Nifio conditions,
associated with a warming of sea surface waters in
the central and eastern Pacific.

evolution and occurrence of
ENSO; El Nifio y La Nifia
Resource planning and
management; agriculture, water,
and energy, as well as preparing
for possible climate impacts, such

as drought and floods.

Multivariate MEI uses several ocean-atmosphere variables Prediction of the occurrence
ENSO Index (SST, wind at different levels of the atmosphere, and intensity of El Nifio and La
(MEI) and cloudiness) in the tropical Pacific basin, to Nifia, allowing planning for risk
monitor and evaluate the ENSO phenomenon management associated with
more completely and flexibly. extreme climate events, such as
droughts, floods, and storms.
Rapid Intensity Based on SST, atmospheric humidity, wind Prediction that a tropical cycle
Index (RII) speed, and direction in different layers of the experiences a rapid increase in

atmosphere, using mathematical models.
Designed for the prediction of hurricane
intensity, that is, the probability of rapid
intensification (RI) occurring in the next 24 hours
(Atlantic and Northeast Pacific Basins)

intensity.

This information is valuable
for decision-making in terms
of evacuations and emergency
preparations.

Genesis Potential

Based on atmospheric parameters, SST, low-level

Forecast and monitor tropical

Index (GPI) cyclonic vorticity, atmospheric instability, vertical cyclone development potential and
wind shear, and atmospheric humidity. intensity in a given region.
It evaluates the probability of TC development, Important for preparation,
based on the understanding of oceanic impacts, mitigation, and response to
where several factors are evaluated and possible extreme weather events.
discriminated.

Pacific Decadal PDO is an indicator of climate variability over Predicting weather patterns

Oscillation Index
(PDO)

decades with a long-lasting pattern in the Pacific
climate similar to El Nifio. PDO presents positive
and negative phases.

Positive phase: North Pacific SSTs are warmer
than normal.

Negative phase: the opposite of the positive phase.
These phases can last decades before changing,
and their effects can be felt in different parts of
the world.

such as droughts, floods, and the
severity of events such as El Nifio
and La Nifia.

Understanding the positive and
negative phases of PDO can help
in sustainable natural resource
management.

Madden-Julian
Oscillation Index
(MJO)

The MJO index describes the variability of rainfall
and wind patterns in the tropical Indian Ocean
and Pacific Ocean, as well as to better understand
climate variability on a global scale.

It allows short- and medium-term
climate prediction in various
regions of the world of extreme
weather events, such as droughts,
floods, and tropical cyclones.
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Climate Index Description Applications

Indian Ocean It measures climate variability in the Indian Ocean It allows the prediction of extreme

Dipole Index region and its effects on regional and global weather events, droughts, floods,

(IOD) climate (western Indian Ocean and eastern Indian and storms in the Indian Ocean
Ocean) and plays an important role in predicting region.

the El Nifio Southern Oscillation in the tropical
Pacific. It presents positive and negative phases.

Pacific Regional PREI was developed to determine the occurrence PREI allows the difference

Equatorial Index of an ENSO, which occurred in 2017 specifically between the occurrence of a

(PREI) in the northern area of Peru (called coastal ENSO) traditional ENSO and a Coastal
whose occurrence is not common. ENSO, allowing the prediction of

extreme precipitation and flooding
in the northern area of Peru.

Table 1.
Summary of the description and applications of the different Climate Indices developed in the present study.

16. Conclusions
16.1 Tropical cyclones

The TNA is an indicator of the key parameters of TC intensity, size, and forward
speed that constitute an index of existing cyclonic damage potential.

16.2 Southern hemisphere

SAM and SOI represent the atmospheric variability that involves the troposphere and
stratosphere in the southern hemisphere and in the extratropical southern hemisphere.

16.3 North hemisphere

NAO, AMO, and RII represent dominant climate patterns in the North Atlantic
and eastern North Pacific regions.

16.4 Extratropical

AO, MEI, GPI, and PDO. They generally represent the variability of atmospheric
circulation and oceanic parameters in the extratropical region of the northern
hemisphere.
16.5 Tropical

ONI and IOD represent climate variability in the central Pacific Ocean.

16.6 Tropical atmosphere

MJO is an index that represents the dominant mode of intraseasonal variability in
the tropical atmosphere.
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Chapter 5

Synthesis of Tropical Cyclones:
Understanding, Modeling, and
Adapting to Climate Change
Impacts

Jiayao Wang, Yu Chang and Kam Tim Tse

Abstract

Tropical cyclones, characterized by their destructive effects, pose significant
threats to coastal regions worldwide. This review provides a comprehensive explora-
tion of tropical cyclones, delving into their definitions, regional variations in nomen-
clature (hurricanes, typhoons, and tropical cyclones), and categorization based
on intensity and core structural elements such as the eye, eyewall, and rainbands.
Globally, the review meticulously analyzes the profound impacts of tropical cyclones,
spanning environmental, social, and economic dimensions, and highlights the
disproportionate vulnerability of coastal populations. A thorough literature review
summarizes models, exploring their evolution and effectiveness in predicting cyclone
behavior and impacts. Additionally, the review discusses emerging advancements
in modeling techniques, including numerical simulations and machine learning
algorithms, and their potential to enhance forecasting accuracy and risk assessment.
Concluding with a critical discussion of current challenges, such as data limitations,
model uncertainties, and the influence of climate change, the review underscores the
pressing need for interdisciplinary collaborations and innovative solutions to mitigate
the increasing risks posed by tropical cyclones in a changing climate.

Keywords: tropical cyclone, boundary layer, wind field modeling, climate change,
risk assessment

1. Introduction

A tropical cyclone serves as the overarching descriptor for a non-frontal synoptic
scale low-pressure system situated over tropical or sub-tropical waters. These meteo-
rological phenomena exhibit organized convection, characterized by intense thunder-
storm activity, and feature a well-defined cyclonic surface wind circulation [1]. The
term “tropical cyclone” encompasses a broad category of weather systems, ranging from
tropical depressions to hurricanes, and is rooted in the unique atmospheric conditions
prevalent in tropical and sub-tropical regions. These dynamic and often powerful
systems derive their energy from warm ocean waters, manifesting in a symphony of
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atmospheric processes that include convective updrafts, latent heat release, and the char-
acteristic rotation around a central low-pressure center. During their formative stage,
tropical cyclones characterized by maximum winds of 17 m/s or lower are referred to as
tropical depressions. As these weather systems intensify and attain wind speeds ranging
from 18 to 32 m/s, they are designated as tropical storms. Notably, tropical cyclones with
maximum winds reaching 33 m/s or higher assume distinct regional names [2].

The terms “hurricane” and “typhoon” are regionally specific names for strong
tropical cyclones. When tropical cyclones attain maximum sustained surface winds
of 33 m/s (64 kt, 74 mph), they are designated by different names depending on
their geographical location. In the North Atlantic Ocean, the Northeast Pacific Ocean
east of the dateline, or the South Pacific Ocean east of 160E, these weather systems
are termed “hurricanes.” Across the Northwest Pacific Ocean west of the dateline,
they adopt the name “typhoon.” In the Southwest Indian Ocean, the term “tropical
cyclone” is employed to describe storms with winds reaching this threshold. This
regional nomenclature reflects the diverse terminology used globally to identify and
characterize these meteorological phenomena based on their specific locations and
the associated oceanic regions [3].

Tropical cyclones can exhibit considerable variability in their intensity, size,
boundary layer composition, spiral band formation, eye characteristics, and overall
symmetry, both between individual storms and over time [4]. The structure of a
tropical cyclone is characterized by distinct features that contribute to its intensity
and behavior. It can be visualized as a layered system of clouds and weather patterns.

Figure1 illustrates a top view and a cross-section view of a TC. The size of the
storm can be as wide as 300 km [5]. At the center of a mature TC lies the eye, where air
descends instead of rising. This descending air suppresses cloud formation, resulting in

Anatomy of a tropical! cy,,clone"
cross-section with exaggerated
vertical dimensicn ”

splrai rambands
(thu ders!orms] \

T N o
_spiraling rotation of
winds cyclone
—_————
0'km 100 200 ® Encyclopasdia Britannica, Inc

Ojmiles 100

Figure 1.
The structure of a tropical cyclone (https://cdn.britannica.com/44/76744-050-E5B32ADs5/
view-cross-section-cyclone).
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aclear and calm center. The eye is typically circular and can range in diameter from 30
to 65 kilometers (19-40 miles), although sizes as small as 3 kilometers (1.9 miles) and as
large as 370 kilometers (230 miles) have been observed [6, 7].

Surrounding the eye is the “eyewall,” which forms the cloudy outer edge and
expands outward with height. Within the eyewall, the most intense weather condi-
tions occur. This includes the highest wind speeds, most rapid ascent of air, tallest
clouds, and heaviest precipitation. Consequently, the heaviest wind damage typically
occurs when the eyewall of a tropical cyclone makes landfall. This is where most
of the convection, or upward movement of air, takes place. This scattering is likely
caused by sea spray generated by turbulent ocean surface waves due to strong winds.
The eyewall can vary in steepness, ranging from almost vertical to about 45 degrees.
Beyond the eyewall is a region with reduced precipitation surrounded by another
ring of heavy rain known as the “outer eyewall.” This layered structure of clouds and
precipitation patterns defines the complex and dynamic nature of a tropical cyclone.

Associated winds in tropical cyclones exhibit distinct patterns and characteristics
essential for understanding the dynamics of TCs. Typically, the strongest winds are
located slightly outside the eye wall base, where they circulate counterclockwise in the
northern hemisphere. This region, known as the radius of maximum winds, experiences
the highest wind speeds, which can extend up to 100 kilometers from the center of the
storm. Observations from drop-sondes reveal variations in wind profiles, with maxi-
mum wind speeds observed near the eyewall at altitudes ranging from 300 to 800 meters
above the ground. However, in storms with larger radii, the strongest winds may occur at
higher altitudes, typically between 1 and 2 kilometers above the ground [8].

Rainbands are important weather patterns in TCs, usually arranged in bands
around the center of the storm. These rainbands often hover into the center of the
storm, and the rainbands are sometimes stationary relative to the center, while in
other cases they rotate around the center. This rotating band of clouds is usually
associated with a pronounced swing in the storm’s path. When a TC makes landfall,
surface friction increases, leading to increased convergence of airflow toward the eye-
wall and the vertical movement of air that occurs there. The increased convergence
and rise of moist air lead to the heavy rainfall associated with TCs, which can reach
extremely high levels in a short period of time.

2. Categories of tropical cyclones

Tropical cyclones are classified into categories to communicate their potential
impact and guide preparedness efforts. Tropical cyclones are categorized based on
the wind speeds surrounding their circulation center and are assigned a rank. The
choice of scale for a specific cyclone depends on its location, such as the utilization
of the Saffir-Simpson hurricane wind scale and Australian tropical cyclone intensity
scales in the western hemisphere. Regardless of the scale, all of them evaluate tropical
cyclones by their maximum sustained winds. These winds are determined through
observation, measurement, or estimation using various techniques, typically over a
time span ranging from 1 to 10 minutes.

2.1 Saffir-Simpson hurricane wind scale (SSHWS)

The Saffir-Simpson Hurricane Wind Scale, originally developed by wind engineer
Herb Saffir and meteorologist Bob Simpson, emerges as a pivotal tool for alerting
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the public about the possible impacts of various intensity hurricanes. The maximum
sustained surface wind speed (peak 1-minute wind at the standard meteorological
observation height of 10 m over unobstructed exposure) associated with the cyclone
is the determining factor in the scale that determines a hurricane’s category. With its
five categories ranging from the minimal impact of Category 1 to the catastrophic
consequences of Category 5, the scale provides a clear and concise framework for
evaluating the severity of an impending storm. Categories 3-5 are specifically
designated as major hurricanes. This widely recognized global system establishes a
practical guide for meteorologists, emergency officials, and the public, offering a
standardized means of communication crucial for effective preparedness, response,
and mitigation efforts. The scale does not include hurricane-related damage from
storm surges, rainfall-induced floods, etc. It should also be noted that the extent of
damage caused by these winds can vary depending on factors such as local building
codes in effect, the duration of high winds, changes in wind direction, and the age of
structures. The criteria for each category are delineated in Table 1 [9].

2.2 Hong Kong tropical cyclone classification

In Hong Kong, tropical cyclones are classified based on the World Meteorological
Organization’s guidelines, specifically focusing on their maximum sustained wind
speeds near the center. The local classification system in Hong Kong, implemented
since 2009, is distinctive as it defines classifications in terms of wind speeds averaged
over a 10-minute period. This system introduces six categories, each delineating dif-
ferent levels of cyclonic intensity as in Table 2.!

2.3 Other criterions for tropical cyclone classification

The Beaufort scale, officially known as the Beaufort wind force scale, employed
by meteorological agencies worldwide, evaluates wind speeds based on observational
criteria related to the appearance of the sea surface and object behavior. Wind speed on
the Beaufort scale is based on the empirical relationship between the equivalent wind

Category Sustained wind speed Damage Exampleand
(mph) year
1 74-95 Very dangerous winds will produce some Humberto 2007
damage
2 96-110 Extremely dangerous winds will cause Ike 2008
extensive damage
3 111-129 Devastating damage will occur Alicia 1983
4 130-156 Catastrophic damage will occur Harvey 2017
5 >156 Catastrophic damage will occur Andrew 1992
Table1.

Criteria for Saffir-Simpson hurricane wind scale.

! CHAN, C. Tropical Cyclone Classification. [Hong Kong Observatory (HKO)|Educational Resources.
https://www.hko.gov.hk/en/education/tropical-cyclone/classification-naming-characteristics/00145-
tropical-cyclone-classification.html.
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Tropical cyclone classification Maximum sustained winds near the center (km/h)
Tropical depression (TD) <63
Tropical storm (TS) 63-87
Severe tropical storm (STS) 88-117
Typhoon (T) 118-149
Severe typhoon (ST) 150-184
Super typhoon (SuperT) 185 or above
Table 2.

Tropical cyclone classification in Hong Kong.

speed at 10 meters above the sea surface and Beaufort scale number B [10]. Extending
from O (calm) to 12 (hurricane force), each level on the Beaufort scale is accompanied

by specific descriptions of wind speed effects. The Beaufort scale was extended in 1946
when forces 13-17, with wind speeds more than 83mph, were added [11], which only
applies to tropical cyclones. Internationally, the World Meteorological Organization
(WMO) defined the Beaufort scale only up to force 12 and there was no recommendation
on the use of the extended scale,” which is only used in China.

The China Meteorological Administration (CMA), the Hong Kong Observatory
(HKO), the Philippine Atmospheric, Geophysical and Astronomical Services
Administration (PAGASA), and the Japan Meteorological Agency (JMA) have
established specific classifications for typhoons intended for domestic use.’ The
JMA employs a three-tier categorization system based on 10-minute maximum wind
speeds, ranging from 33 m/s (64kt) to 44 m/s (85kt). A typhoon is categorized as a
very strong typhoon when its maximum wind speeds fall within the range of 44 m/s
(85kt) to 54 m/s (105kt). A violent typhoon, on the other hand, is characterized by
maximum wind speeds of 54 m/s (105kt) or higher.*

The Indian Meteorological Department (IMD), for example, Regional Specialized
Meteorological Center (RSMC), utilizing a 3-minute averaging for the sustained wind,
employs seven different classifications to grade systems.’ In the southern hemisphere,
atropical cyclone is defined as having a clear organization of wind circulation with
sustained wind speeds exceeding 34 knots (63 km/h or 39 mph) near the center for 10
continuous minutes. Once identified as a tropical cyclone, all centers proceed to name
the system using the Australian tropical cyclone intensity scale. This scale, based on
maximum mean wind speed and typical strongest gust, categorizes systems into five
classes from 1 (weakest) to 5 (strongest) N

* https://librarywmo.int/viewer/41585?medianame=558-2012-2018_en_#page=29&viewer=picture&o=cu
stom_bottom_Permalink&n=0&q-=.

? Typhoon Committee (2015). Typhoon Committee Operational Manual 2015 (Report). World
Meteorological Organization. Retrieved November 13, 2015.

* Tropical Cyclone Information: Scale and intensity of the tropical cyclone. https://www.datajma.go;jp/
multi/cyclone/cyclone_caplink.html?lang=en.

> https://rsmcnewdelhi.imd.gov.in/images/pdf/faq.pdf.

® RAV Tropical Cyclone Committee (2023). Tropical Cyclone Operational Plan for the South-East Indian
Ocean and the Southern Pacific Ocean 2023 (Report). World Meteorological Organization. https://com-
munitywmo.int/en/tropical-cyclone-operational-plans.
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Meteorological agencies employ various scales to assess and categorize natural
phenomena, providing crucial information for understanding and responding to
potential threats. The Saffir-Simpson Hurricane Wind Scale is highly recognized
internationally and is commonly referenced in media reports, public communica-
tions, and official statements during hurricane events. This scale is extensively used
by the National Hurricane Center (NHC) in the Atlantic basin and the eastern North
Pacific, as well as by other meteorological agencies globally.

3. Impacts of tropical cyclones on a global perspective

Tropical cyclones are powerful and devastating weather phenomena that have
significant impacts on various parts of the world. In this section, we discuss the
impact of typhoons on sustainability, looking at it from the economic, social, and
environmental perspectives, through which, we can gain a clearer understanding of
the challenges and impacts of TC events on various aspects of society. The assessment
of the projected response of tropical cyclones to anthropogenic warming indicates
that climate change will likely lead to change in the intensity and frequency of tropi-
cal cyclones, affecting different regions in unique ways [12-16]. The distribution of
TCs on the planet has undergone clear changes since at least the 1970s. This is evident
in a noticeable shift toward higher latitudes in the areas where TCs reach their peak
intensity. Specifically, the latitudes where TCs are most intense have been moving
toward the poles at a rate of approximately 0.5 degrees of latitude per decade [17].
With these changes, TCs have far-reaching impacts on a global scale, affecting differ-
ent regions in diverse ways. In response to the environmental, social, and economic
impacts caused by these storms, it is imperative to implement disaster preparedness,
mitigation measures, and sustainable development strategies to strengthen resilience
to disasters.

Figure 2 showcases the devastating impacts of tropical cyclones on various regions
around the world, (a) depicts the catastrophic flooding that engulfed New Orleans,
following the landfall of Hurricane Katrina. The storm surge breached levees, leading
to extensive inundation and widespread destruction of property and infrastructure.
(b) captures the consequence of Typhoon Haiyan on Tacloban City in the Philippines.
The storm, accompanied by powerful earthquakes, caused widespread devastation,
leaving behind a landscape of destruction and ruins. (c) lists the most economically
costing tropical cyclones in the past half-century occurred in 2017. The combined
economic damage from these storms amounted to roughly 225 billion U.S. dollars.
Notably, Hurricane Katrina, recorded in 2005, remains the largest tropical cyclone in
terms of economic losses since 1970, with damages exceeding 163 billion dollars.

Tropical cyclone activity impacts humans and the environment through strong
winds, heavy rainfall, and storm surges, often resulting in landslides and floods
[18-20]. Tropical cyclones have the potential to cause severe morbidity and mortality.
It is estimated that these disasters have resulted in 1.9 million deaths over the past two
centuries [21, 22]. The impact on health can be direct (due to adverse weather condi-
tions) or indirect (due to infrastructure damage, environmental destruction, popula-
tion displacement, and economic hardships). Historically, developing countries in the
Asia-Pacific region have experienced the highest absolute and proportional mortality
rates from tropical cyclones and other natural disasters [22]. The lack of advanced
infrastructure and resources for effective early warning systems in developing
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b’ Ruins of Tacloban in the Philippines after Typhoon Haiyan (November 2013),

coupled with earthquakes
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Figure 2.

Cognsequences of tropical cyclones. (a) flooding in New Orleans after hurvicane Katrina (august 2005) (https://
www.securitymagazine.com/avticles/92876-us-high-tide-flooding-continues-to-increase). (b) ruins of Tacloban in
the Philippines after typhoon Haiyan (November 2013), coupled with earthquakes (www.commondreams.org).
(c) economic impacts of tropical cyclones in the past half-century (https://www.statista.com/statistics/1297538/
global-leading-tropical-cyclones-economic-loss/).
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countries, as compared to developed countries, exacerbates the severity of cyclone
impacts, leading to increased social and economic burdens [20].

In addition to environmental impacts, the social and economic consequences
of tropical cyclones are also substantial, with implications for loss of life, displace-
ment, infrastructure damage, and economic burdens. Empirical data suggests that
the effects of tropical cyclones can lead to a decrease in economic growth within the
affected country for over a decade [23, 24].

Numerous research efforts have concentrated on the socio-economic impacts
incurred by countries susceptible to tropical cyclones, including the United States, the
Philippines, and China [25-30]. These studies have devised multiple damage func-
tions specifically for tropical cyclones, aiming to analyze how the extent of damage
resulting from these cyclones changes with fluctuations in global mean temperature
and socio-economic advancement.

4. Literature review on tropical cyclone models

In recent years, the urgency of understanding and effectively mitigating the
impacts of tropical cyclones has become increasingly evident. As the global com-
munity places greater emphasis on sustainable development and urban resilience
[31, 32], the study of TCs and their associated boundary layer dynamics (TCBL) has
garnered significant attention. The escalating trend of urbanization, characterized by
the proliferation of high-rise structures and densely populated areas [33], underscores
the critical need to comprehend the behavior of TCs within the context of a changing
climate.

The rise in urbanization has led to the emergence of new challenges in disaster
management and urban sustainability. The increasing frequency and intensity of
TCs, exacerbated by climate change, pose significant threats to urban environments
worldwide. As TCs evolve in response to changing climatic conditions, it becomes
imperative to develop models that can accurately predict their behavior and associ-
ated impacts.

The important role of TC wind field modeling in disaster management and risk
assessment provides critical support for building safer and sustainable urban environ-
ments. The application of wind field models can help to optimize economic losses and
thus control or reduce the impacts caused by disasters. By collecting and analyzing
disaster data, we can target redesign.

Tuan et al. [34] discussed the examination of the costs and benefits of implement-
ing typhoon-resilient housing measures in Vietnam, which aims to assess whether
using typhoon-resilient housing has a positive economic return, indicating a focus on
redesigning buildings with typhoon-resilient features. In addition, the study identi-
fied positive returns while justifying the need to pursue policies related to this type of
design. Pantua et al. [35] evaluated the structural integrity of current roofing designs
in response to extreme environmental events, such as typhoons. The results highlight
structural weaknesses in the current design, considering factors such as wind angle,
structural frame, and materials. Then they specifically focused on the optimization of
photovoltaic (PV) rooftop installations. It highlights the vulnerability of solar instal-
lations to typhoon-force winds and proposes a framework that integrates fluid-struc-
ture interaction modeling and building energy simulation to evaluate the structural
and energy performance of roof-mounted solar panels [36, 37]. Mata et al. [38] high-
lighted the need to find suitable building orientation and roof angles for single-family
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residential houses using simulations, especially in countries highly prone to typhoons
like the Philippines. The objective is to optimize these factors to minimize drag forces
during typhoon conditions, thereby enhancing the resilience of buildings against such
extreme weather events.

Such designs can reduce the damage to buildings and infrastructure caused by
disasters and lower the cost of repair and reconstruction. The application of wind
field modeling can enhance personal safety and security, especially through the
connection with storm warning systems [39]. Early warning systems can provide
timely alerts so that people have enough time to take action to avoid disaster areas or
take other countermeasures, thus minimizing casualties and property damage. City
governments should invest in effective and timely early warning systems and inte-
grate climate change adaptation and resilience into planning and policy development
[40, 41]. Wind field models can also be coupled with other hazards such as typhoon-
induced rainfall and secondary hazards such as floods and mudslides [42, 43]. By
establishing an integrated coastal hazard coupling field, we can provide comprehen-
sive disaster data support and provide a scientific basis for disaster prevention and
risk assessment in coastal areas.

A model focusing on the boundary layer within a tropical cyclone serves as a valu-
able tool for examining the mechanisms behind primary and secondary air circula-
tions within the TC, which are directly linked to much of the associated damages
[44]. Therefore, it holds significant importance to develop models and subsequently
predict the wind field within the tropical cyclone boundary layer (TCBL). This is
particularly crucial for forecasting wind speeds at specific locations of interest, and
these models find practical applications in various real-world scenarios, including
disaster preparedness and urban planning [45, 46].

4.1 Foundation of the models

The TCBL models constitute a crucial tool utilized for understanding and predict-
ing the behavior of these meteorological phenomena. They leverage a combination of
direct observations garnered from within the TCBL itself and a deep understanding
of the intricate mechanisms underpinning energy and momentum exchanges occur-
ring within this layer. The TCBL models rely on both direct observations collected
within the TCBL and knowledge of the mechanisms governing energy and momen-
tum exchanges within this layer [47]. With observational insights alongside theoreti-
cal constructs, the TCBL models strive to furnish a comprehensive depiction of the
evolving structure and intensity of tropical cyclones, thereby enhancing our ability
to anticipate their impacts and facilitate more effective mitigation and response
strategies.

4.1.1 Observation data

Regarding observation, data is primarily gathered through ground soundings,
meteorological observation towers, and radar systems. Ground sounding stands out
as the predominant technique for uncovering wind flow characteristics within the
TCBL. Additionally, surveillance aircraft deploy drop-down sounding instruments,
known as Global Positioning System (GPS) dropsondes, equipped with GPS technol-
ogy to track their positions as they descend through the TCBL. These GPS dropsondes
offer invaluable direct measurements of wind speeds and other meteorological
variables, allowing for a comprehensive understanding of the thermodynamic and
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dynamical structures within the TCBL [48, 49]. Since their inception, advancements
in measurement techniques and data processing of GPS dropsondes have significantly
enhanced their capabilities, leading to substantial contributions to wind profile
modeling within the TCBL [50-52].

4.1.2 Theoretical foundation

The original Navier-Stokes equation is modified through the introduction of
the balance between the gravity and static pressure of the air. When the mean wind
velocities replace the instantaneous wind velocities, the turbulent exchange coef-
ficient of K is used to show the turbulent mixing effect due to the shear of mean wind
velocities. Considering the horizontal mixing of the turbulence is generally less strong
than the vertical mixing by at least an order of magnitude, only the vertical mixing
coefficient is commonly presented in the simplified Navier-Stokes equation. In addi-
tion, the variations in mean vertical wind velocities are significantly less than those
in horizontal wind velocities. Consequently, the transportation equation of vertical
winds is generally neglected. The azimuthal gradients for the variations in horizontal
wind velocities are generally neglected considering the azimuthal size of the TC.

It is noted that both the original and the simplified Navier-Stokes equation are
nonlinear in nature due to the connective term. Consequently, the analytical solutions
are not available and numerical treatments are required to solve the governing equa-
tion for the sake of modeling the wind field inside the TCBL. According to whether
employing the numeric treatment of linearization, the modeling of the TCBL wind
field is categorized into the linear models and nonlinear simulation.

4.2 Research progress of TCBL models

In the realm of meteorological research, understanding and predicting the
behavior of TCs is a paramount challenge with far-reaching implications for disaster
preparedness, response, and risk mitigation. Various TCBL wind field models are all
based on the same set of governing equations, which is mentioned in Section 4.2.1,
depicting the dynamics or thermodynamics of the TCBL, and hence the differences
among the models are mainly attributed to the modifications/simplifications made to
the original set of equations. Figure 3 gives an overview of TCBL models available.

Since the analytical solutions could be derived for the governing equation of the
TCBL wind field once the nonlinear terms are linearized. The linear models of the
TCBL wind field are the mainstream tools for the investigation of the meteorology
corresponding to a TC in the era with weak computational capacity.

4.2.1 Semi-empirical linear models

Initially, the slab model is introduced, offering a simplified yet insightful repre-
sentation of the main vortex of a tropical cyclone in a two-dimensional plane. The
general idea of the slab model is to average the vertical variations in the TCBL wind
field, and hence to focus on the main circulation of the TC wind flow in the horizontal
plane. Specifically, the TCBL is assumed as a slab at the constant depth, which leads
to the analytical solution to the governing equation under an axis-symmetric pressure
distribution.

Smith [53] proposed a pioneering description of the TCBL wind field, modeling it
as a steady, axis-symmetric potential vortex, simplifying the analytical solutions but
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Figure 3.
Categories of TCBL wind field models.

lacking realism due to an inadequate understanding of TCBL turbulence. Subsequent
refinements by Bode and Smith [54] and Smith [55] improved the model’s accuracy,
predicting spatial oscillations in vertical wind velocity at the TCBL top.

While the symmetric slab model provides satisfactory surface wind estimates, due
to insufficient knowledge of turbulent structures at the time, a more realistic under-
standing of the turbulent layer was not possible. Recent studies [56, 57] identified
inconsistencies in predictions due to neglect of vertical momentum exchanges and
terrain characteristics.

Recognizing the limitations of two-dimensional modeling, recent advancements
focus on height-resolving models to incorporate three-dimensional TCBL wind field
dynamics. Meng et al. [58] proposed an analytical model considering underlying
terrains, showing promise in predicting TCBL wind fields under complex conditions.
Subsequent enhancements by Huang and Xu [59] and Snaiki and Wu [60] incorpo-
rated temperature variations and increasingly emerged effects of climate change in
the prediction of extreme wind speeds, respectively.

Batts et al. [61] proposed a linear model within the slab category to estimate
maximum surface wind speed based on gradient-level winds, applied in Monte-
Carlo simulations for U.S. coastal hazard assessment. Shapiro [62] employed a slab
boundary layer model of constant depth, analyzing the steady flow under a specified
translating symmetric vortex in gradient balance. To validate the model’s findings,
comparisons are made with observations from Hurricanes Frederic (1979) and Allen
(1980), as well as other relevant observational and theoretical data, which reveals that
the simple boundary layer formulation accurately captures the qualitative features of
the wind field observed in Hurricane Frederic. The asymmetric slab model, widely
used in wind engineering, assesses TC hazards with acceptable computational
burden. For instance, Vickery et al. [63] applied Shapiro’s model to estimate extreme
TC wind speeds along the U.S. coast with specific recurrence periods, favoring it
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over Batts’ model. However, recent studies [56, 57] found inconsistency between slab
model predictions and observational data on radial TCBL wind variations, due to
deliberate neglect of vertical momentum exchanges. While Shapiro’s model provides
computational efficiency for risk analysis of large insurance portfolios, its simplifica-
tions and assumptions may introduce limitations in accurately estimating hurricane-
related losses [64, 65].

The average-depth slab model for the TC boundary layer is a simplified yet
insightful approach used to understand and predict the dynamics of the boundary
layer within TCs, however, all of the above are modeled in two dimensions; the actual
boundary layer wind field is three-dimensional [60, 66-68], and not taking height
into account may lead to inaccurate results.

The analytical model by Meng et al. [58] for calculating the wind field in a mov-
ing typhoon boundary layer incorporates two distinct layers: An upper inviscid layer
and a lower friction layer. By integrating these layers, the model accurately predicts
wind speeds and directions, including variations observed from elevated vantage
points during typhoons. Moreover, it accounts for rapid wind speed changes caused
by surface features. Although the model obtained an analytical solution and was
verified [59, 68], the structural characteristics of the TCBL wind field are not reliably
estimated because the gradient balance is not always satisfied for real TCs. Huang and
Xu [59] improved upon Meng’s model by considering temperature effects and remov-
ing the assumption of a constant central pressure difference with height. Through a
decomposition method, it provides more accurate wind speed and direction predic-
tions, validated against field measurements and compared to other models like Meng’s
and Shapiro’s. Results show the refined model offers better accuracy in wind speed,
direction, and profile estimations, as confirmed by spatial wind speed distribution
and mean wind profile analyses.

As a milestone in the development of the height-resolving model, Kepert [69] pro-
posed a linear model with an analytical solution available by neglecting the vertical
advection, and the horizontal advection is linearized. This model uses a linear analyti-
cal model and a numerical model to describe the boundary layer flow, highlighting the
role of vertical diffusion, vertical advection, and horizontal advection in maintaining
inflow against outward acceleration. Therefore, the vertical turbulent diffusivity and
surface drag coefficient are important as they parameterize the momentum exchanges
from the bottom boundary upwards. Subsequent scholars have studied the param-
eterization of coefficients [52, 66, 70-72].

A key shortcoming with current height-resolving models is that the super-gradient
winds predicted by the model are generally weaker than the observations because it
disregards the vertical advection in the TCBL [73]. Yang et al. [68] proposed a height-
resolving model that simultaneously considers horizontal and vertical advections,
whose better performance confirmed the importance of a height-resolving model to
include the vertical advection.

Since climate change cannot be ignored and the effects on TCs have been
observed, the new generation of mods is now moving toward considering the effects.
Fang et al. [70] incorporate various elements to develop a typhoon velocity field
model suitable for the gradient layer and boundary layer, considering multi-field
parameters correlation and terrain effects. Overall, the model demonstrates the abil-
ity to illustrate specific wind environment characteristics with satisfactory precision,
including non-exponential wind profiles in typhoon boundary layers. Kim and Lee
[74], on a Monte Carlo Simulation approach, incorporate various components such as
genesis, intensity, tracks, and wind field to estimate extreme wind speeds of future
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typhoons. The method considers climatological factors, and it incorporates sea sur-
face temperature (SST) and oceanic occupation ratio (OOR) for intensity modeling,
and a modified Batts’ model for wind field estimation.

4.2.2 Numerical simulation method

As computational capacity increased, the linear model’s limitations led to the rise
of numerically solving the nonlinear governing equation to estimate the TCBL wind
field, becoming mainstream. Numerical weather prediction packages are commonly
employed to depict TC structures, including the TCBL wind field. Additionally, the
direct solution of the nonlinear partial differential equation governing TCBL dynam-
ics is reported in the literature.

Examples of TCBL wind models include the Weather Research and Forecasting
(WRF) model, which is widely used for weather and climate research. Researchers
utilize WRF simulations of historical TCs, known as hindcasting, to analyze TCBL
wind fields [75-79]. For instance, Nolan, McNoldy, and Yunge [80] explored the impact
of different planetary boundary layer schemes on TCBL numerical simulations by
comparing WRF-simulated tracks, intensities, and sizes of a historical TC with observa-
tional data. They generated two WRF simulations with different boundary layer param-
eterizations and verified their accuracy against observed best track records. Another
example is the Large Eddy Simulation (LES) model, which resolves the large-scale
turbulent structures in the atmosphere and is used to study boundary layer dynamics.
Zhu [79] introduced a LES framework within the WRF model, revealing TCBL bound-
ary layer processes and coherent large eddy circulations during TC landfall.

While numerical weather prediction software can offer detailed representations
of the TCBL wind field based on large-scale distributions of meteorological variables
like wind velocities, air pressures, and temperatures, its use in TCBL investigations is
constrained by boundary and initial condition preparation. Moreover, detailed TCBL
wind field structures provided by numerical weather simulations come at the cost
of significant computational resources, making it challenging to use them in Monte
Carlo simulations to quantitatively assess TC hazards. Three-dimensional numerical
models like WRF need continual adjustments based on an evolving understanding
of meteorological processes within the TCBL. However, progress in TC meteorology
research is slow and limited, hindering accurate simulation of TCBL wind fields with
models like WRF ([81]; Wang and Wu [82]). Consequently, simulations of TCBL
wind fields with the WRF model may suffer from inaccuracies in TC intensity and
size.

In addition to the numerical weather prediction, directly solving the nonlinear
governing equation of the TCBL wind field is suggested using general-purpose com-
putational fluid dynamic tools. For example, Ma and Sun [83] showed the structure
of the TCBL wind field via the help from the general computational fluid dynamics
software of OpenFOAM. However, the numerical models combining the numerical
weather prediction tool and computational fluid dynamics code still have difficulties
in predicting winds in the strong convective inner core region. Recent modeling has
focused on how to integrate various models, to study the impact of climate change on
the dynamics of TCBL wind fields. Through Monte Carlo simulations incorporating
climate change scenarios, the study reveals potential changes in wind profiles, sug-
gesting that existing wind profile models may be overly conservative when evaluating
structural safety under the influence of climate change, especially in tall buildings,
when compared to current standards [72].
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As various models play critical roles in TC forecasting, it is essential to assess their
performance and accuracy in capturing different aspects of TC dynamics is very
important, thus facilitating improvements in forecasting accuracy and resilience-
building efforts. The wind fields simulated by the WRF model show an overall good
agreement with observations, while noting discrepancies such as smaller simulated
inflow angles compared to observations and mixed results in comparisons with
Doppler radar wind profiles [80, 84]. Models include the OpenFOAM code lacks the
possibility to describe the mesoscale process of TCs and their boundary layer pro-
cesses [85-87]. Therefore, to replicate the actual meteorological system of a TC, many
studies coupled WRF tool and computational fluid dynamics codes due to the limita-
tions of mesoscale WRF tool and small-scale computational fluid dynamics code
[88-91]. Computational fluid dynamics code coupled with WRF can have the highest
accuracy in estimating the wind field among other mesoscale meteorology models
[92]. The accuracy of such numerical models has improved significantly in recent
years [93], making their wind fields more suitable for operational use.

In recent years, machine learning (ML) holds promise for parameterizing bound-
ary layer simulations due to the highly nonlinear nature of TCBL processes, which tra-
ditional parametrization struggles to address. ML algorithms, characterized by high
dimensions and nonlinearities, offer a potential solution to the challenges in TCBL
parameterization [94]. In the realm of numerical modeling, the most active research
on ML application pertains to convective parameterization in atmospheric circulation
models within climate research [95, 96] and unified physics parameterization [97, 98].
O'Gorman and Dwyer [96] discuss the use of ML to develop new parameterizations
for moist convection directly from high-resolution model output, which is a signifi-
cant aspect of convective parameterization within climate research. The study focuses
on understanding the behavior of these ML-based parameterizations when integrated
into a general circulation model (GCM) and their effectiveness in simulating climate
change or extreme events. Han et al. [95] The study discussed focuses on develop-
ing a new moist physics parameterization scheme using deep learning techniques,
specifically a residual convolutional neural network. This scheme aims to address
biases in simulated precipitation and atmospheric circulation caused by current moist
physics parameterization schemes in GCMs. It demonstrates superior performance
in accurately reproducing simulations and predicting convective events in various
atmospheric conditions.

The application of ML in boundary layer parameterization remains relatively lim-
ited. For example, McGibbon and Bretherton [99] describe the training of an artificial
neural network to reproduce thermodynamic tendencies and boundary layer proper-
ties from high-resolution reanalysis data over a specific region. It demonstrates the
use of ML techniques to emulate and parameterize boundary layer processes, which is
a crucial aspect of atmospheric modeling. Wang et al. [100] describe the development
of an emulator using deep neural networks for a planetary boundary layer param-
eterization in the WRF climate model. Parameterizations are crucial for representing
diurnal variations in the atmospheric boundary layer. The research indicates that neu-
ral networks can successfully simulate vertical profiles within the boundary layer and
produce accurate predictions of wind speed, temperature, and water vapor profiles.
Chen et al. [101] discuss using ML for both pure data-driven models and for enhanc-
ing numerical models by incorporating ML techniques. The passage also highlights
successful cases of ML methods in various aspects of tropical cyclone forecasting,
such as genesis forecasts, track forecasts, intensity forecasts, extreme weather fore-
casts, and storm surge forecasts. This implies that ML is being applied to improve the
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accuracy of numerical forecast models, which includes parameterization of boundary
layer processes within the context of tropical cyclones.

The limited utilization of ML in TCBL parameterization is primarily attributed
to factors such as the intricate nature of TCBL processes, insufficient training data,
challenges in interpretability of ML models, as well as difficulties in integrating
ML techniques with current parameterization frameworks, underscoring the criti-
cal importance of ensuring compatibility and maintaining model accuracy during
integration efforts.

Artificial intelligence (AI) has great potential in integrating with climate change
models. In the parameterization of climate models, traditional physical parameterization
methods may have limitations in accurately describing complex nonlinear processes in
the climate system. ML techniques, on the other hand, are able to discover patterns in
the climate system by learning from massive amounts of data, and also taking climate
change into account, thus providing more accurate parameterization schemes.

5. Exploration of the challenges and frontiers
5.1 Summary of research progress

This review has delved into the multiple realms of tropical cyclones, providing an
in-depth exploration of their characteristics, classification systems, and the extensive
impacts of tropical cyclones on a global scale, emphasizing their implications for sustain-
ability and the evolving landscape of climate change. This discussion underscored the
urgent need for comprehensive research and action to mitigate the adverse effects of TCs.

Tropical cyclone modeling represents a frontier in meteorological research, where
the quest for accuracy and reliability is constantly evolving. Current approaches to
hurricane and typhoon modeling face many challenges and also show vast frontiers,
including the impacts of climate change and the integration of Al technologies.

Traditional linear models offer quick calculations and reveal certain physical
mechanisms, yet their comprehensiveness and reliability fall short compared to
nonlinear simulations. Nonlinear methods, while slower, provide indispensable accu-
racy in predicting real tropical cyclone trajectories. However, their computational
demands remain a barrier, limiting applicability to TCs with specific boundaries and
initial conditions. The integration of Al and ML presents a transformative avenue in
tropical cyclone modeling. While wind field models have limitations, Al-enhanced
simulations have the potential to revolutionize TC prediction by significantly reduc-
ing computational efforts. Nonetheless, challenges persist, including the need for
extensive training data and overcoming the limitations of existing AI models in
producing accurate predictions.

5.2 Challenges and future directions

The complexities of physical processes within TCs pose formidable challenges
for both AT and numerical models. Boundary layer wind field modeling encounters
obstacles such as insufficient data quality and quantity, the intricate influence of
boundary layer turbulence, and the generalization capability of Al models across
diverse scenarios.

To address these challenges, a balanced approach that integrates Al and numeri-
cal modeling is paramount. This entails leveraging the strengths of each approach,
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incorporating uncertainty analysis, enhancing observational data quality, and
regularly updating models to adapt to changing meteorological conditions and
geographic environments. By embracing this holistic strategy, the future of hurricane
and typhoon modeling holds promise for more accurate predictions and improved
resilience in the face of these powerful natural phenomena.

As we navigate the complex terrain of hurricane and typhoon modeling, it
becomes evident that collaboration, innovation, and adaptability are key to advancing
our understanding and preparedness in a changing climate landscape.

For the practical application of TC models, they can be integrated into a coupled
multi-hazard spatial field model to support disaster warning and risk assessment of
coastal infrastructure. Such an integrated model can provide multifaceted hazard
data, including TC wind field information, to provide a more comprehensive infor-
mation base for relevant agencies and decision makers.

In addition, the application of TC modeling can be extended to the development
of advanced warning systems. By forecasting TC risks in advance, the system can
provide reasonable countermeasures for coastal residents and infrastructure, such as
advising residents in high-rise buildings to take measures such as evacuating, moving
to a safer floor, or closing the windows, in order to minimize potential casualties and
property damage. TC models can also be used to study vulnerability and analyze the
resilience of building structures and coastal infrastructure. By simulating the perfor-
mance of buildings and infrastructures under the influence of typhoons, potential
weak points can be identified and recommendations for strengthening and improve-
ment can be made to enhance their resilience.

Through concerted efforts and interdisciplinary collaboration, we can forge a
path toward more effective modeling techniques and enhanced resilience to tropical
cyclones worldwide.
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Chapter 6

Current and Future Multirisk
Analysis in Climate Change
Scenarios with Riskcoast WebGIS

Nelson Mileu and José Luis Zézere

Abstract

Several regions in Europe are exposed to multiple climate hazards, although their
integrated understanding is still limited. The Riskcoast WebGIS platform, developed
in the context of the project with the same name, aims to identify the exposed ele-
ments and carry out a current and future multirisk mapping assessment in climate
change scenarios, for a set of climate hazards: landslides, flash flooding, estuarine
flooding, coastal flooding, and coastal erosion. The main objective of this chapter is to
present the main functionalities of the Riskcoast WebGIS platform and the multi-risk
assessment capabilities for different future risk scenarios arising from climate change
applied to the case study of the municipality of Settbal, Portugal.

Keywords: WebGIS, multirisk, climate change, coastal areas, scenarios

1. Introduction

Human-caused climate change is already generating weather and climate extremes
in every region across the globe, leading to widespread adverse impacts on food
and water security, human health, and on economies and society and related losses
and damages to nature and people [1]. The increase in the frequency, intensity and
geographical extent of hazardous events associated with climate extremes has been
analyzed in various studies [2, 3], denoting a growing concern in understanding the
processes of climate evolution and adaptation. In recent years, research on the adverse
impacts associated with extreme events has linked climate change to the amplification
of the risk of various phenomena such as floods, coastal floods, heat waves, droughts,
storms, or forest fires, studying this relationship for single specific climate or weather
hazard [2, 4, 5]. Moreover, the development of comprehensive approaches to assess
natural disaster risks, and in particular those related to climate change with a multiple
risk perspective, has been addressed by few authors [4, 6, 7], considering all aspects
that contribute to increased hazard, exposure, and vulnerability. Recognizing and
integrating the manifold hazards linked to climate change is crucial, given that threats
become more pronounced in regions exposed to various climate risks [2]. Effective
risk management can only be achieved through the integration of this comprehensive
knowledge.
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According to the “Report of the open-ended intergovernmental expert working
group on indicators and terminology relating to disaster risk reduction” [8], the term
“multi-hazard” means the selection of multiple major hazards that a region faces and
the specific contexts where hazardous events may occur simultaneously, cascadingly,
or cumulatively over time, taking into account the potential interrelated effects.
Despite the importance of analyzing multiple hazards for describing future disaster
events in terms of their magnitude and probability [5], such an approach presents
several challenges. According to Forzieri et al. [2], the study of multiple hazards
poses two major challenges: hazards are not directly comparable, as their processes
and description metrics differ, and hazards can interact, triggering cascading effects
and coupled dynamics. The significance of examining multiple hazards is especially
pronounced in coastal regions, as they are exacerbated by climate change [9, 10].
These areas are particularly exposed and susceptible to climate-related threats.

As with research centered on a single specific climate or weather hazard, the devel-
opment of stand-alone applications for modeling risks was also common in recent
years, particularly for earthquakes, tsunamis, landslides, and floods. More recently,
there has been the development of a new generation of platforms in the field of
natural risks based on open source code and WebGIS technologies [11]. The evolution
of platforms toward open-source solutions is justified in research and development
projects due to the principles of open research, where it is possible to access freely
modifiable source code [12], while the adoption of WebGIS platforms has become
commonplace because this technology deals with geographic information, including
geospatial analysis, within the online environment [13].

To overcome all these challenges, a WebGIS application called Riskcoast was
developed as part of the project with the same name. The project aimed to develop
risk prevention cartographic tools to be applied in spatial planning and emergency
planning. The main tools developed included the creation and updating of hazard,
vulnerability and risk mapping in the SUDOE coastal regions, adapted to different
future risk scenarios arising from climate change. The WebGIS platform aims to
identify the exposed elements and carry out a current and future multirisk mapping
assessment in climate change scenarios, for a set of processes that respond to climate
drivers: landslides, flash flooding, estuarine flooding, coastal flooding, and coastal
erosion. The main objective of this chapter is to present the main functionalities of
the WebGIS Riskcoast platform and the multirisk assessment capabilities for differ-
ent future risk scenarios arising from climate change applied to the case study of the
municipality of Settibal, Portugal.

This chapter is divided into five sections, besides this introduction. Firstly, the
case study is presented, followed by the data used in the WebGIS platform. The
methodology section includes the conceptual approach and multirisk workflow
analysis, the conceptualization of climate change scenarios, and the platform archi-
tecture description. The results section illustrates its application to the municipality
of Setuibal, demonstrating its value to address current and future multirisk analysis
in climate change scenarios. The chapter ends with conclusions and notes for future
developments.

2. Case study: Setubal, Portugal

The study area used to test the WebGIS tool is the municipality of Setdbal,
Portugal (Figure 1). The municipality of Settbal is located in the Lisbon Metropolitan
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Figure 1.

Case study location.

Area, Portugal. With a total area of 230 km?, the municipality comprises five parishes:
Azeitao, GAimbia-Pontes-Alto da Guerra, Sado, Settibal, and S3o Sebastizo.

The municipality of Settbal is located on the north bank of the mouth of
River Sado, bordering the Atlantic Ocean and flanked to the west by the Arrdbida
Mountain. In 2021, the municipality of Settbal had around 123,000 inhabitants,
about 16% of the total population of the Settibal Peninsula. Due to its riverside loca-
tion, its high population density (536 inhabitants/km?®), the existence of a historic
urban area, and strong industrial development, it is particularly vulnerable to the
consequences of climate change.

3. Datasets

The variables used in the calculations of the Multihazard Risk Index for
implementing current and future multirisk mapping assessment in climate change
scenarios are listed in Table 1 and are available in the GitHub repository at https://
github.com/nmileu/riskcoast/tree/main/data. The geographical unit of analysis was
the census block, obtained from the National Statistics Institute [15]. All layers used
in the application are in geoJSON format.
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Dataset Description Source
Susceptibility | The layers corresponding to the climate hazards analyzed (flash Zézere etal.
Flash floods floods, landslides, estuarine flooding, coastal flooding, and coastal [14]
. erosion) were obtained in Zézere et al’s study [14] and constitute
Susceptibility | . . ; . .
Landslides single layers in the system according to the current climate scenario
(present-day; 2100 — RCP 4.5 and 2100 — RCP 8.5 and have been
Susceptibility | converted to GeoJSON format.
Estuarine
flooding
Susceptibility |
Coastal flooding
Susceptibility |
Coastal erosion
Exposure | The exposure analysis in the Multihazard Risk Index analysis National
Census blocks component is based on calculating the population and number of Statistics
buildings for each census block. These layers were also converted in Institute - INE
Exposure | the system to GeoJSON format [15]
Building '
centroids
Social The vulnerability component is a layer defined from the census Zézere etal.
vulnerability blocks. This layer was also converted in the system to GeoJSON [14]
format. Santos and

Ferreira [16]

Table1.
Source datasets used in Riskcoast WebGIS application. All data ave available at https://github.com/nmileu/
viskcoast/tree/main/data.

4. Methods
4.1 Risk analysis approach

The risk analysis carried out is based on the Multihazard Risk Index that combines
the three main components of risk: susceptibility, exposure, and vulnerability. Zézere
etal. [14] presented a comprehensive description of susceptibility mapping in the
technical report “Actual and Future Risk in Climate Change Scenarios Settibal Test
Site,” including detailed methodological expositions for the considered set of climate
hazards: landslides, flash flooding, estuarine flooding, coastal flooding, and coastal
erosion. As the above report includes all technical details, we will present here only
the definitions and methodological outline of each component of the current and
future multirisk mapping assessment model in climate change scenarios, describing,
when appropriate, how the calculations were adapted for the WebGIS framework.

The analysis of climate hazards, now and in the future, was carried out for the set
of physical processes with a relevant impact on the municipality of Settibal and was
supported by technical-scientific methods, adjusted to the municipal scale and to the
available data. The susceptibility assessment was carried out independently for each
type of climate hazard [14]. The mapping of actual hazards was carried out based on
the direct delimitation of the areas affected by the hazardous processes considered
or using indirect zoning methods, that is, quantitative or semi-quantitative methods
based on analyzing the causes of the hazardous processes. Future climate hazards
were estimated, whenever possible, quantitatively, based on the territorial incidence
of the current hazard and its foreseeable evolution obtained from the projections
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adjusted to two state-of-the-art climate scenarios (Representative Concentration
Pathways in case of limited (4.5) or no action (8.5) until 2100).

The exposure to hazards was considered to be the situation of people, infrastruc-
ture, housing, production capacities, and other tangible human assets located in haz-
ard prone areas [8]. The exposure was considered on the platform through roadways,
railways, residential buildings, resident population, and strategic, vital, and/or criti-
cal equipment. However, for calculating multihazard exposure, it was an option to
consider only the number of buildings and the resident population. The buildings are
represented geometrically by their centroid, corresponding to all buildings with total
or partial residential function. The resident population per building was estimated
by dasymetric analysis between the building layers and the census blocks of the 2011
census [17]. The assessment of current exposure in the calculation of the Multihazard
Risk Index was carried out by intersecting the buildings and resident population with
the hazardous areas corresponding to landslides, flash flooding, estuarine flooding,
coastal flooding, and coastal erosion. In the context of assessing future exposure and
calculating the Multihazard Risk Index, we decided to intersect the existing exposed
elements (buildings and resident population) with the areas identified as hazardous
at the end of the twenty-first century, in both the RCP 4.5 and RCP 8.5 scenarios.

The results obtained through this approach emphasize the exposure of the elements
currently present in the study area to the climate projected for 2100. This underscores
the potential consequences for hazardous processes driven by climate factors if such
conditions were to occur in the present day.

With regard to the vulnerability component, we chose to consider only the
Criticality of Social Vulnerability. Criticality of Social Vulnerability is defined as the
set of characteristics and behaviors of individuals that condition their propensity to
suffer damage after the occurrence of a disastrous event [14]. These characteristics
can contribute to the breakdown of the system and community resources that enable
them to respond to or deal with catastrophic scenarios. In this work, we use the results
obtained for the complete Metropolitan Area of Lisbon [16], using data from the 2011
census for the statistical census block disaggregation. Following the original work,
it was possible to define an initial set of 45 variables, from which population density
and building density were removed as they reflect exposure rather than vulnerability,
leaving a total of 43 variables [14], representing the following domains: demograph-
ics, social support, the condition of built heritage, the economy, education, housing,
family structure, employment, and health. In order to ensure comparison between
territorial units of analysis, most of the variable data was expressed as a proportion,
and social vulnerability was calculated using a principal component analysis (PCA).

4.2 Multihazard Risk Index

The Multihazard Risk Index (MRI) is dimensionless and results from the product
of susceptibility (S), exposure (E), and vulnerability (V), using Eq. (1).

1 1 1

MRI=S*xE*x V=« 1)

where “ corresponds to the exponent of the Multihazard Risk Index.
The MRI, with due regard for differences in scale, risk components, and input
data, is based on the INFORM risk index, which is an international reference risk
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index that combines data from 16 components describing hazards, exposure, vulner-
ability, and lack of coping capacity [18]. The formulation adopted in this work has
recently been successfully applied at the municipal scale in Portugal, for flood risk
[19], landslides [20], and wildfires [21].

The risk analysis, with the calculation of the MRI, was carried out for the
present day and for the climate at the end of the twenty-first century, considering
the RCP 4.5 and RCP 8.5 scenarios. The Territorial Unit (TU) used for analy-
sis was the census block, as defined in the Geographical Base for Referencing
Information of the National Statistics Institute [21]. Multihazard susceptibility was
calculated using the intersection of the TUs with the areas prone to be affected by
each of the considered climate hazards: landslides, flash flooding, estuarine flood-
ing, coastal flooding, and coastal erosion. The exercise was carried out for three
scenarios, corresponding to the actual situation (scenario 1) and the climate at the
end of the twenty-first century, for RCP 4.5 (scenario 2) and RCP 8.5 (scenario 3).
For each UT, and for each scenario, multihazard susceptibility was calculated
by adding up the percentage of area affected by each of the processes considered,
using Eq. (2).

STUi = ZiCHi )
i=1

where CHi is climate hazard i (landslides, flash flooding, estuarine flooding,
coastal flooding, and coastal erosion) and Zi is the percentage of Territorial Unit i
intersected by each hazard.

As the processes involved in landslides and coastal erosion along coastal cliffs are
the same, the corresponding values in Eq. (2) have only been counted once in cases
where there is a spatial overlap between these two types of hazard.

Multihazard exposure was calculated from the intersection of the TUs with the
buildings exposed to each of the climate hazards considered landslides, flash flood-
ing, estuarine flooding, coastal flooding, and coastal erosion. The population living
in these buildings was estimated by dasymetric mapping based on data from the
2011 censuses. As in the case of susceptibility, the exercise was carried out for three
scenarios: current situation (scenario 1) and the climate at the end of the twenty-first
century, for RCP 4.5 (scenario 2) and RCP 8.5 (scenario 3).

For each TU, and for each scenario, multihazard exposure was calculated by add-
ing up the resident population exposed to each of the physical processes considered,
according to the Eq. (3).

ETUi= PiCHi 3)

i=1

where Ri is the resident population in the buildings in Territorial Unit i intersected
by each climate hazard.

The vulnerability considered in Eq. (1) corresponds to criticality and was cal-
culated for each TU independent of susceptibility and exposure, as described in
Section 2.1.
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In the end, before integration into the Multihazard Risk Index, the three com-
ponents of the MRI (susceptibility, exposure and vulnerability) were scaled to the
interval [0, 1] using the min-max method (4).

Xm — i “Yimin (4)

The values of X; 14y and X ,;, were determined for each component of the
MRYI, taking into account the full range of values obtained for the three scenarios
considered.

Finally, it should be noted that, as the integration process is multiplicative, the
MRI is equal to zero whenever any of the three components that define it (susceptibil-
ity, exposure, and vulnerability) is equal to zero.

4.3 Combined hazard selection

Multihazard susceptibility and exposure are calculated by intersecting the TUs
with the areas prone to be affected by each of the climate hazards: landslides, flash
flooding, estuarine flooding; coastal flooding; and coastal erosion. As this is a multi-
hazard approach, the selection of the processes to be considered in the MRI calcula-
tion is a user option in the WebGIS framework, with several possible combinations.
The user can calculate the MRI using a single climate hazard or any combination of
several climate hazards. The number of possible combinations without repetition for
the five processes was determined from expression (5).

. nl
< _V!(n—r)! ©

where C” = number of combinations, 7 = total number of objects in the set, and
r = number of choosing objects from the set.

In this way, the user can choose between 32 combinations of processes for one
actual and two future climate change scenarios, making it possible to obtain a total of
96 multirisk mapping assessments.

4.4 Riskcoast WebGIS development and architecture

The Riskcoast WebGIS application was written in Javascript, using HTML, CSS,
and Javascript files (Figure 2) directly from a repository on GitHub (https://github.
com/nmileu/riskcoast), with instructions in this version only in Portuguese. The
mapping component was implemented using Leaflet open-source JavaScript library,
with base maps provided by OpenStreetMap. The spatial analysis tasks, namely, the
spatial intersections between hazard prone-areas and exposed elements, were carried
out using the Turf Javascript library. This is a modular library for geospatial analysis
in browsers, using the GeoJSON data format, which has the advantage of speed and
does not require to send data to a WebGIS or database server.
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Figure 3.
Riskcoast WebGIS interface.

For the Multihazard Risk Index calculation, the processing is done through
Javascript functions. The choice of Javascript in the processing was guided by the ease
of implementation and the processing speed as most of the code runs in the user’s
browser. To represent geographic layers with their non-spatial attributes, GeoJSON
was the chosen format. Despite the limitations, the format allows the representation
and parsing of simple geographical features like the layers used in Riskcoast project in
a simple and human-readable format.

The WebGIS tool can be accessed via a web browser on a desktop or mobile device
at https://nmileu.github.io/riskcoast/. The site has the main map area where the user
can view the layers available in the Tree Layers Control, namely, the layers of social
vulnerability, exposure, hazard (susceptibility), and risk. In the main map, the user
can zoom or pan around the map and visualize the layer classification for each census
block (Figure 3).

The main map has four main tabs (‘Project description) ‘Exposure analysis’,
‘Multi-Hazard Risk analysis, and ‘Legends’). The first tab gives the description of the
“Riskcoast” research project. The next tab, the Exposure analysis tab, controls the
exposition scenarios. The first step is to select the climate scenario (current or future),
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followed by one of the climate hazards for which the user want to intersect with the
exposed elements (roads, railways, buildings, population, and strategic, vital, and/or
critical equipment). In the next tab, the user can select the climate scenario (current
or future, RCP 4.5, RCP 8.5) and the combination of climate hazards for which the
MRI is computed at the census block scale. The last tab is dedicated to showing the
legends for the layers.

5. Results

At this point, we present two applications (current and future multirisk analysis in
climate change scenarios) in which we have calculated the risk using different process
combinations: climate hazards associated with precipitation (landslides and floods),
climate hazards associated with the rise of sea level (estuarine flooding, coastal flood-
ing, and coastal erosion), and all climate hazards.

5.1 Current multirisk analysis in climate change scenarios

Figure 4 shows the mapping of the Multihazard Risk Index in the municipality
of Setubal, obtained using the Riskcoast WebGIS application, for current landslides
and flash floods. In this figure, it is possible to identify a large number of territorial
units with a high risk (MRI > 0.4), all located in the Settbal city center and essentially
exposed to the flash flooding hazard.

Figure 5 shows the mapping of the Multihazard Risk Index in the municipality
of Setubal, obtained using the Riskcoast WebGIS application, for current estuarine
flooding, coastal flooding, and coastal erosion. In this figure, it is possible to identify
a group of territorial units with a medium risk (MRI > 0.2), located in the parish of
Sado (Mitrena Industrial Zone) and essentially exposed to estuarine flooding.

Figure 6 shows the mapping of the Multihazard Risk Index in the municipality
of Setuibal, obtained using the Riskcoast WebGIS application, for current landslides,
flash floods, estuarine flooding, coastal flooding, and coastal erosion, where the city
center and the Mitrena industrial zone stand out as risk areas.
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Figure 4.

Current multirisk mapping assessment for landslides and flash floods.
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Current multirisk mapping assessment for all climate hazards.

5.2 Future multirisk analysis in climate change scenarios

Figure 7 shows the mapping of the Multihazard Risk Index in the municipality
of Settibal, obtained using the Riskcoast WebGIS application, for landslides and
flash floods for the end of the twenty-first century and considering the worst climate
scenario (RCP 8.5). The figure highlights a large number of territorial units with a
high risk (MRI > 0.4), located in Settbal city center and essentially exposed to the
flash flooding hazard.

Figure 8 shows the mapping of the Multihazard Risk Index in the municipality
of Settibal, obtained using the Riskcoast WebGIS application for estuarine flood-
ing, coastal flooding, and coastal erosion for the end of the twenty-first century and
considering the worst climate scenario (RCP 8.5). The figure highlights a group of
territorial units with a high risk (MRI > 0.4), located in the riverside area and in the
inner area of the Sado River estuary.

Figure 9 shows the mapping of the Multihazard Risk Index in the municipality
of Settibal, obtained using the Riskcoast WebGIS application, for the end of the
twenty-first century (RCP 8.5) and accounting the complete set of considered climate
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hazards: landslides, flash floods, estuarine flooding, coastal flooding, and coastal
erosion. The multihazard risk analysis for the end of the century, with the climate
conditions defined by the RCP 8.5 scenario and considering the elements currently
exposed in the municipality, shows an increase in risk. There was no reduction in the
Multihazard Risk Index in any of the municipality’s territorial units. In addition to
those that already stand out in Settbal’s city center on the map showing the current
situation, there are two more territorial units, located in Setibal’s riverside area and
in the inner area of the Sado river estuary, reflecting the increased susceptibility and
exposure to the coastal and estuarine flooding processes.

6. Conclusions

The development of the WebGIS tool was based on a simple architecture and
open-source components that made it possible to implement a solution that does not
require sending data to a WebGIS server or database server. Considering the large
number of possible combinations of climate hazards in the definition of multirisk
scenarios arising from climate change, a critical aspect considered in the development
of the platform was ease of use, requiring no advanced knowledge in geographic
information systems. The ability to visualize and explore current multirisk mapping
assessment models in climate change scenarios regarding the different risk compo-
nents, namely, susceptibility, exposure, and vulnerability, allows highlighting areas
with lower or higher risk. On the other hand, the ease in quantitatively assessing
risk at the census block by creating future multirisk mapping assessment models
in climate change scenarios through a structured and systematic process provides
opportunities for the evaluation of different strategies and actions to minimize the
adverse impacts of any hazardous event.

Analyzing the multihazard risk, quantified using the Multihazard Risk Index for
the present-day and the future (for the RCP 8.5 scenario), it shows that the risk at the
end of the twenty-first century will increase significantly. The current risk is maxi-
mum in the downtown area of Settbal as a result of flash floods and will continue
to be so in the future. However, the risk will increase in the entire area of the Sado
estuary, particularly on the waterfront of the city of Setiibal and in the inland sur-
roundings of the Sado estuary, particularly in the parish of Praias do Sado.

Although the WebGIS Riskcoast platform is associated with a European project
and has a defined time-bound, it is possible to identify a number of improvements
and future developments. Assessing exposure at the end of the twenty-first century
is a complex exercise, mainly due to the enormous uncertainty about population
numbers and their distribution. One of the developments in the multirisk assessment
model is the possibility of including demographic projections, despite the complexity
of spatializing the demographic projection at the census block scale. In functional
terms, the interactive delimitation of the geographical area for carrying out the risk
analysis, the comparative analysis of scenarios, and the implementation of advanced
reports is another evolution of the platform that will make it possible to improve the
use multirisk mapping assessment models in climate change scenarios.

To conclude, despite the limitations and possibilities for improvement identified
for future development of the WebGIS platform, the implementation of the prototype
in the context of the research project allowed to demonstrate that a multirisk assess-
ment can be obtained quickly and easily for any combination of climate hazards for a
study region particularly susceptible to climate change, providing a high added-value
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contribution to supporting local adaptation strategies to increase municipalities
resilience to climate change.
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Abstract

At present, there is no clear scientific evidence of reliable earthquake precursors
that can be used as an early warning system. However, many studies have also
reported the existence of faint signatures that appear to be coupled to the occur-
rence of earthquakes. These anomalies have traditionally been detected using data
from in-situ sensors near high-seismicity regions. On the other hand, remote sensors
offer the potential of large spatial coverage and frequent revisit time, allowing the
observation of remote areas such as deserts, mountains, polar caps, or the ocean.
This chapter revises the state-of-the-art of the understanding of lithosphere-atmo-
sphere-ionosphere coupling. It also presents recent studies by the authors’ ongoing
investigation on short-to-midterm earthquake precursors. The Earth observation
variables discussed are (1) surface temperature anomalies from thermal infrared or
microwave radiometer measurements, (2) atmospheric signatures, (3) ionospheric
total electron density fluctuations or scintillation measured from GNSS signals, and
(4) other geophysical variables, including geomagnetic field fluctuations, changes
in the Schumann resonance frequency, or low-frequency electromagnetic radiation.
However, despite the seismic hazard risk models that exist and the results shown by
these studies, it is still very difficult to predict the occurrence of earthquakes.

Keywords: earthquakes, precursors, remote sensing, land surface temperature, GNSS,
ionosphere, TEC, scintillation, magnetic field, lithospheric-atmospheric-ionospheric
coupling, statistical analysis

1. Introduction

Earthquakes are natural disasters that cause devastating damages and significant
human casualties. Over the past 50 years, earthquakes have been the first cause of
death from natural hazards [1]. Despite the thousands of earthquakes occurring
annually, only a tiny fraction is observable. Between 1998 and 2018, earthquakes
caused 846 thousand deaths and approximately US$661 billion in economic losses [2].
While earthquakes are unavoidable, efforts have been made to mitigate and restrict
their impact [3].

Forecasting earthquakes, especially the significant ones that cause severe destruc-
tion, has garnered widespread attention [4]. Numerous studies have explored
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potential earthquake precursors, aiming to understand the physical characteristics of
seismic events and their interaction with the environment [5]. Despite the continued
efforts, earthquake forecasting remains challenging, as reliable indicators of future
earthquakes are infrequently apparent in seismic analysis. A clear physical link
between the observed anomalies and the earthquakes is needed to make the correla-
tion analysis more robust [6].

Remote Sensing (RS) has been widely employed in earthquake studies due to its
capability to provide short revisit times and large coverage [7], continuity, and more
consistent data than point measurements [8].

1.1 Remote sensing observables

There are different physical mechanisms involved in potential seismic precursors.
First, the frictional forces involved in the preparation and occurrence of an earth-
quake may increase the surface temperature locally, which can be detected by satellite
instruments. Therefore, despite cloud cover masks optical imagery, infrared data has
already shown potential results for detecting temperature irregularities over active
faults [9, 10].

Additionally, some atmospheric changes can also be observed before the occur-
rence of an earthquake [11], such as air ionization by radioactive radon emissions,
thermal convection, anomalous linear cloud formation [12], or latent heat anomalies
[13] are some of the means used as earthquake precursors.

The ionosphere is also a possible proxy of seismic activity. Anomalous TEC
changes [14], and ionospheric scintillation (IS) perturbations related to earthquakes
have been published in the last decades [15]. Different techniques to measure these
parameters are summarized in this chapter. Traditional methods to measure these
parameters include ionograms from ionosondes and GNSS satellite constellations to
measure the effects produced in the signals when they are in view from a ground sta-
tion. This chapter will review novel studies using GNSS RS techniques such as GNSS
Reflectometry (GNSS-R) [16] and GNSS-Radio Occultations (GNSS-RO) to detect
possible ionospheric precursors of earthquakes.

Other effects not easily categorized in previous environments have also shown
the potential to serve as earthquake precursors. Those are, for example, geomag-
netic perturbations [17], outgoing longwave radiation [18] and extremely low-
frequency wave generation [19], or small perturbations in the Schumann resonance
frequency [20].

1.2 Methodologies

Past studies have used mathematical models and statistical tools to study the
correlation between these effects and the occurrence of earthquakes [21]. Typical
statistical parameters used to detect the anomalies include the calculation of the
standard deviation (STD), the interquartile range (IQT), and the Z-score. The influ-
ence of external phenomena on the studied parameters can hide or fake the correla-
tion between the physical mechanism studied and the occurrence of the earthquake.
Therefore, filtering techniques are very important to improve the data quality and
reduce false alarms. Some previous observables can be affected by external factors,
such as space weather, which is also largely influenced by solar activity and the inter-
planetary environment. In this sense, variables such as the planetary index (K) [22],
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the disturbance storm time index (Dst) [23], and the solar flux [24] should be consid-
ered to flag the affected observables.

1.2.1 Confusion matrix and receiver operating characteristic (ROC) curve

This section explains the methodologies used to compute the anomalies, high-
lighting explicitly the STD, the IQT, and the Z-Score techniques [17]. The Precursor
deviation is determined from (Eq.(1)), wherein the Precursor mean corresponds to
the average of the detrended Precursor over the entire period under consideration.
The Dobrovolsky or strain radius (SR) estimates the size of the earthquake prepara-
tion area [25], and it is related to the Moment M,, through (Eq. (5)).

Precursor,,, .., = Precursor — Precursor, ., 1)
|Precursoty, ;o | = C-STD ()
|Precursory, ;o | > CIQT 3)

ZScorePrecursorPrecursormean /STD 4)
SRyjpy = 1074 ©)

The test performance is assessed from six essential parameters used to compute
the confusion matrix (CM): condition positive (CP), condition negative (CN), true
positives (TP), false negatives (FN), false positives (FP), and true negatives (TN)
[26]. The explanation for each of them is as follows:

* CP: count of samples with actual earthquakes.

* CN: count of samples without real earthquakes.

* TP: count of correct links where (Earthquake [+] and Anomaly [+]).
* FN: count of wrong links where (Earthquake [—] and Anomaly [-]).
* FP: count of wrong links where (Earthquake [-] and Anomaly [+]).

* TN: count of correct links where (Earthquake [+] and Anomaly [-]).

Additional metrics can be derived from them, such as the specificity, the preci-
sion, the recall, and the accuracy. Table 1 summarizes the different formulas used to
compute these parameters, including the true positive rate (TPR), the false positive
rate (FPR), the false negative rate (FNR), the true negative rate (TNR), the likelihood
ratio (LR), the positive predictive value (PPV), the false omission rate (FOR), the
negative predictive value, (NPV), the false discovery rate (FDR), the area under the
curve (AUC), and the diagnostic odds ratio (DOR) [26].

The receiver operating characteristic (ROC) curve is a graphical plot illustrating
a binary classification method’s performance that depends on a threshold value. By
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CP TP FN TPR = TP/P FNR = FN/P
CN Fp TN FPR = FP/N TNR = TN/N
Prevalence = CP/CP + CN PPV = TP/PP FOR = FN/PN (LR+) = TPR/FPR  (LR-) = FNR/TNR
Accuracy = TP + TN/CP + CN  FDR = FP/PP NPV = TN/PN DOR = LR+/LR-

MCC = TP-TN-FP-FN/((TP + FP)

F; =2.TP/(TP + FP + FN + TN) (TP + FN) (TN + FP) (TN + FN))

Table 1.
The details of the confusion matrix and formulas.

sweeping this threshold, values of TPR against FPR are depicted on an x-y graph,
leading to a curve which, ideally, goes from (0,0) to (1,1). The AUC parameter
mentioned above measures the integrated area under this curve, which ranges from
0 to 1, being larger for better classifiers.

1.2.2 Machine learning tools for earthquake prediction

The confluence of all these elements constitutes what can be considered a
Complex System with different sources of perturbations, interacting non-linearly and
resulting in tiny observable changes [27]. These features make the problem suitable
to be studied using machine-learning techniques. Neural networks can effectively
extract the main features of a system like this, helping to understand and categorize
the input sources involved in the problem and their relative impact.

Earthquake forecasting is commonly branded into two main types: model-based
and precursor-based techniques. Model-based approaches involve hypothesizing a
mathematical or a machine-learning model for reliable forecasting, incorporating
an analysis of signals indicative of an approaching significant quake. Unfortunately,
these signals are often undetectable before the earthquakes.

An innovative machine-learning algorithm was introduced in [28] for real-time
earthquake precursor detection, leveraging the Support Vector Machine (SVM). This
technique integrated daily GPS-TEC geomagnetic indices data and identified spatio-
temporal anomalies linking them to earthquakes. A case study in Italy from January 1,
2014, to September 30, 2016, utilized various training, validation, and testing periods.
During the validation period (266 days), the algorithm successfully detected precur-
sors in 17 out of 21 earthquakes, and during the test period (282 days), it identified 22
out of 24 earthquakes, with 7 and 13 false alarms, respectively.

In [29], the authors explored physical and dynamic changes in seismic data col-
lected from ten infrared and hyperspectral measurements from 2006 to 2013. They
introduced the Inverse Boosting Pruning Trees (IBPT) machine-learning method,
using satellite data related to 1371 earthquakes with M,, > 6 for short-term forecasting.
Compared to other machine-learning approaches, IBPT outperformed six selected
baselines, enhancing earthquake forecasting across diverse databases.

After this introduction, the rest of this book chapter is structured as follows.
Section 2 reviews the studies on LST proxies for seismic activity. Sections 3 and 4 ana-
lyze the atmospheric and ionospheric perturbations due to earthquakes, respectively.
Section 5 summarizes additional observables to study earthquake precursors. Section
6 presents the main conclusions.
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2. Land surface temperature proxies

Detecting thermal anomalies before significant earthquakes is crucial to understand
and predicting seismic activities. This importance arises from the ability to recognize
phenomena related to thermal radiation during seismic preparation phases [30].
Satellite data provides an effective means to monitor seismic regions globally, nearly
in real-time. Various data sources have been incorporated into this field in recent
decades, advancing progressive anomaly detection techniques. This section reviews
the advances and developments in pre-seismic thermal anomaly detection technology
over the past decade.

In Ref. [31], the authors explore the association between ground surface warm-
ing and earthquakes by analyzing thermal data from Meteosat. The objective is to
mitigate the impact of cloud coverage and daily weather fluctuations, enhancing
the resolution of thermal maps. Detected thermal anomalies show a potential link
between LST anomalies and future seismic events, notably observed in the L’Aquila
earthquake on April 6, 2009.

In Ref. [31], the authors evaluate LST anomalies in various earthquake events of
M,, > 6 in Pakistan from 2000 to 2020. They use MODIS imagery data over the epi-
center region to examine thermal anomalies associated with earthquake prediction.
The findings reveal pre-seismic LST variations ranging from 30 to 54°C, indicating a
promising correlation between thermal anomalies and earthquakes.

In Ref. [32], the study analyzes AQUA/MODIS and TERRA/MODIS LST products
before and after the M, 7.9 earthquake in Nepal on April 25, 2015. It explores the
thermal information related to the earthquake, revealing a steady increase of LST
before the event, reaching a maximum during the quake, and returning to normal
afterward. This temporal pattern could serve as premonitory information associated
with the Nepal earthquake.

In Ref. [33], the study focuses on the trend of LST based on MODIS daily LST
products from 2000 to 2017. The study applies an annual temperature cycle model
to derive parameters such as the mean annual surface temperature (MAST), yearly
amplitude of surface temperature, and phase shift. The study offers insights into
the impact of earthquakes on the mountain thermal environment and its diverse
responses to changes in vegetation cover and climatic conditions.

In Ref. [2], three earthquakes of M,, > 6 were studied using AQUA/MODIS and
TERRA/MODIS LST data. Anomalies are detected using the IQT and mean + 2. STD
methods, revealing positive daytime anomalies based on mean + 26. However, nega-
tive (or positive) anomalies are observed at night before earthquakes in Mexico and
Bolivia, and occasionally, a negative anomaly is detected during the 10 days following
an earthquake.

The study in Ref. [21] employs a novel approach to detect localized spatio-tempo-
ral fluctuations in hyper-temporal, geostationary-based LST data. The study covers
ten areas worldwide, analyzing 20 large and small land-based earthquakes (M, > 5.5
and depth < 35 km). The comparison of times and locations with and without
earthquakes shows no distinct repeated patterns, indicating that earthquakes do not
significantly impact detected LST anomalies.

In Ref. [34], a segmented threshold method was anticipated to detect anoma-
lous microwave brightness LST linked with strong earthquakes in Sichuan prov-
ince, China. The Index of Microwave Radiation Anomaly (IMRA) computed by
this method was found to be improved nearly 2 months before the three strong
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earthquakes in 2008 Wenchuan (M = 7.8), 2013 Lushan (M = 6.6), and 2017
Jiuzhaigou (M = 6.5). The study acknowledges the limitation in quantitatively evalu-
ating IMRA due to the infrequent occurrence of earthquakes.

In Ref. [35], the authors aimed to examine the anomalies in LST from GOES/ABI
16, 17 [26], and AQUA/MODIS, potentially associated with 1350 global earthquakes
with a magnitude M, > 4 during 2020. In the same direction, the authors tried to
detect and find a correlation between earthquakes and LST data in a long time series
from Fengyun-2F/VISSRS [36], Himawari-8/AHI, and MSG/SEVIRI. In other studies,
data acquired from numerous satellites [37] was ingested [38] and processed [39] to
identify unusual anomalies before earthquakes. The precursor value tends to be high
near the earthquake’s epicenter 1 to 7 days before the seismic event [8]. Traditionally,
this outcome has been attributed to the thermal flux emitted from the Earth’s crust
in regions prone to seismic activity. To improve the data quality, filtering is applied
exclusively to nighttime datasets between 00:00 and 06:00 am, thereby mitigating
the influence of sunlight and radiation on precursor values. Subsequently, the data
undergo fusion (averaging, standard deviation, minimum, and maximum values)
for each location and day. The organized data is then chronologically sorted to form a
time series. The subsequent phase involves computing the precursor average using the
Strain Radius (SR) formula, delineated in Eq. (5). The final stage encompasses cal-
culating anomalies based on prescribed formulas. Once the anomalies are computed,
they are correlated and associated with potential earthquakes. A confusion matrix
is generated to optimize detection parameters. Finally, the correlation is visually
represented through charts and maps.

Most existing works apply RS data from geostationary and polar satellites
equipped with thermal or microwave sensors covering temporal windows spanning
a few months to years. Similarities in data processing methods, such as LST data
ingestion filtering, time series analysis, and anomaly detection, are obvious. However,
differences arise in the data processing and LST anomaly detection. Recent contribu-
tions stand out in several critical aspects: (1) satellite constellations by using multiple
satellite constellations from geostationary satellites, ensuring comprehensive global
LST coverage; (2) data filtering using diverse LST data filters, including quality flags,
water bodies, and fire masks; (3) extensive time series from 2010 to 2021, facilitating
correlation analyses across different seasons and temporal conditions; (4) alarge
number of land earthquakes, enabling analyses across varied land covers, altitudes,
depths, and altitude regions for realistic statistical results; (5) statistical approaches
not used before such as the Confusion Matrix and the ROC curves; (6) various
thresholds analytically tested to determine the optimal configuration for correlation
analysis; and finally (7) the classified correlation was conducted based on diverse
parameters, including M,,, depth, land cover, regions.

Figure 1c1-c6 illustrates the processed AQUA/MODIS LST data near Ankara,
Turkey, from January 20 to 25, 2020. The cyan star indicates the earthquake’s epi-
center. A marginal rise in LST was observed 3 days before the earthquake. However,
a notable positive anomaly in LST was documented on the day of the earthquake,
followed by a decrease in LST the day after.

2.1 Confusion matrix and ROC curve

Figure 2 illustrates the outcome of the CM: the TPR and the FPR decrease as the
“C” coefficient increases. Consequently, a small “C”, especially at C = 0.7, yields
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Figure 1.

Sample LST maps, original, detrended, and anomalies time series (°C) measured with ABI/GOES or MODIS/
AQUA for epicenters ID977 in 2020 [35].
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Figure 2.
Optimum ROC curve for C = 0.7 of corvelation between LST and earthquake occurrence.

the optimal threshold to detect LST anomalies. However, this comes at the cost of a
relatively high rate of false alarms. Conversely, larger “C” coefficients identify fewer
LST anomalies. The higher the DOR, the better the test performance. In our study, a
DOR of approximately 13.5 corresponds to the optimal values for C = 0.7. The short-
est distance (d) from the receiver operating characteristic (ROC) curve to the point
(TPR, FPR) (0,1) is approximately 0.49. Therefore, the optimal “C” for earthquake
monitoring is 0.7, with an SR of 50 km.

2.2 Impact of Mw, depth, altitude, and land cover on the confusion matrix

Figure 3a shows a consistent TPR, AUC, and DOR increase as M, increases. The
LST anomalies detection is high where the My, is large. TNR and accuracy remain
relatively constant, around 0.8 across different M, levels. Conversely, FNR and
“D” escalate as M,, decreases. The peak TPR, AUC, DOR, minimum FPR, and “D”
are observed for deep earthquakes. TNR, FPR, and ACC exhibit uniformity across
depths.

From Figure 3b, epicenters within 50 to 100 km and over 400 km strongly associ-
ate with prior LST anomalies, displaying high confidence and less noise, reaching the
highest values of TPR, up to ~0.7.

At low altitudes (1001-2000 m), the highest TPR, AUC, and DOR, coupled
with the lowest FPR and “D,” are achieved, highlighting numerous correlated LST
anomalies. TNR, FPR, and ACC remain consistent across different altitudes, as shown
in Figure 3c. Consequently, the land cover type and altitude choice are crucial in
accurately detecting LST anomalies, as they significantly impact the measurement
using RS techniques.

From Figure 3d, the maximum TPR, AUC, and DOR are noted for different land
covers, while the lowest FPR and “D” occur in mosaic and snow ice covers, respec-
tively. Savannahs, grassland, and cropland record an average detection, whereas
forests and shrubs show the worst performance, suggesting that vegetation covers
mask LST anomalies. TNR, FPR, and ACC demonstrate similarity across various land
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Figure 3.
TPR and FPR separated by magnitude, depth, altitude, and land cover.

covers, emphasizing the significance of land cover type in LST anomaly detection
using RS techniques.

Despite various promising approaches to identifying pre-seismic thermal anoma-
lies, the LST anomaly detection method still needs to be more complete and requires
higher precision. The detection of pre-seismic thermal anomalies may also be influ-
enced by factors such as topography, soil moisture, vegetation, and other atmospheric
conditions.

3. Atmospheric earthquake precursors

The atmosphere is the gaseous layer above Earth’s surface. It contains different
layers characterized by different composition, density, and temperature. Up to 85% of
the total mass of the atmosphere is confined in the lower layer, the troposphere. The
overall composition of the Earth’s atmosphere is very stable, containing, on average,
around 78.08% nitrogen, 20.95% oxygen, 0.93% argon, 0.04% carbon dioxide, and
traces of hydrogen, helium, and other noble gases. A variable amount of water vapor
is also present, about 1% on average at sea level. Several signatures of seismic activity
have been reported within the atmosphere, which can be due to the proximity of these
two layers and the energy interchanges between them. Among the affected physical
parameters studied, the literature reports on radon emissions in the vicinity of seismic
regions, the generation of gravity waves in the atmosphere, the formation of anoma-
lous clouds in the troposphere, the so-called “earthquake clouds,” and anomalies in
the surface latent heat flux [6].
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Radon emissions are one of the most reported seismic precursors within the
atmosphere. Radon (Rn) is a noble gas in the sixth period, in which all its isotopes are
radioactive. Its most important one (Rn-222) belongs to the radium and uranium-238
decay chains, with a half-life of 3.8 days. Being a radioactive element, it can be easily
tracked by the radiation it generates and its sub-products. Additionally, the short half-
life limits its detection to short periods after its generation in the atmosphere. It can
come from subsurface trapped gas after new faults and cracks appear in preparation
for an earthquake.

A very extensive review of the methods using radon emissions, especially as
earthquake precursors, is made in [40], where many past studies and techniques are
discussed.

An especially large magnitude earthquake was reported in [41], where the sud-
den increase of the soil-gas Rn-222 was detected 22 days before a 7.1-magnitude
earthquake in November 1994 in the Philippines. The peak reached a value of up to
six times the background concentration of Rn. In the study, it was discarded that
the close pass of typhoon Teresa was the possible origin of the peak because 1 year
later, the larger typhoon Angela did not produce the same disturbance in the Rn
concentration.

Surface latent heat flux (SLHF) and air and surface temperature anomalies have
been reported in [42] for two earthquakes located in a seismic area of Iran in 2010
and 2011, which reached magnitudes 6.5 and 6, respectively. The SLHF is the thermal
energy flux transmitted from the Earth’s surface to the atmosphere. Therefore, it is
highly related to the surface temperature, which may increase during the earthquake
preparation.

A study of the SLHF anomalies found before seven earthquakes in India, Taiwan,
and Mexico from 1993 to 2003, with magnitudes ranging from 5.4 to 7.8, was pre-
sented in [43]. The SLHF anomalies were recorded within 2 to 7 days before the
earthquakes, and they were attributed to the increase of infrared thermal temperature
in the earthquake preparation region.

In Ref. [44], air temperature anomalies were also found before three earthquakes
in Turkey, Canada, and Argentina, with magnitudes of 6.1, 6.2, and 6.4, respectively.
This work studied the average and STD values of the atmospheric daily temperature
for 5 years before the earthquake date, and the positive or negative anomalies were
recorded for the earthquake year. As a result, mostly positive anomalies were found 1
month before the earthquake and some a few days before. Additionally, some anoma-
lies were found after the earthquake.

Another possible atmospheric earthquake precursor reported in the literature is
the anomaly observed in the formation and evolution of tropospheric clouds near a
fault before the earthquake. In Ref. [15], three case studies are reported using geosta-
tionary satellite images in Italy and Iran. The authors claim that the linear stationary
shape of clouds, which did not move for about 8 hours, is a clear signature of an
earthquake precursor, estimating the magnitude and even the date. According to the
study, they only use the cloud shape and size to predict, and the prediction could
be improved by using other data, such as radon or groundwater data. Nevertheless,
the authors do not describe the methodology used to derive the earthquake occur-
rence with the shape or size of the anomalies. Additionally, the formation and shape
of clouds can be linked to the terrain orography, which needs to be discussed in the
report. Two years later, the study was questioned in Ref. [45].

In addition to previous atmospheric signatures, in Ref. [46], atmospheric ozone
disturbances were observed before two large earthquakes occurred in Indonesia
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(M = 7.3) and Fiji (M = 8.2) in 2019 and 2018, respectively. The study analyzed the
ionospheric TEC parameter and the ozone data from AIRS, OMI, and TOMS-like
satellites.

4. Ionospheric earthquake precursors

Along with the previously analyzed earthquake precursors, the ionosphere has
been reported in many studies to be affected by seismic activity before and after
earthquakes. This section discusses recent advances in the precursor signals observed
in the ionosphere, particularly in the electron density (Ne) and TEC, as well as the IS
phenomena.

4.1 Electron density and TEC anomalies

In Ref. [47], the daily variations of TEC in the ionosphere and the daily energy
released near three studied earthquakes were examined and correlated, confirming
aminor correlation. It was deduced that more parameters are essential to understand
the cause of ionospheric TEC anomalies [48].

In Ref. [49], a study is presented using plasma density, electron temperature, and
slant TEC from the ESA Swarm constellation. Two Mw > 6.5 earthquakes were ana-
lyzed in this study. The first was a 6.7 magnitude earthquake in Turkey in March,
and the second was in the USA in January 2022, with a magnitude of 6.5.

In Ref. [50], positive and negative VTEC anomalies were found before the
December 2016 earthquake in Chile. Disturbances occurred 8 to 6 days before the
earthquake within the Dobrovosky preparation region. The solar and geomagnetic
conditions were also studied, showing that they remained quiet and stable.

In Ref. [51], the Ne was analyzed from the Swarm mission 1 month before and
after 12 strong earthquakes of Mw > 6, between 2014 and 2017. The study used the
Dobrovosky SR around epicenters to limit the region to correlate with Ne anomalies.

In Ref. [52], an innovative methodology based on TEC measurements was pre-
sented to estimate the moment of Co-seismic Ionospheric Disturbances (CID). The
study focused on three large earthquakes: the 2015 Illapel, the 2014 Iquique, and
the 2011 Sanriku-OKki. Results indicated that CIDs arrived 250-430 seconds after the
seismic wave peak or 350-700 seconds after the earthquake onset time.

4.2 Ionospheric scintillation measured from GNSS signals

Ionospheric scintillations (IS) are the rapid fluctuations of the phase and intensity
of an electromagnetic wave traversing the ionosphere. It is mainly due to the spatio-
temporal changes in the local ionospheric Ne, and it is primarily driven by the solar
influence, usually showing a maximum during the post-sunset hours.

Only a small fraction of the studies relating ionospheric perturbations to earth-
quakes use the IS as a potential proxy. These studies usually take GPS data from
ground stations [53] or ground-based ionosondes [54] to measure the S4 intensity
scintillation index, and correlate it to regional earthquakes.

This section presents IS signatures as possible earthquake precursors reported
in the literature. They are studied using data recorded in ground stations and novel
techniques to derive the IS from remotely sensed data from satellites, particularly
from GNSS Reflectometry and GNSS radio-occultation.
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4.2.1 GNSS ground stations

GNSS ground stations are infrastructures installed worldwide to control and
monitor the signals received from GNSS constellations, offering important TEC
and IS data. This information is used to make ionospheric corrections for naviga-
tion and to evaluate the quality of service. Over the past decades, these data have
been used to monitor the state of the ionosphere. However, coverage is limited.
GNSS stations are usually strategically placed at fixed ground locations, resulting in
sparse installations that only offer data for their immediate local regions. Therefore,
ground station data is a good approach when studying a local event or a high-
seismicity region.

In Ref. [55], GPS and low-frequency measurements from multiple stations
were analyzed to identify ionospheric anomalies related to the South West Banten
(Indonesia) earthquake with an Mw of 7.4. The analysis revealed increased IS 5 days
before and after the earthquake, with the anomaly being more extensive after the
main seismic shock. In [56], the authors examine the impact of the seismic activity
associated with the 2021 La Palma (Canary Islands, Spain) volcanic eruption using
IS anomalies detected from ground stations near the volcano. The ground station
database was pre-processed using the algorithms described in [17]. The S4 data here
are obtained using the 1 min averaged signal’s intensity received in ground stations
from several constellations of GNSS satellites. Only GNSS satellites above 30° of
elevation were used to avoid wrong high scintillation values. The results showed a
small but detectable correlation between the IS and the earthquake energy released
per unit of time. The best correlation between both variables was found to occur 18 h,
and 7-8 days after earthquakes. The work also studied IS measured by GNSS-R and
GNSS-RO satellites, in this last case where larger correlations were found before the
earthquakes. A cross-correlation between the S4 measurements and the Kp and solar
flux (F10.7) was also performed, showing smaller and not overlapping in time with
the correlations found between earthquakes and S4.

4.2.2 Satellite GNSS-R data

In Ref. [57], the authors demonstrated the efficiency of high-rate GNSS data
in detecting low-magnitude anthropogenic earthquakes. This study showed the
potential impact of the infrastructure of GNSS ground stations and was success-
fully integrated into moment tensor calculations, focusing on two earthquakes with
magnitudes greater than 3.5.

GNSS-R works as a multi-static radar that uses opportunistic navigation signals.
The receiver calculates signal delay and Doppler frequency, enabling simultane-
ous tracking of multiple transmitters, and their specular reflection points [58].
Applications of GNSS-R include ocean altimetry, surface wind speed, cryosphere
studies, and surface soil moisture. NASA's CYGNSS represents the first operational
mission based on GNSS-R, featuring eight micro-satellites equipped with SGR-ReSi
receiver payloads from SSTL. The SGR-ReSi produces Integrated Delay Doppler
Maps (DDMI) by capturing reflected GPS signal power, which depends on delay and
Doppler shift [59]. In this study, CYGNSS data at level 1, version 2.0, has been used.
The study explores GNSS signals traversing the ionosphere in their down-welling and
up-welling paths, providing insights into IS at GNSS frequencies.

In previous contributions [18, 60, 61], the IS data derived from CYGNSS GNSS-R
data were scrutinized and correlated to ocean-based earthquakes from 2017 to 2021.
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Again, a small, but detectable correlation was identified between S4 anomalies and
earthquake occurrences a few days before.

After acquiring CYGNSS data, a nighttime filtering process is employed between
00:00 and 06:00 am local time to eliminate diurnal effects and post-sunset scintil-
lation. While IS may persist beyond midnight on certain occasions, this local time
window is chosen to ensure a substantial dataset for processing. The data is then
aggregated to determine the mean, STD as shown in Figure 4a, IQT, and total count
of pixels with identical geolocation (longitude and latitude) and local time. The
spatial resolution in the figures is set to 0.5°.

Subsequently, the dataset is converted into a raster format, with a filter applied
to exclude pixels with high sea wind speed. This filter is important as a coherent
reflection for observing IS in GNSS-R data, which can only occur when wind speeds
are below 2-3 m/s. An elevated solar activity flag eliminates potential sources of S4
anomalies unrelated to earthquakes. It is worth noting that the STD, IQR, mean, and
median are then computed over 7 years to derive daily S4 anomalies, as illustrated in
Figure 4b.

In areas near earthquake epicenters, there is a general increase in IS, particularly
when the Sea Wind Speed Filter (SWSF) is less than 2 m/s, and the Fixed Search
Radius (FSR) is under 50 km. S4 anomalies, ranging from 0.08 to 0.23, can be
observed up to 7 days before earthquakes. Despite a visual and numerical correlation,
not all earthquakes connect to S4 anomalies, and vice-versa. The forecast of earth-
quakes remains complex due to the sporadic occurrence of minor S4 anomalies.

For example, in the Solomon Islands earthquake (Figure 4c) in February 2018,
with an Mw of 4.4 at a depth of 10 km, a positive S4 anomaly of 0.11 was noticed 3
days before the event. Minor positive S4 anomalies, approximately 0.1, were detected
1and 3 days before the Maldives earthquake (Figure 4d) occurred in April 2019.

Figure 5 illustrates that the ROC curves derived from CYGNSS mission data
using the STD show remarkable similarity and near-identical patterns. As the
parameter “C” increases, the TPR and FPR exhibit distinct trends: TPR rises while
FPR decreases. Consequently, detecting S4 anomalies improves for smaller “C”
coefficients. However, it is important to note that the false alarm rate is also notably
elevated.

For instance, when “C” is set to 0.1, TPR equals 1, and FPR equals 1. Conversely, at
“C” =2.5,TPRis 0, and FPR is 0. The optimal configuration is observed at “C” = 0.5,
and a false alarm rate FSR of 50 km. The result is the highest area under the curve
(AUC) and a straight distance (d) of 0.62. Therefore, the recommended threshold is
“C” = 0.5, paired with a sliding window size factor SWSF of 2 m/s.

4.2.3 Satellite GNSS-RO data

GNSS-RO stands for GNSS Radio-Occultation, and it constitutes a technique
employed for atmospheric and ionospheric sounding by using the fluctuations of
the received signal from GNSS satellites, but in this case, in a radio-occultation
geometry. In this configuration, rays do not reflect on the Earth’s surface but cross the
ionosphere tangentially when the GNSS satellites fall over or rise above the horizon
from another satellite, the GNSS-RO receiver. This technique has the advantage of not
relying on surface properties, which may affect the properties of the wave, as was the
case in GNSS-R.

In Ref. [62], a novel method was presented for automatically categorizing distur-
bances in the lower ionosphere. This approach utilized GNSS-RO data from Spire’s
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Figure 4.

(a) STD of S, with 4 m/s sea wind speed filters between 2017 and 2021, (b) S, anomalies classification (TB FPB,
and FN), (c) S, anomalies associated with the Solomon Islands earthquake, and (d) S, anomalies associated with
the Maldives earthquake.

CubeSats constellation, integrating signal processing methods and semi-supervised
machine learning, employing spectral clustering within a metric space of wavelet
spectra. This innovative approach established an automated system for global moni-
toring of ionospheric disturbances.

As shown in Ref. [63], a similar analysis was conducted, but using GNSS-RO
data to examine the S, intensity scintillation index throughout 2022 in the Coral
Sea region, encompassing Papua New Guinea, Solomon Islands, Vanuatu, and
New Caledonia. The selection of this area is based on the substantial occurrence of
earthquakes, aimed at enhancing the reliability of the statistical analysis. Within this
timeframe and geographical scope, 201 earthquakes with magnitudes M,, > 5 and 22
earthquakes with M,, > 6 have been documented.

The IS data in this study was sourced from the GNSS-RO COSMIC-2 constella-
tion [64]. Applying GNSS-RO for IS also enables the investigation of terrestrial and
oceanic regions. Earthquake data was obtained from the United States Geological
Survey (USGS) database, encompassing earthquake magnitude, date, location, and
hypocenter depth [61].
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Figure 5.
Confusion matrix for S, anomalies using STD and IQT methods with 2 m/s sea wind speed filters.

COSMIC-2 provides GPS and LEO coordinates for each occultation but lacks a
reference coordinate for determining the S, location. The tangent point is calculated
using the GPS and LEO satellite positions from COSMIC-2 using the same methods
described in [65], which can be seen in [66]. This is later used to filter data based on
the distance around earthquake epicenters or latitude-longitude pairs.

Before data processing, various filters are applied to ensure accurate S, estima-
tion. Initially, it is mandated that the pierce points in the profile data of the occulta-
tion path account for a Slant TEC value >80% of the maximum STEC value in that
occultation profile as described in [56] and [63]. This filter enhances the likelihood of
isolating points within the ionosphere susceptible to scintillation. Additionally, the
elevation must be equal to or lower than 0° to confirm the occurrence of an occulta-
tion. Another filter involves a nighttime criterion, as explained in previous sections.

To compare the S, scintillation index with seismic activity, the mean and the 95th
percentile of S, values were computed in 1-day intervals throughout the entire study
period. The spatial resolution is set at 1° of latitude and longitude. Throughout the
statistical analysis, every latitude-longitude pair within the study area undergoes
systematic examination. For each pair, S, values within a search radius of 100, 200,
and 300 km from the pair’s center are gathered, and the mean and 95th percentile
of these values were calculated. Epicenter’s coordinates are retrieved from the USGS
database. To reconcile the spatial resolution disparity between S, and earthquake
data, the latitudes and longitudes of earthquakes are approximated to their nearest
latitude-longitude pair.

This study spans 2022, repeating the analysis for all latitude-longitude pairs within
the defined study area. Consequently, there are instances where no earthquakes occur
on a specific day and latitude-longitude pair. This aspect of the research aided in
evaluating non-detection reliability while simultaneously investigating IS anomalies
around earthquake epicenters.

Next, the results of two case studies in this area are shown. These two case stud-
ies presented occur 8 days apart, with epicenters positioned approximately 250 km
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from each other. Consequently, there is a possibility of mutual influence between

the earthquakes. For each case study, a temporal analysis and spatial representation
are conducted. In the temporal analysis, we examine the daily changes in S, values
near the epicenter within a temporal window of +15 days surrounding the event.
Concerning the spatial representation, the distribution of S, values is illustrated geo-
graphically in pixel maps computed daily near the earthquake. The first earthquake
under consideration occurred on September 2nd, 2022, with a magnitude of M, = 6.1
and ID “us7000i4st”.

Figure 6 illustrates the daily averages of the S, scintillation index within search
radii of 100, 200, and 300 km from the epicenter. Notably, ionospheric intensity
scintillation anomalies are discernible several days before the earthquake, particularly
between 5 and 6 days preceding the event. To quantify this deviation, the median
value of the S, averages is computed within a 200 km radius, resulting in 0.079.

In contrast, values 5 and 6 days before the event are 0.30 and 0.26, respectively—
approximately 3 to 4 times larger than the median of the averages within the +15 days
surrounding the event. The same trend is observed if the same analysis using the 95th
percentile is represented, as seen in [63].

In addition to the temporal analysis, a spatial representation is examined. This
analysis involves 0.2° x 0.2° pixels in latitude-longitude for both case studies, each
assigned a distinct color based on S, average values. Additionally, a gray circle with
aradius of 200 km is delineated, centered on the epicenter of the analyzed earth-
quake, symbolized by a black star. The spatial representation examines the proxim-
ity of high S, values to the earthquake’s epicenter, providing a visual portrayal of
the scene.

For this case study, the spatial representation is presented in Figure 7. Various days
are depicted, including those with peak S, values (Figure 7a and b), as well as the day
of the earthquake occurrence (Figure 7c). These figures reveal that the days with peak
S4 values are 5 and 6 days before the earthquake, specifically on the 28 and 27 August,
respectively. These days, certain pixels inside the drawn radii exhibit high values of S,.
Conversely, the maximum values are lower on the event day, September 2.

Mean value of S, within circles of different radius
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Figure 6.
Average values of the S, indexes within civcular areas of 100, 200, and 300 km from the earthquake’s epicenter
“us7000i4st”.
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The second case study that is shown involves an earthquake on September 10,
2022, with a magnitude of M,, = 7.6 and ID “us6000iitd”. Figure 8 is created using the
same method described in Figure 6. In this instance, two notable peaks are observed
again, occurring 13 and 14 days and 3 and 2 days before the seismic event. The first set
of days, corresponding to 5 and 6 days from the “us7000i4st” earthquake (earthquake
Mé.1 in Figure 7), is due to the proximity between the two events. Consequently,
the ionosphere is affected by anomalies 3 and 2 days before the earthquake. The S4
representative values within a search radius of 200 km for the 3 and 2 days before the
earthquake are 0.37 and 0.30, respectively. Comparing these values to the dataset’s
median, which is 0.15, the anomalies are approximately 1.97 to 2.43 times higher than
the median.

The spatial representation maps in Figure 9 correspond to the peaks occurring 2
and 3 days before the earthquake. Figure 9a and b correspond to the 8th and 7th of
October, respectively, and the day of the earthquake itself, Figure 9c. It is evident,
again, that only in Figure 9a and b there are values of S, around or higher than 0.4. In
contrast, there are only values below 0.1 on the day of the earthquake.

An analysis of all earthquakes within the studied region and period is conducted
to assess the presence of a positive correlation and to determine the optimal detection
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Parameter swept Values swept

The radius of the search area

100, 200, and 300 km

Type of S, representative value

Computed with mean or 95th percentile

Minimum magnitude of earthquakes studied

M, =5,55,6

Depth of the earthquake

[0, 100) km, [100, 200) km, [200, co) km

Magnetic field activity

No filter or Kp < 5

S4 Anomaly occurring

[-6, —3], [-3, 0], [0,+3] days before/after the earthquake

Detection threshold values

1,1.25,15,175,2... 4

Table 2.

Description of optimization parameters to genevate different confusion matrices.

method through confusion matrices. As detailed in Table 2, various parameters are
tested to generate diverse confusion matrices and ROC curves. The outcomes of the
confusion matrices, along with their associated metrics and ROC curves, contribute

to finding the optimal approach.

The investigation of these parameters aims to identify the range from which IS
effects can be discerned. This serves as a filtering mechanism, determining the effec-
tiveness of the detection method for earthquakes with specific characteristics. For
example, a magnetic field activity filter is implemented to mitigate anomalies from
solar or geomagnetic storms. The Kp is utilized to ascertain the presence of a solar or
geomagnetic storm, describing the intensity of magnetic field activity.

Ratios are established to determine the likelihood of an S, anomaly occurrence
numerically. Two types of ratios are defined, leading to two additional iterations to
select the optimal detection method. The first ratio (r;, ) involves the ratio between
a specific day’s S, mean value and the median of the S, representative value within
+15 days from the computed day. The second ratio (r,, ) is an IQR-based threshold,

calculated as the difference between the median of the S, representative values

and the daily value of the S4 representative value, divided by IQR/2. These are also
described mathematically in [63], and are computed for all days of the year, not solely
around the days of earthquake occurrences. Once both ratios are calculated, they are
tested with threshold values ranging from 1 to 4 in increments of 0.25. An anomaly is
classified as true or false based on whether r; , orr, x exceeds the tested threshold.
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ROC curve comparison for S, average within the searching area of 200 km, ratio vy, and anomaly occurrence
[—6, —3] days with different filters.

After the optimization involving all the parameters, it is shown that the most
favorable results are obtained with the window of occurrence day [—6, —3] and the
200 km radius, the S4 representative value calculated using the mean and the r;  type
of ratio as the method of detection. As for other filters, as shown in Figure 10, the
best results are obtained when all the filters proposed in Table 2 are used altogether,
obtaining the highest values of AUC.

The final step in this study was to determine the optimal threshold. This involves
examining the ROC curve in Figure 10 and considering metrics such as F;, MCC, and
DOR. After considering those metrics, the best results were obtained using a threshold
of 3.75. Out of 14 positive cases, 5 were correctly detected, yielding a TPR of 35.7%.
Additionally, an FPR of 71% is observed, with 21,027 false positive cases among
295,636 negative cases. The ROC curve suggests a positive correlation, given that the
TPR value is approximately five times higher than the FPR, and the AUC is 0.69.

5. Other earthquake precursors

In addition to the previously reported possible earthquake precursors in the LST,
the atmosphere, and the ionosphere, this section reviews other related phenomena
that are difficult to characterize in any of the previous sections. In this section,
geomagnetic field perturbations, electromagnetic emissions, and disturbances in the
Schumann resonance as possible earthquake precursors are revised.

5.1 Geomagnetic field perturbations

Geomagnetic disturbances have also been detected in association with earthquakes.
Some studies have related post-seismic geomagnetic disturbances. For example, a geo-
magnetic pulsation lasting for about 3.6 minutes was observed in Thailand 12 minutes
after the Sumatra 9.3 magnitude earthquake on December 26, 2004, as reported in [66].
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Moreover, in [47], efforts were made to detect perturbations in the geomagnetic
field in the ionosphere potentially caused by earthquakes in the lithosphere. A
magnetic field perturbation was observed on the orbit track crossing the studied
epicenters. The study found 12 satellite tracks with potential co-seismic disturbances
related to 10 earthquakes ranging from M,, 5.6 to 6.9, confirming the probability that
seismic events produced the detected disturbances.

In Ref. [67], magnetic field data from the Swarm Alpha satellite were analyzed
using non-negative matrix factorization (NMF) before the earthquake in Ecuador
that occurred in 2016, with M,, = 7.8. The study included data collected under quiet
and disturbed geomagnetic conditions, minimizing false alarms. Observations
suggested a potential association described by one of the Lithosphere—Atmosphere—
Ionosphere-Coupling (LAIC) models.

In Ref. [68], authors deployed a magnetic monitoring network in earthquake-
prone areas of Sichuan, China, conducting long-term observations and real-time
analysis of geomagnetic data. Results showed a high correlation between pre-
earthquake geomagnetic anomalies and earthquakes. A new algorithm using
geomagnetic anomaly energy was introduced to predict the time of an earthquake’s
occurrence.

In Ref. [69], the authors inspected magnetic field variations from earthquake-
associated satellites, utilizing the China Seismo-Electromagnetic Satellite (CSES)
and ESA’s three spacecraft Swarm fleet. The study accessed links between specific
lithospheric or near-surface sources and ionospheric magnetic field measurements,
revealing increased fluctuations in higher-frequency components.

Swarm satellites represent an interesting way to study possible earthquake precur-
sors in the geomagnetic field, as reported in several studies in the last few years.

In Ref. [70], the 2015 Nepal earthquake, with a magnitude of 7.8, is under study.
Time series of the magnetic field vector and intensity were analyzed. Only data
from night orbits were used to avoid noisy magnetic periods. The time series were
derived and detrended to show fast fluctuations. The number of anomalies within the
Dobrowolski circular area around the earthquake epicenter was recorded, and it was
revealed that they increased in the days before the earthquake. The perturbations are
observed mainly in the Y component (East), smaller in the magnetic field intensity
and other elements.

5.2 Electromagnetic radiation

Some studies, including some of the previously revised in the chapter, report
that earthquakes can generate low to very low-frequency electromagnetic waves,
which can travel from the preparation earthquake region. These waves fall into the
extremely low frequency (ELF) or very low frequency (VLF) ranges, 3-30 Hz and
3-30 kHz, respectively. Some satellite missions have been particularly designed to try
to detect and correlate this electromagnetic emission with earthquakes. The first one
was the French CNES Demeter mission, launched in 2004. It could detect changes in
the magnetic field and electromagnetic waves; it also had an ion analyzer, a Langmuir
probe, and an energetic particle detector.

Another satellite investigating electromagnetic radiation related to earthquake
occurrence is the one already mentioned. China Seismo-Electromagnetic Satellite
(CSES). This satellite orbits in a 507 km Sun-synchronous orbit with a descending
node at 14:00 LT. Its eight instruments include magnetometers, electric field detec-
tors, a GNSS-RO instrument, a plasma analyzer, a Langmuir probe, and high-energy
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particle detectors. The mission is intended to study the correlation between iono-
spheric-electromagnetic signatures and seismic activity.

In a study from 1992 [71], seismo-electromagnetic waves were observed by the
COSMOS-1809 satellite orbiting above seismic regions in Armenia. The earthquake
under study occurred in Spitak, Armenia, in December 1988, with a magnitude of 6.7.
Intense EM waves were detected in frequencies under 450 Hz at the L-shells of the
earthquake during 12 out of the 13 orbits that passed within 6° in longitude from the
epicenter.

In Ref. [72], the VLF frequency band was analyzed as a possible source of earth-
quake precursors in the shape of seismic radio wave signals. They found pulse-like
signals traveling long distances up to 500 km from the epicenter of preparing earth-
quakes, indicating waveguide mode propagation between the ionosphere and the
ground. The great 1994 Kuril Islands Earthquake of magnitude 8.1 occurred East of
Hokkaido, and the number of pulses detected in the 5 hours before the earthquake
increased about nine times above the background value, with its maximum around
20 minutes before the earthquake.

In Ref. [73], seismic anomalies before two strong earthquakes with M,, > 7 in
western China were detected using ground-based observation of VLF signals from
monitoring stations. A full wave model was used to research possible factors induc-
ing seismic anomalies on the received VLF electric field. Results demonstrated that
anomalies could be caused by ascending/descending the ionosphere’s bottom height.

In Ref. [74], the research inspected the correlation between earthquakes with
M,, > 6 globally and fluctuations in ionospheric Ne between August 2018 and March
2023. Using data from the Langmuir probe onboard the CSES during nighttime,
statistical analysis revealed that larger earthquakes were associated with more anoma-
lous phenomena. Anomalies appeared at specific intervals, including co-seismic
effects and possible precursor candidates.

In Ref. [75], Ne disturbances were detected around the Maerkang earthquake
(M, = 6) on June 9th, 2022, using multi-data from the global ionospheric map,
ionospheric TEC inverted from GPS observations, and the critical frequency of the F2
layer from the ionosonde. Seismo-ionospheric disturbances were observed 7 to 5 days
before the earthquake, serving as significant signals of the upcoming main shock.

5.3 Schumann resonance frequency

The Schumann resonance occurs due to the resonant cavity formed between the
Earth’s surface and the ionosphere, acting as an electric conductor. The global extension
of the cavity adjusts some resonance frequencies that fall in the ELF band, with its fun-
damental frequency at 7.83 Hz, and higher modes at 14.1 Hz and 20.3 Hz. The excitation
of the cavity comes from natural sources such as electric discharges from lightning.

A possible link between earthquakes and the Schumann resonance has been
recently theorized, and several studies have been conducted on the detection and
correlation of these phenomena. A possible physical explanation of these anomalies is
that ELF radiation can be generated during the preparation of earthquakes, which can
rise from underground and interact with the Schumann resonance [76].

In Ref. [55], two anomalies on the Schumann resonance are discussed before large
earthquake occurrences in Taiwan and Japan. The first phenomenon is the enhance-
ment of the Schumann resonance fourth harmonic in Japan, possibly associated
with the September 1999 Chi-chi earthquake in Taiwan. This earthquake had an
magnitude of 7.6, and the hypocenter was 30 km deep. The second phenomenon was
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associated with two huge earthquakes in Japan. The resonance frequency was shifted
by about 2 Hz from the typical Schumann resonance frequency: ~16 Hz and 18 Hz in
two different modes. In this case, the earthquakes producing these anomalies were
the 2004 Niigata-chutes earthquake, and the 2007 Noto-Hanto earthquake, with
magnitudes of 6.8 and 6.9, respectively. The anomalies started around 20 h before the
earthquakes, were maximum around 2 h before, and decreased after the earthquake.

In Ref. [77], a theoretical study is performed on how earthquakes affect the
Schumann resonance spectra. The authors utilized a numerical model of the ELF
radio wave scattering generated by a localized non-uniformity of the air conductivity
profile likely to appear before an earthquake. The results showed an overall elevation
of the Schumann resonance spectra, with some dependence from the distance to the
earthquake epicenter.

6. Conclusions

This chapter has summarized the potential application of remotely sensed data
as proxies for earthquake prediction. Numerous subtle indicators linked with earth-
quakes have been detected, such as land displacements, accelerations, gas emissions,
temperature anomalies, and ionospheric effects. RS data offers benefits over in-situ
data collection, such as extensive spatial coverage in remote regions. This chapter
highlights investigations into various Earth observation observables, including
anomalies in surface temperatures, atmospheric and ionosphere precursors, and
additional physical mechanisms like fluctuations in the geomagnetic field. Despite the
presence of seismic hazard risk models and the discoveries from these investigations,
accurate earthquake forecast remains a significant challenge.
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Chapter 8

Forecast of Catastrophic Floods
Based on Hydrodynamic Modeling:
The 2013 Flood on the Amur River

Case Study

Alexander Buber and Mikhail Bolgov

Abstract

In 2013, a catastrophic flood occurred on the Amur River, caused by heavy rainfall
throughout almost the entire basin. The floodplains of Blagoveshchensk, Khabarovsk,
and Komsomolsk-on-Amur were flooded. Similar hydrological phenomena on the
Amur occurred earlier (1954, 1972, and 1984), but they did not lead to catastrophic
flooding. In the proposed manuscript, the authors investigated three issues: the
causes of the 2013 flood, advanced hydrological forecast, and measures to prevent
catastrophic flooding. For research, a hydrodynamic model of the Amur River section
from Blagoveshchensk to the mouth was developed. Based on the analysis of model
calculations, it was shown that some flood problems arose due to the construction of
hydraulic structures in recent years (protective dams, bridges, and embankments)
and a medium-term forecast scheme proposed.

Keywords: hydraulic structures, hydrological phenomena, floods, hydrodynamic
model, forecast, protective coastal dams

1. Introduction

The rivers of the Amur basin, according to the nature of their water regime,
belong to the type that is pronounced rain-fed. The share of rain-fed is 47-85%, snow
2-26%, and underground 9-31%.

The main phase of the water regime of the rivers of the Amur basin is rain floods
observed in the warm season. The flood period lasts on average from 140 to 170 days
(in the eastern and southern regions) to 110-150 days (in the northern and western
regions). Floods are mainly observed from July to September. During the summer to
autumn period, there are from 5 to 10 to 15 floods.

The large area of the basin and the diversity of conditions determine the exis-
tence of several flood sources of flood formation in the Amur basin. The main foci
are the Upper Amur, Zeya-Bureya, Sungari, and Ussuri; see Figure1 [1, 2]. Each
of the listed sources can be the cause of the formation of a significant flood on the
Amur; however, outstanding floods are formed as a result of the coincidence of the
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Figure 1.
The map of region under investigation.

activity of two or more sources. For example, the flood of 1957 (35,500 m>/s) was
formed in the Sungari (48%) and Zeya-Bureya (42%) sources. In 1958, the main
source was the Zeysko-Bureya (62%), supported by the Upper Amur runoff (19%).
In 1984 (32,900 m>/s), the Sungari (37%) and Zeya-Bureya (28%) sources were of
greatest importance.

The cause of the historic flood of 2013 for the entire Lower Amur (46,000 m>/s)
was a high degree of synchronicity in the development and reach of flood waves
from almost the entire territory of the Amur basin. The main role in the formation of
the maximum discharge near Khabarovsk was played by the Zeysko-Bureya (30%),
Ussuri (29%), and Sungari (24%) sources [3, 4].

The interval of maximum runoff modules for small and medium-sized rivers was
28.6-384 1/s km?, i.e., the difference between the minimum and maximum values
is fifteenfold, which confirms the wide variety of conditions for the formation of
maximums. There is a group of rivers with very high values of peak flow modules (in
the range of 200-400 1/s km?) located in the Zeya basin and the adjacent part of the
Middle Amur.
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This means reaching maximum values of approximately 1% probability of exceed-
ing, observed in 1 year over a vast territory.

The main Amur high water, which led to the large-scale flood of 2013, began in
July in the western part of the basin, where the main precipitation zones were located
over the eastern part of the Zeya reservoir catchment, over the flat part of the Upper
and Middle Amur and in the People’s Republic of China over the upper reaches of the
Nonni River (Sungari basin).

The flow of the Upper Amur in 2013 was not extreme, although the water content
of the Shilka and Argun in July and in the first half of August increased. As a result,
the maximum levels of the Upper Amur were below dangerous levels.

As it developed, the flood covered the Jewish Autonomous Region and the
Khabarovsk Territory. The main Amur flood, moving downstream, accepted large
amounts of water from the main southern tributaries — the Sungari (PRC), Ussuri, as
well as numerous small tributaries [5]. Figure 2 shows a comparative description of
two floods - the flood of 1984, the last of the observed catastrophic ones, and 2013. It
can be seen that in the section of the Middle Amur from the city of Blagoveshchensk
to the village, the Ekaterino-Nikolskoye flood developed in 2013, almost coinciding
with the 1984 flood. Downstream, Amur levels in 2013 were significantly higher.
Small tributaries of the Amur, both from the Russian and Chinese sides, were more
abundant in 2013, since precipitation zones with good previous moisture continued to
cover the basin when the main flood shifted.

Below the confluence of the Sungari, the level of the Amur was already more than
a meter higher than in 1984. Both Sungari and Ussuri were more water-rich in 2013.
The maximum discharge of the Sungari near the village of Jiamusi was 13,300 m*/s on
August 31. Prior to this, the high-water content of the Sungari was observed only in
1998 (with a maximum flow rate of 16,200 m?/s), and the most abundant year in the
lower reaches of the Sungari, 1960, was characterized by a flow rate of 18,400 m’/s.
The share of the Sungari runoff in 2013 was about 30% of the Amur runoff near
Khabarovsk during the period of highest flows, the share of the Ussuri runoff was
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Figure 2.

Comparison of maximum observed levels in 2013 and 1984.
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about 16%, and the share of the Bureya runoff was about 6%. In 1984, Sungari gave
about 18%, Ussuri — about 9%, Bureya — about 5%.

On a section of more than 1000 km (from the village of Nagibovo in the Jewish
Autonomous Region to the village of Takhta in the Khabarovsk Territory), the
maximum levels exceeded the historical maximums by 0.40-2.11 m. Moreover, the
duration of such high levels (exceeding dangerous levels) amounted to about or more
than a month in large cities, and the duration of flooding of the floodplain to depths
of 2-4 meters was up to two and, in some places, more than months.

Water level near the city of Nikolaevsk-on-Amur (in the mouth area of the river
Amur) was above the critical level in the period from September 10 to October 15,
2013.

2. Materials and methods

To analyze the causes of catastrophic flooding during the passage of a flood wave
in August to September 2013, a hydrodynamic model (HDM) of the Amur River in
the middle and lower reaches was developed. The model was calibrated for high flow
rates (more than 10,000 m%/s).

The HDM was developed using the MIKE 11 computer program of the Danish
Hydraulic Institute, using satellite images, digital elevation model (DEM) of the area,
and Geographic Information System (GIS) of the Amur River [6-12].

The modeling area is the Middle and Lower Amur from the village Chernyaevo
(454 km above Blagoveshchensk city) to the mouth of the Amur River (Sea of
Okhotsk). The model considers all the main tributaries that are significant in terms
of runoff volume, including the rivers Zeya, Bureya, Sungari, Big Bira, Ussuri,
Tunguska, Gur, and Amgun. Figure 3 shows the design scheme of the modeling area.
The gauging station’s position corresponds to its distance from the mouth. For some
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Figure 3.
Design scheme of the modeling area.
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gauging stations, the maximum discharges in 1958 and the dates of measurement
are shown (except for gauging station 5733 “Snezhny,” for which data for 2013 was
provided). The position of the largest human settlement areas is marked in red. The
names of tributaries are shown in blue.

The modeling used cross-sections obtained from the results of field surveys
carried out on morphological sections and from an updated digital terrain model
(DEM) of the area (shuttle radar topography mission (SRTM) data) [11, 13, 14]. The
digital model was clarified on the basis of cartographic materials of various scales,
surveys conducted in previous years in the Blagoveshchensk and Khabarovsk cities
area, survey materials, and pilot maps of 2006. Location of cross sections along the
Amur River was designated in the locations of morphological sections, at existing (or
previously existing) gauging stations, as well as in places requiring a detailed analysis
of the hydraulic situation during high floods.

Cross sections formed on the basis of an updated DEM were corrected at the loca-
tions of morphological sections, considering the field survey results, which resulted
in both systematic DEM errors and local satellite altimetry errors being corrected.
Figure 4 shows an example of a comparison of cross-sections obtained using a DEM
and as a result of surveys in 2014 at morphological Section 5 (village Belogorye).

The model accepts two types of boundary conditions, specified in the form of
flow (hydrograph) and level time series — external and internal boundary conditions.
Table 1 shows the location of the boundary conditions.

Historical hydrological data for the Amur River and its tributaries were used as
initial data for modeling. To calibrate the model, 3 years were chosen — 1958, 1972,
and 1984, which were closest in water content to the extreme year of 2013. It should
be noted that the maximum flood in these years was formed on the Amur according
to different scenarios. So, in 1958, the flood affected the upper and middle sections of
the river, in 1972 and 1984 — middle and lower sections.

The main task was to obtain the most representative information for calibrating
the hydrodynamic model, for which data on flow rates and levels for seven stations
were processed: 6010 (Chernyaevo), 6016 (Kumara), 6023 (Grodekovo), 5012
(Khabarovsk), 5013 (Khabarovsk)), 5024 (Komsomolsk), and 5033 (Bogorodskoye).
The most representative data seems to be g/s 5013 (Khabarovsk city station) and g/s
5024 (Komsomolsk) because they have observational data on flow rates and levels for
the indicated 4 years.
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Figure 4.
Comparison of the cross section obtained from the DEM and from the survey vesults (morphometric point 5).
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No. Distance from Gauge Tributary Settlement Type of boundary

source, km number condition
1 436 6010 Amur Chernyaevo External, Q
2 888 6295 Zeya Belogorye Inflow, Q
3 1152 6473 Bureya Malinovka Inflow, Q
4 2678 5453 Amgun Guga Inflow, Q
5 1607 Songhua Jiamusi Inflow, Q
6 1816 5115, 5347 Ussuri Sheremetyevo+Khor Inflow, Q
7 1696 5063 B. Bira Birobidzhan Inflow, Q
8 1874 5358 Tunguska Arkhangelovka Inflow, Q
9 2145 5733 Gur Snezhnoye Inflow, Q
10 2824 Mouth Olkhotsk Sea External, Q

Table 1.

Boundary conditions adopted in the hydrodynamic model of the Amur River.

Of the total number of tributaries flowing into the Amur River in the study area,
tributaries located on the territory of the Russian Federation and the Sungari River,
located in the People’s Republic of China, were taken into consideration. Gauging
stations on tributaries were selected closest to the place where the tributary flows into
the Amur River.

Initial data for all selected gauging stations were presented in the form of daily
changes in levels relative to mark “0” (in cm) and absolute flow rates (in m?’/s) for
1958, 1972, 1984 and 2013. Relative changes in levels were converted into absolute
level marks.

Based on the recalculated values, graphs of Q = f(h) were constructed for the
period from 01.05 to 30.09. Graphs were built for all years for each g/s. Figure 5 shows
Q = f(h) curves for all sections in which the hydrodynamic model was calibrated.

Table 2 shows the observed data of the dependences Q = f(h) for maximum water
discharges at the calibration sections of the Amur River HDM.

Figure 6 shows all open modeling editors windows in the MIKE 11: (1) modeling
window, (2) river network, (3) boundary conditions, (4) inflow in 1958 to station
6010 chernyaevo, (5) cross-section, (6) hydrodynamic parameters (roughness and
sediment conditions).

3. Results and discussion
3.1 Results of hydrodynamic modeling of the 1958 flood wave

Using the developed hydrodynamic model, a calculation of the passage of the 1958
flood was performed [15].

Figure 7 shows diagrams comparing observed data and data obtained as a result of
modeling for two gauging stations.

At high flow rates, the observed course of levels is significantly lower than the
model one (by more than a meter). This indicates that there have been significant
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Figure 5.
Graphs of the Q = f(h) dependences at the calibration sections of the Amur River HDM.

Gaugenumber  Distance from the source, Settlement Maximum flow cubic Maximum level,
km m/sc m
6010 436 Chernyaevo 21,900 211,25
6016 656 Kumaras 22,300 172,71
6023 903 Grodekovo 29,600 126,65
6032 1376 Pompeevka 32,400 82,05
5013 1862 Khabarovsk, 46,000 38,23
Gaugest.
5024 2210 Komsomolsk 43,200 22,04
5033 2586 Bogorodskoye 53,000 7,84
Table 2.

Dependency data Q = f(h) for calibrating the model for maximum flow rates.
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Working windows of modeling editors in the MIKE 11.
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Figure 7.

Comparative diagrams of the passage of the 1958 flood.

changes in the channel and bank morphometry of the Amur River in the Khabarovsk
region. The reason for this was the construction of hydraulic structures that create
backwater in the Amur River bed: Left bank coastal dams built by the Chinese side,
channel gravel dams on the Pemzenskaya and Beshenaya channels, bridge across the
Amur River in Khabarovsk. Due to exceeding the design level of coastal dams, flood-
ing of the right-bank floodplain occurred in three regions of China (Figure 8).

3.2 Results of hydrodynamic modeling of flood wave movement based on data

from the 2013 flood

Using the developed hydrodynamic model, the calculation of the passage of the
2013 flood was performed [16-18]. Figure 9 shows inflow hydrographs.
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Figure 8.
Dambreak zones during the 2013 flood.

Figure 10 shows the longitudinal profile of the passage of the 2013 flood wave
9 days before the peak of the flood in Khabarovsk (maximum levels are indi-
cated in red).

Figure 11 shows diagrams comparing observed data and data obtained as a result
of modeling for two gauging stations. The discharges and levels fluctuations are given
for part of the calculated time series during which the flood was observed.

Figure 12 shows the results of calculations of Q/h at control stations g/s
6023 (Grodekovo), 6032 (Pompeevka), 5013 (Khabarovsk, city station), 5024
(Komsomolsk-on-Amur), and 5033 (Bogorodskoye) when passing flood wave 2013
along the Amur River.

Figures 13 and 14 show the level fluctuations in the design sections of two cross
sections of Khabarovsk city (before the railway bridge — g/s 5012, 4 km below the
railway bridge — g/s 5013). Blue shows the water level line at the current moment,
red shows the water line at the maximum level and green shows the water line at the
minimum level in 2013. The height difference (difference in maximum values) was
38,9-38,1 = 0,8 m. In 1958, the height difference was 37,2-36,6 = 0,6 m.

3.3 Determination of the main parameters of the passage of high flood waters
(time of arrival of the wavefront, wave crest, and time of wave decline to the
flood level of 5% probability) in years of high-water content (1958, 1984, 2013)

In accordance with the methodological instructions of the Ministry of Emergency
Situations, during the passage of high flood or breakthrough waves, it is necessary
to determine the main parameters of wave propagation: the time of arrival of the
wavefront, the wave crest, and the time of decline of the wave to a safe flood level
of 5% probability. This allows timely implementation of measures to evacuate the
population and livestock farms.

Table 3 and Figure 15 show the model parameters for the passage of the 2013
flood wave.
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Figure 9.
Hydrographs of inflow of the 2013 flood.
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Longitudinal profile of the passage of the 2013 flood wave.
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Comparative diagrams of the passage of the 2013 flood.
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Results of calculations (flow rates and water levels) based on the hydrodynamic data of the 2013 flood.
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Figure 13.
Range of water levels during the flood period of 2013 (g/s 5012).

156



Forecast of Catastrophic Floods Based on Hydrodynamic Modeling: The 2013 Flood on the Amur...
DOI: http://dx.doi.org/10.5772/intechopen.1004599

AMUR RIVER 1.862e+006 24.08.2013

Figure 14.
Range of water levels during the flood period of 2013 (g/s 5013).

oo 2000.0 4000.0 6000.0

8000.0 10000.0 12000.0 14000.0 16000.0 18000.0 20000.0 22000.0

24000.0 meter

No. Distance Parameters Wave travel time, days
from the
source, m Depth, m initial Max. Arrival reaching Decline to
level, m elevation of front maximum flood level 25%
flooding, m level probability
1 436,000 73 1991 206.4 20 26 28
2 656,000 6.6 161.5 168.1 22 27 30
3 809,000 33 136.2 1395 23 29 32
4 883,000 56 124.7 1304 24 31 33
5 903,000 44 121.5 1259 15 31 36
6 993,000 4.0 110.1 114.1 16 33 38
7 1,051,000 44 103.6 108.1 17 33 39
8 1,183,730 41 91.2 95.4 18 34 41
9 1,291,000 8.4 81.0 894 19 35 42
10 1,376,000 9.7 729 82.5 20 35 43
11 1,511,000 3.0 56.2 59.2 21 36 44
12 1,634,000 7.0 484 554 13 40 63
13 1,858,000 6.2 326 38.8 8 44 88
14 1,862,000 6.0 322 38.2 0 44 89
15 1,949,000 6.2 26.8 33.0 4 45 92
16 2,054,000 4.2 217 259 10 49 95
17 2,117,000 6.6 171 237 11 51 97
18 2,210,000 81 141 222 12 52 99
19 2,310,000 113 8.2 195 14 52 101
20 2,417,000 7.0 57 12.7 14 53 101
21 2,498,000 6.5 24 8.8 15 54 102
22 2,586,000 6.4 0.3 6.7 17 56 104
23 2,701,000 3.2 01 33 9 57 105
24 2,776,000 18 0.0 19 9 56 106
Table 3.

Parameters of the passage of a high flood wave in 2013.
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Figure 15.
Parameters of the passage of a high flood wave in 2013.

3.4 Flood zones during the passage of a flood wave during years of high water
content (1958,1984, and 2013)

Based on the results of computer hydraulic modeling, flood maps of the Amur
River valley were created for various forecast situations. These maps were constructed
on the basis of a differential model obtained as the difference between the water level
and relief marks. Positive values in such a model correspond to flood depths, and
negative values correspond to the heights of the area above the water level. Negative
values are discarded when plotted on a map.

Figure 16 shows a map of the flood depths of territories constructed based on the
results of modeling the 2013 flood.

" Flood, 2013

H
{

3338558858

Figure 16.
Mayp of flood depths, built according to calculated data for 2013.
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For the regions of the Khabarovsk and Komsomolsk cities on the Amur, detailed
maps of flooding of territories were constructed, obtained from the results of model-
ing the floods of 1958, 1984, and 2013 (Figures 17 and 18).

For selected areas (each with an area of 5932 km?) in the area of Khabarovsk and
Komsomolsk on the Amur, the flooded areas of the territory were analyzed. The areas
were calculated for the following flood depths: less than 1 m, from 1 m to 3 m, and
more than 3 m. The area occupied by the Amur riverbed and channels during the low-
water period for the site in the region of Khabarovsk amounted to 321.5 km?, for the
site in the region of Komsomolsk-on-Amur — 350 km”. Data on the obtained estimated
flood areas are given in Tables 4 and 5.

Water depth

0.0-10
10-30

Figure 17.
Maps of flood depths in the Khabarovsk region.

Water depth

00-10
10-30
>3.0

Figure 18.
Mayps of flood depths in the area of Komsomolsk-on-Amur.
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Flood depths 1958r. 1984r. 2013r.

Uptolm 232,5 202,5 1371

From1to3m 799,9 599,6 402,5

More than 3 m 1021,3 1437,7 1911,9
Table 4.

Estimation of flood areas in the Khabavovsk city avea, km®.

Flood depths 1958r. 1984r. 2013r.

Uptolm 50,5 372 27,6

From1to3m 244 153,8 61,5

More than3m 524.6 661,2 8434
Table 5.

Estimation of flood areas in the area of Komsomolsk-on-Amur, km’.

3.5 Medium-term hydrological forecast based on hydrodynamic modeling

To demonstrate the predictive capabilities of the Amur River hydrodynamic
model, model calculations of the 2013 flood were performed at various time intervals.
In this case, the inflow forecast was carried out according to the principle: in the fol-
lowing days, the inflow will be the same as on the calculated date (settled hydrological
regime).

Figures 19-23 show three curves: observed water flows, obtained on the basis of
modeling based on observed data (for the entire period) and made using predicted
inflow data (see above). Calculations were performed for the following forecast dates:
August 1 (33 days before the peak of the flood), August 8 (26 days before the peak),
August 16 (18 days before the peak), August 22 (12 days before the peak), and August
25 (9 days before peak).

Figures 19-21 show how much the forecast curve (green diagram) differs
from the observed curve (blue diagram). However, on August 22 (Figure 22), the
predicted discharge already corresponds to the maximum observed discharge, but
the maximum flow occurs at a later date. The final forecast diagram for August 25
(Figure 22) almost completely repeats the graph constructed using the observed
data (the same result was obtained for water levels). The latter shows that the use
of a hydrodynamic model of the Amur River would make it possible to do a fairly
accurate forecast of the critical date and values of maximum flow rates and water
levels 9 days before implementation (the peak of the catastrophic flood occurred
on September 3, 4 and grew very quickly). The Khabarovsk Department of the
Hydrometeorological Service provided a real forecast of the flood wave passage
only 2 days before the peak, which did not allow the implementation of possible
flood protection measures.

Thus, the timely use of the Amur River hydrodynamic modeling survey could
reduce the risks of destruction during the catastrophic flood of 2013.
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Figure 19.
Inflow forecast on August 1, 2013.
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Figure 20.

Inflow forecast on August 10, 2013.
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Figure 21.
Inflow forecast on August 16, 2013.
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Figure 22.

Inflow forecast on August 22, 2013.
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Figure 23.

Inflow forecast on August 25, 2013.

4, Conclusions

1. The hydrodynamic simulation model developed in the MIKE 11 software pack-
age adequately reflects the passage of high flood waters of 1958, 1984, and 2013
along the riverbed and floodplain of the Middle and Lower Amur, considering
the flow of water through the main tributaries.

2.The results of the performed model calculations correspond to the observed data
for water flows comparable to the maximum observed during the period of high
floods in 1958, 1984, and 2013.

3.Based on the developed hydrodynamic model, short-term and long-term hydro-
logical forecasts of rain floods in the Amur River basin, calculations can be made
of a possible catastrophic hydraulic situation in the main settlements located on
the Amur River.

4.The hydrodynamic model of the Middle and Lower Amur guarantees the issu-
ance of the necessary final reports with the calculation of the main hydraulic
characteristics of the river Amur bed and floodplain (water levels and flow
rates, speeds, time of arrival of the wavefront, wave crest, and time of wave
decline to a safe level, etc.). The model allows you to monitor a dangerous flood
situation and perform a real-time short-term forecast of the occurrence of such
a situation.
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5.Using the developed digital terrain model and GIS project tools, possible flood
zones can be quickly displayed on maps of various scales, and flood areas can be
calculated for different depth ranges.

6.For the integral functioning of the model in a real-time mode, it is necessary
to obtain flow characteristics, both for the main tributaries of the Amur River,
formed on the territory of the Russian Federation (R. Zeya, R. Bureya, R. Us-
suri, R. Amgun), and along the tributary of the River Songhua of the People’s
Republic of China. It is necessary to restore the operation of gauging stations by
measuring water flows, at least during periods of high floods.

7.The modeling results show that the current state of the river bed and flood-
plain of the Amur reduced its capacity. If the flood of 1958 were repeated under

modern conditions, the water level in Khabarovsk would be 1-1, 2 m higher than
observed in 1958.
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Chapter 9

Perspective Chapter: The Coastal
Migration of the Locations

of Tropical Cyclone Rapid
Intensification over the North
Indian Ocean

Kasturi Singh

Abstract

The migration of maximum intensity poleward is triggering a shift in the rapid
intensification (RI) locations of tropical cyclones (TC) towards the coast of ocean-rim
countries. The study investigates changes in the distribution of locations of RI during
the pre-monsoon and post-monsoon seasons in recent warming climate scenarios over
the North Indian Ocean (NIO) basin. Over the Bay of Bengal (BOB), the percentage
of annual RI TC frequency exhibits a stable or slightly decreasing trend (20-100%),
contrasting with a notable surge (50-100%) over the Arabian Sea (AS) in recent years.
The distribution of RI TC location gradient is meridional during the pre-monsoon
season and is confined zonally below 15°N during the post-monsoon season over BOB.
The corresponding locations over AS are confined between 10°N-15°N and 12°N-17°N
latitudinal regions. An inverse relation between the simultaneous rise in SST and RH550
is evident during the pre-monsoon season, while the relation fails during the post-mon-
soon season over BOB. While sea surface temperature and mid-tropospheric relative
humidity play a crucial role in RI, the observed changes in tropospheric vertical wind
shear patterns and upper-level divergence alignment in current climate conditions are
identified as influential factors shaping the distribution of RI location over BOB and AS.

Keywords: tropical cyclones, rapid intensification, North Indian Ocean, Bay of Bengal,
Arabian Sea, warming climate

1. Introduction

The North Indian Ocean (NIO), encompassing the Bay of Bengal (BOB) and the
Arabian Sea (AS), associated with hugely populated coastal regions are no stranger
to the formidable forces of tropical cyclones (TCs). Unlike other ocean basins, NIO
TCs exhibits a bimodal nature in TC genesis, i.e., the primary peak is observed during
post-monsoon (October, November, and December) and the secondary peak is seen
during pre-monsoon season (March, April, May). These natural phenomena have
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tremendous potential to wreak havoc on coastal regions. One intriguing aspect of
these cyclones is their ability to undergo rapid intensification (RI), a phenomenon
characterized by a swift increase in wind speeds <30knots in 24 hours [1].

Song and Klotzbach [2] reported a significant poleward shift in the annual mean
maximum intensity latitude post-1980. Nevertheless, the migration rate is nonuni-
form on decadal timescales, having a significant increasing trend over the West-North
Pacific basin. This observed change is primarily linked to the sea surface temperature
(SST) variation over the basin. Studies such as [3-5] indicated that the twenty-first
century TCs will most probably form within a broader range of latitudes than those of
the past 3 million years as there will be an increasing mid-latitude TC genesis favor-
ability and the average migration rate of TC away from tropics at present is nearly
a degree of latitude per decade. The variation in regional Hadley circulation is also
found to be impacting the displacement of TC genesis and intensification [6]. Despite
several studies focusing on the poleward migration of TC genesis and intensification
characteristics, the regional shift in the intensification feature of TC still remains a
puzzle, especially the zonal migration of RI locations of TCs.

Studies focusing on the global distribution of TCs, and their annual frequency and
intensity have already been carried out by many researchers (e.g., [7-10]). However,
studies addressing the propagation of rapid intensification locations are negligible
for the NIO region. In the current climate scenario, the weakening of the summer
monsoon circulation has resulted in less southward ocean heat transport [11]. The
decrease in heat transport has led to the accumulation of heat in the NIO region with
an increase in the high-intensity TCs and the consequent RI of these systems. As the
majority of the Southeast Asian people live around the NIO coastal region, any long-
term change in TC climatology would greatly affect these lives and the economy [12].

The prediction of the maximum intensity of TCs is still a major challenge for most
of the operational agencies [13, 14], and the prediction gets worse if the TC suffers RI
in its lifetime. As the NIO basin is a comparatively small basin and has a high coastal
population, the threat increases by many folds when the TC encounters RI near the
coast. Climatologically, the annual TC frequency is decreasing, and the number
of highly intensified systems is increasing over the basin. Furthermore, the RI TC
frequency is also found to be rising in recent years [15].

Surprisingly, the intense TC activity over AS has drawn the attention of the
research community in changing climate scenarios. Though the annual frequency
over BOB is higher than AS in post-monsoon season, the rapidly intensifying TC
frequency over AS is comparable to that of BOB, confirming that AS is more vulner-
able to rapidly intensifying systems in present climate conditions. Numerous studies
have shown that the annual TC frequency over AS has been rising in recent years and
suggested many possible reasons for the rise such as increased SST, decreased wind
shear, and anthropogenic pollutants over the basin [9, 16-18]. The matter of concern
is that most of these systems are attaining high-intensity levels in current climate
conditions and any shift in their RI location, whether towards the Arabian Peninsula
or Indian coast would result in higher socio-economic loss to the countries.

Similarly, the BOB coastal areas experience a significant number of highly intensi-
fied landfalling systems every year. India is among the top ten countries in the world in
terms of absolute losses from disasters between 1998 and 2017, totalling an estimated
79.5 billion dollars [19, 20]. One unfortunate instance of a landfall concerning rapidly
intensifying TCs in the BOB is the 1999 Odisha Super Cyclone. In this case, the sys-
tem escalated from a severe cyclonic storm (SCS) with a maximum sustained wind
(MSW) of at least 48 knots on October 27th to reach an intensity of MSW > 120knots
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by October 28th, by experiencing RI, i.e., from a tropical storm to category 5 storm in
Saffir-Simpson hurricane wind scale (SSHWS) in just 24 hrs. The event was classified
as a Super Cyclonic Storm (SuCS) according to the cyclone classification by maxi-
mum sustained wind speed and pressure deficit adopted by the India Meteorological
Department [20, 21]. The system underwent RI when the system was closer to the coast
and due to a certain degree of uncertainty in initial track and intensity, the larger size
of the storm, and the lack of public awareness back then, the storm caused a huge death
toll, enormous destruction and loss of properties. Nonetheless, during TC Phailin
(2013) and Hudhud (2014), India was highlighted internationally due to its continuous
disaster management improvements [22] and its achievements in saving lives.

The propagation of any of the maximum intensity location or RI location towards
the coastal regions is closely linked to the potential destruction by their associated
heavy rainfall [23], storm surges, strong wind, and flash floods resulting in inunda-
tion of low-lying coastal areas. The coastal propagation of the zone of RI attainment
of NIO TCs is a complex interplay of atmospheric conditions, coastal topography,
and the dynamics of the storm itself. The NIO basin has encountered an elevated SST,
especially during the pre-monsoon and post-monsoon seasons in present climate
conditions. Beyond surface temperatures, the NIO exhibits a high ocean heat content,
allowing cyclones to draw energy from a deep ocean reservoir. The availability of this
extensive heat content contributes significantly to sustaining RI [24]. Vertical wind
shear (VWS), the change in wind speed and direction with altitude, plays a pivotal
role in cyclone development. Wind shear is one of the important factors as it allows
the storm to maintain a well-organized structure [25]. A moist atmosphere is essential
for the latent heat release crucial to the intensification process.

Since NIO is an active breeding ground for highly intensified storms, understand-
ing the above-said climatic factors becomes paramount. The RI of North Indian TCs
serves as a reminder of nature’s immense power and the need for continued efforts
in understanding its long-term behavioral changes and adapting to these dynamic
forces. Recognizing the implications of this propagation is essential for coastal com-
munities, policymakers, and disaster management authorities to develop resilient
infrastructure, implement effective evacuation plans, and mitigate the potential
impact of these natural disasters. As climate change continues to influence cyclonic
patterns, ongoing research and advancements in the climatology of TCs are essential
for improving our ability to predict and respond to these dynamic coastal threats.

The current chapter investigates the coastal migration pattern of potential zones for
the RI of TCs formed over NIO and subsequent environmental factors influencing the
concerned movement of TC locations over the BOB and AS basin by considering the
pre-monsoon and post-monsoon seasons separately.

2. Data and methodology

The present study is carried out over the NIO region, i.e., 50°~100°E and 5°-30°N
domain (Figure 1) for the period 1991-2022. To carry out the present study, the TC
position and intensity were considered from the India Meteorological Department
(IMD) best track datasets available at www.rmcchennaieatlas.tn.nic.in. The adopted
methodology for the generation of the best track data is elaborately discussed in IMD
technical note version 2.0/2011 (IMD, 2011). Singh et al. [26] observed that the IMD
best track data is reliable enough to be used for studies focusing on TC activity. The
tropical systems formed over NIO are categorized into 7 categories, i.e., Depression if
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Figure 1.

Schematic representation of the North Indian Ocean (NIO) region and associated coastal countries.

MSW is 17-27knots, deep depression (DD) if the MSW is 28-33knots, cyclonic storm
(CS) if MSW is between 34 and 47 knots, severe cyclonic storms (SCS) if MSW is
48-63knots, very severe cyclonic storm (VSCS) if it has MSW between 64-89knots,
extremely severe cyclonic storm (ESCS) if MSW is within the range 90-119knots and
super cyclonic storm (SuCS) if the MSW is higher than 120knots (www.rsmcnewd-
elhi.imd.gov.in, [9]). Further, the study considers storms with intensity >34 knots
only. The RI locations in this chapter are considered to be the latitude/longitude posi-
tions of the TCs when the system began to show signatures of the rapid increase in the
wind intensity, i.e., thereafter the MSW intensity increased by 30 knots in 24 hours.

The atmospheric parameters such as SST, u and v winds at 1000-200hpa, diver-
gence at 200hpa, and mid-tropospheric relative humidity at 550hPa (RH550) are
collected from European Center for Medium Range Weather Forecasts reanalysis 5
(ERAD5) hourly data on pressure levels with 0.25° horizontal resolution datasets (cds.
climate.copernicus.eu). Malakar et al. [27] analyzed different re-analysis datasets to
study the evolution of TCs Over NIO and found that ERAS5 gives the best estimate of
TC state among all considered reanalysis datasets and hence the study considers ERA5
data for analysis. The deep-layer wind shear (DWS) is computed as the magnitude of
the vector wind difference between 200 and 850hPa.

3. Studied gradient of TC activity
3.1RITC climatology

The long-term changes in both the annual TC frequencies and rapidly intensifying
TCs, as shown in Figure 2a and b, depict a slightly decreasing trend over BOB and
an increasing trend over AS during 1991-2022. Similarly, there is a consistent decline
in the percentage of the 5-year running mean of RI TCs that occurred relative to the
annual total TC frequencies over the BOB. In contrast, there is a noticeable upward
trend in the corresponding percentage for the AS. Here the frequencies include the
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Tifne series of annual total TC frequency (blue bar), RI TC frequency (green bar), linear trend for annual
frequency (blue lines), and RI TCs (green lines) over (a) BOB and (b) AS. The percentage and 5-year running
mean of RI TCs over (c) BOB and (d) AS. Here all the analysis of the annual trends includes pre-monsoon and
post-monsoon season systems only.

systems during both the pre-monsoon and post-monsoon seasons. Several studies
have shown that the number of global TC suffering RI has increased in recent decades
[15, 28]. On the contrary to the global TC trend, the 5-year running mean of the
percentage of RI TCs over BOB has decreased from ~80% in 1995 to ~10% during
2022. Over the AS, the corresponding percentage has increased to ~100% during

the current decade. Subsequently, the general conception of a rising trend in the RI
scenarios over NIO could be attributed to the rise over AS.

3.2 Gradient of RI locations

Regardless of the near decrease (increase) in the overall frequency of TCs (RI
TCs) across the NIO, areas with high landfall TC frequencies exhibit significant
coastal vulnerability. Additionally, the migration of locations where these systems
undergo RI doubles the threat to the coastal areas. Figure 3 indicates a shift in the RI
locations of TCs formed over BOB towards the southern coastal regions of India, i.e.,
towards Andra Pradesh (15.91°N, 79.74°E) and Tamil Nadu (11.12°N, 78.65°E) coast
during both pre-monsoon and post-monsoon season. It is observed that the region of
85°-90°E and 10°-15°N has suffered the greatest number of RI systems during both
seasons. During pre-monsoon season, although the frequency of TCs that underwent
Rl isless (~9 only) during 1991-2022, nearly 70% of systems experienced RI in the
latitude region of 10°N to 15°N (Figure 3). During the post-monsoon season of the
early and mid-90s, the RI positions were nearly parallelly ~5° away from the coast of
India. However, with increasing warming conditions over NIO, the corresponding
positions are found to be distributed in an arch manner over BOB, mostly confined
to regions below 15°N latitudes increasing vulnerability for the lower coastal regions
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Figure 3.
The gradient of locations of RI during 1991-2022 for (a) pre-monsoon and (b) post-monsoon over BOB. The color
bar represents the years of RI TC formation over the basin.

of India as well as the Gulf of Thailand. As it’s not only the landfall of these systems
with sudden enhanced maximum intensity but also the heavy rainfall and wind of
these events that cause destruction to the nearby areas. The location of maximum
frequency remaining unchanged as that of pre-monsoon season, the environmental
condition over the oceanic region needs to be investigated to understand the reason
behind the suitability for RI over this particular grid. It is to be noted that the dis-
tribution of the TC RI region is longitudinally distributed during pre-monsoon and
nearly latitudinal during the post-monsoon season over BOB (Figure 3).

Figure 4 illustrates the shift in the location where tropical systems formed over
AS experienced RI. The figure shows that the regions bound between the ~12°N to
17°N are prone to RI throughout the study period. Singh et al. [18] showed that due to
a change in wind pattern over the AS basin, the IAA regions or the Arabian Peninsula
coast (19.49°N, 47.44°E) and Gujarat (22.67°N, 71.57°E) regions are more prone to TC
landfall, i.e., the TCs either travels westwards towards the [AA or recurves to make
landfall over Gujarat. The AS coastal regions exhibit similar susceptibility to RI TC
cases. During post-monsoon season, the region of RI mostly lies parallel to the coast
of IAA and has been migrating towards the coastal areas during the present decade
with increase in the frequency, representing the presence of favorable environmental
conditions over the region to support the RI of the storm generated over the basin. It
enhances the possibility of a continuous rise of threats to both the Indian and Arabian
coastal countries.
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Figure 4.
The gradient of locations of RI during 1991—2022 during (a) pre-monsoon and (b) post-monsoon over AS. The
color bar represents the years of RI TC formation over the basin.

The trend for change in latitude and longitude of RI experiencing regions during the
pre-monsoon season is not significant due to the small sample size or lesser number of
systems during the season (Figure 5a and c). The quadrennium variation of latitudinal
and longitudinal variation over BOB during pre-monsoon season indicates a decrease in
latitude (inter-quartile range 8.5°N-11°N) and longitude positions (inter-quartile range
between ~86°E and 87°E) of RI over the basin for the period 2019-2022, representing the
increase in landfall of RI systems over southern coastal regions in recent years. During
post-monsoon season, a broader range of latitude attainment is observed by RI TCs
post-2007 (Figure 5b). Moreover, the mean longitude is found to be decreasing dur-
ing the period 2007-2018, from a mean of ~92°E to 81°E with an interquartile range of
75°E-87°E and then an insignificant rise post-2019 (Figure 5d). The decreased mean RI
latitude (Figure 5b), broad range of latitude, decrease in mean RI longitude (Figure 5d),
and comparatively narrow range of longitude during the quadrennials post-2007
increased the exposure of lower regions of India to TC destruction.

Nevertheless, the increase in RI locations post-2019 represents an increased threat
over eastern coastal states of the BOB basin, i.e., Myanmar (21.91°N, 95.95°E) and the
Gulf of Thailand (Figure 5b, and d). It can be seen from Figure 5 that the zero or lower
RI activity during any quadrennium of the pre-monsoon season encourages enhanced
RI activity over BOB during the corresponding post-monsoon season and vice versa.
The possible explanation for the enhanced RI activity during one season suppressing
RI activity during the other for any particular quadrennium could be attributed to the

173



Climate Change and Risk Management — Strategies, Analysis, and Adaptation

20 T T T T T T T 18 v v

(@ Tom

Latitudinal variation of TC RI location
=

. " L L i - L L L
u 400 2010 ] 201 a3
ﬂ,.,ﬂ‘" o A9 \9?""” 200> 2000 2001300 a0 ea0l® e

M‘.\'ﬂ‘ M*“'M ‘m.ﬂﬁ’ wow:n\"“ w,.ww am"‘_“" w‘“‘w‘ ,n‘.,.aﬁﬂ"

3
i

T Eieeagheies

p Mins Langitud)
2o o5 2
d (c) [ , ()
g” =r ~
: —
; w0 bt B = I
'::’ " sof
L
H
§ s e

e " I A A o L

T e O T T S T e 0200 a0 03?0t eatt e
Quadrennium Quadrennium
Figure 5.

South-west migration of the latitude (a, b) and longitude (c, d) of RI TCs during pre-monsoon and post-
monsoon seasons over BOB respectively. The left panel represents the pre-monsoon season, and the vight panel
represents the post-monsoon season. The ved line represents the mean values of the latitudes and longitudes.

unutilized heat or thermal energy during the pre-monsoon season being harnessed by
TCs during the post-monsoon season, leading to RI events and vice-versa. However,
the dynamics behind the observed interconnected TC RI activity over BOB needs
detailed investigations and is not covered in this chapter. The number of RI TC occur-
rences over AS is lower, resulting in similar insignificant variations for both seasons
(figures not shown for brevity). Nonetheless, an increase in the interquartile range of
latitude (~16°N-17.8°N) and longitude (~67°E-72°E) post-2019 shows an increased
threat of RI TCs formed over AS to western Indian states during post-monsoon season.

4, Variation of environmental factors

The TC intensification process is related to the internal dynamics of the system
and the internal dynamics depend on the environmental factors prevailing through-
out the TC activity [29-31]. Under favorable environmental conditions, TCs can
continuously intensify until they approach their maximum intensity, and unless any
adverse environmental conditions are experienced, the likelihood of TC weakening
during the intensification phase is rare. Any long-term change in TC activity is cor-
related to the change in climatic conditions over the region. Several parameters such
as SST, mid-tropospheric relative humidity (RH550), vertical wind shear (VWS), and
upper-level divergence are found to modulate the TC intensity [32, 33]. The section
below discusses the change in the environmental factors in recent climate conditions
and its effects on the propagation of RI locations of TC over the NIO region.

4.1 Sea surface temperature

Emanuel [34] represented TCs as a Carnot heat engine that draws energy from
the underlying ocean as entropy flux and loses energy due to surface friction.
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TCs intensify when the energy production is greater than the dissipation.
Therefore, the SST plays a crucial factor in TC intensification [35]. Figure 6
represents the area averaged SST (°C) anomaly over 4° latitude and longitude
regions over BOB and AS. The tick marks and labels of Figure 6a and b represent
average SST anomaly over 80°-83°E/3-6°N, 80°-83°E/7-10°N, 80°-83°E/11-14°N,
80°-83°E/15-18°N, 80°-83°E/19-21.5°N and then the longitude regions increased
to 84-87°E for the latitude ranges defined between 3°N-21.5°N and so on with
the same set of latitude ranges. Similar divisions are made for AS for longitudes
50-74°E and latitudes 3-23°N. Since the SST gradient over NIO is not very sharp,
averaging the data in chunks helps detect any frequency variability for the analysis
period.

It is observed that the average SST over BOB during pre-monsoon ranges between
27.5-31°C, during post-monsoon between 27 and 29.6°C, and over AS the ranges
are 23-30.5°C and 24.5-29.7°C respectively. During the analysis, it is observed that
TC’s rapid intensification is presumably related to the positive SST anomaly for any
year over the basin. However, the notably elevated SST anomaly since 2015 does not
appear to be conducive for a high rate of RI activity for both seasons in the BOB.
For example, the years such as 1998, 2005, 2010, and 2016 during pre-monsoon and
years 1997, 2002, 2009, and 2015 during the post-monsoon season where the rise in
SST anomaly is abnormally high (Figure 6a and b), supported zero RI TC activity.
As discussed in Section 3.3, for most of the years where high RI TC activity during
pre-monsoon suppresses the activity during post-monsoon and vice-versa, the SST
anomaly is found to be comparatively higher during that particular season than the
other. For example, the quadrennium 1995-1997, and 1999-2002 during pre-monsoon
season show zero or negligible RI TC frequency whereas a noticeable rise in activity
during post-monsoon season could be seen. Similarly, during 2003-2006, where
pre-monsoon season experienced higher RI TCs suppressed the activity during the
post-monsoon season over BOB (Figure5).
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Figure 6.

Average SST anomaly (°C) variation during pre-monsoon (a, c) over BOB and AS and during post-monsoon
seasons (b, d) over BOB and AS respectively from 1991 to 2022. Here, the anomalies are normalized by the means
for the analysis period.
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And, in contrast to the Carnot engine theory, the annual TC frequency over the
basin is found to be decreasing despite rising SST over BOB post 2015. The role of
SST in intensification depends upon the initial intensity of the storm, size, and other
environmental factors to favor further intensification of the system. Similarly, over
AS the higher TC activity during pre-monsoon and post-monsoon is supported by
higher SST anomaly, contrary to BOB. It is to be noted that the SST over AS was
comparatively colder than BOB till 2002 and is rising in the current warming climate
supporting a higher number of RI TCs. Most of the AS regions have an average SST
range of 27°C to 30.5°C during the pre-monsoon season and regions eastward of 62°E
for all considered latitudinal bands have an average SST of 27.5-29.5°C post-2011
during post-monsoon season. Several literatures suggested that the SST range of
27.5-29°C is conducive to TC intensification [9, 36, 37]. Xu and Wang [35] stated that
99.8 and 84.4% of intensifying TC cases occurred over SSTs greater than 26 and 28°C
in the WNP, compared with 88.3 and 41.3% of cases in the North Atlantic.

4.2 Mid-tropospheric RH (RH550)

Factors such as RH550 and SST can affect the cloud and precipitation distribution
in a TC environment by triggering latent heat release in a system and hence the energy
cycle of the system. Consequently, the RI of a TC is often considered to be associ-
ated with increased azimuthal and areal coverage of convection [38, 39], motivating
further examination of this parameter for their role in the propagation of RI locations
over NIO in the present changing climate. Over BOB, during pre-monsoon season the
RH550 anomaly is mostly negative till 1998 except for 1994 (Figure 7a). During this
period, the SST anomaly (Figure 6a) and RH550 show a negative relation between
both of them over BOB. Similar results have been found by Liu et al. [40], and Sun
and Oort [41]. The increase (decrease) in SST weakens (strengthens) the radiative
cooling and relative humidity at upper atmosphere [40]. Surprisingly, no significant
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Figure7.

Average RH550 anomaly (%) variation during pre-monsoon (a, c) over BOB and AS and during post-monsoon
seasons (b, d) over BOB and AS respectively from 1991 to 2022. Here, the anomalies are normalized by the means
for the analysis period.

176



Perspective Chapter: The Coastal Migration of the Locations of Tropical Cyclone Rapid...
DOI: http://dx.doi.org/10.5772/intechopen.114930

RI TC activities were found during these years. Moreover, in the years where remark-
able RI TC activities are witnessed during the pre-monsoon season post-2004, the
SST anomalies are observed to be negative whereas RH550 is found to have positive
anomalies. The average RH550 during pre-monsoon is ~75% and greater than 80%
during post-monsoon season over BOB.

For the post-monsoon season, the southern and middle latitude regions
of the entire BOB basin have higher RH550, i.e., 60-85%. In the years such as
1995, 1996, 1999, 2000, and 2013, where higher RI TC activities were experienced
over BOB, the SST anomaly is negative, and the RH anomaly shows a rise over the
basin. However, the RH550 is one of the supporting elements for the intensification
of TC over BOB. Surprisingly reduced SST anomaly is found to be favorable for RI
of TCs during post-monsoon season. According to Xu and Wang [35] and Park et al.
[42], the maximum potential intensification rate (MIPR) of TCs is primarily associ-
ated with the regions where the SSTs are higher than 26-28°C over the Atlantic and
west-north Pacific (west-north pacific) basins and similar findings can be observed
for BOB basin. Furthermore, the RH550 has risen sharply over 84°E to 92°E post-
2004 during pre-monsoon season, and over 84°E-100°E for post-monsoon season
post-2012 for the latitudinal sections (i.e., 3-6°N, 7-10°N, 11-14°N, 15-18°N) over
BOB. The detected rise in pattern over these regions was found to be supportive of the
change in the RI locations over the basin.

Over AS, from Figure 7c, after 2013 a continuous rise in RH550 during pre-
monsoon season could be seen over all longitude regions, though the latitude regions
were different for each year. The RI TCs frequencies during 1999, 2001, 2010, 2018,
and 2021 coincide with the rise in RH550 by nearly 10-15% over the ocean basin dur-
ing pre-monsoon season. Analogously, for post-monsoon season, years with higher
RI activities such as 2014, 2015, 2018, and 2019 are found to coincide well with the
enhanced RH550 years. Until 2007, the elevated RH550 in the western longitudinal
regions of the AS basin facilitated increased RI (Figure 7d). Subsequently, there is a
shift towards the eastern sector of the basin as a rise in RH550 has been experienced
in the eastern parts after 2010. The variations are supported by the comparative rise in
SST during recent years for both seasons.

4.3 Vertical wind shear (VWS)

The apparent role of the ambient VWS in the intensification process is to encour-
age the growth of a storm cell by maximizing the strength of vertical motion,
low-level inflow and inflow depth, helicity, convective available potential energy,
and local shear in the downshear-left quadrant and near the center [43-46]. The
sequence of events for RI under a sheared environment as explained by Molinari and
Vollaro [44] are; (i) higher vertical wind shear produced persistent downshear rain-
fall and subsequent downshear vortex redevelopment within the precipitation shield
(ii) the tilting of this new vortex by the ambient shear created favorable conditions
for a strong cell to develop downshear in the storm core and (iii) this cell dramatically
enhanced the heating in the region of large kinetic energy efficiency and contributed
to subsequent RI of the storm.

During pre-monsoon season, the decadal average tropospheric VWS is seen to
be reducing by ~3.8 m/s over the central BOB region (Figure 8a) from the decade
1991-2000 to 2001-2010 (here onwards abbreviated as D1 and D2). The distribu-
tion of the difference is zonal, and the RI TCs during D1 is also observed to be nearly
zonal (Figure 3a). Whereas, during the decade 2011-2022 (here onwards called D3),
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Figure 8.

Differences in average decadal tropospheric VWS (m/s) during 1991-2000 and 2001—2010 for (a) pre-monsoon
and (b) post-monsoon season, and the corresponding differences for decades 2001-2010 and 2011-2022 over NIO
during (c) pre-monsoon season and (d) post-monsoon seasons respectively.

the gradient of the difference in average VWS between D2 and D3 is observed to be
from tropics to central BOB region (Figure 8c). This pattern reveals decreased VWS
(approximately 1.5 m/s) at lower latitudes transitioning to increased VWS (2 m/s) in
the central BOB. The meridional gradient of VWS is found to complement the change
in RI locations from being latitudinally aligned during D1 to longitudinal alignment
post-2010 over BOB. Over AS, for pre-monsoon season the enhanced tropospheric
shear distribution is observed to be NE-SW aligned (Figure 8c) during D3. This
alignment coincides with the zone of high RI TCs in the current decade, as depicted in
Figure 4a.

During post-monsoon season, the distribution of the difference between D1 and
D2 is meridional with reduced values over the northern bay of BOB to enhanced
values towards the equatorial region (Figure 8b). The distribution of RI TCs loca-
tion (Figure 3b) before 2005 coincides well with the observed distribution of VWS
difference during D2. While experiencing the alteration in VWS pattern in D3 for the
post-monsoon season, the most significant VWS gradients are noticed to be limited
to the region below 15°N over the BOB with the lowest VWS (~2.5 m/s) near Odisha
(20.23°N, 84.27°E) and northern Andhra Pradesh coast (Figure 8d). Surprisingly the
RITC location distribution has also shifted from a longitudinal pattern to a latitudinal
one, being confined below 15°N after 2010 (Figure 3b) under the effect of changed
tropospheric shear pattern.

Over AS, the change in the VWS pattern shows a reduction in values of tro-
pospheric shear for the post-monsoon season over the latitudinal belt 13°N-20°N
(Figure 8d) during D3. The region is seen to be associated with the region of higher
RITC activity locations (Figure 4b). The distribution of shear in which TC is embed-
ded defines the track and intensity of the storm. The average tropospheric VWS
over the NIO region ranges between 3 and ~20 m/s during pre-monsoon and post-
monsoon seasons and 5-12 m/s over the TC formation zones. The MPIR is higher for
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SSTs above 28°C over the WNP than over the North Atlantic, which is shown to be
related to the weaker (stronger) environmental VWS in regions with higher (lower)
SSTs over the WNP than over the North Atlantic. The weaker VWS has been reported
to affect the intensification process of TCs over NIO [25], hence although the annual
TC frequency has reduced over BOB, the RI TCs distribution is found to be modulated
by the prevailing VWS patterns.

4.4 Upper-level divergence

The divergence at higher altitudes leads to a reduction in surface pressure at the
storm center. This results in an escalation of the storm’s intensity as the speed of
converging surface winds rises. The converging wind accumulates enhanced heat
and moisture, promoting further warming of the core of the TC. The annual trend of
upper-level divergence at 200 hPa (Div200) over BOB is observed to be distributed
longitudinally between 85°E and 90°E with a reduction by ~1 x 10~ s™" per year dur-
ing the pre-monsoon season and a similar reduction is also observed over AS in the
latitudinal region of 10°N-18°N (Figure 9a). Figure 3a and 4a show that the distri-
bution of RI TC locations over BOB and AS is determined by DIV200 to a great extent
during the pre-monsoon season. The reduced DIV200 over both the basins help in

Trend of Divergence at 200hpa during premonsoon over NIO
W
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Figure 9.
Spatial distribution of linear trend of annual average upper-level divergence at 200 hPa over NIO region during

(a) pre-monsoon season and (b) post-monsoon season.
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trapping the lower-level heat flux generated within the TC core environment [47]
which helps the system to strengthen the lower-level wind and momentum towards
the center of the cyclone and thereby help to attain RI during its lifetime.

During post-monsoon season the regions where the TCs suffered RI, the DIV200
is observed to have an increasing trend. The in-up-out circulation due to enhanced
DIV200 in a convective region is associated with low to mid-level convergence and
upper-level divergence [48]. The Rl location gradient (Figure 3b) over BOB during
recent decades is analogous to the regions where the increasing annual Div200 trends
are spotted (Figure 9b). Likewise, the NE-SW aligned increasing DIV200 region from
60°E to 75°E (Figure 9b) is found to support the TCs to obtain their RI phases over the
AS during post-monsoon season. Interestingly, during the post-monsoon season, the
mechanism of intensification is that the increased divergence in the upper level helps in
enhancing lower-level convergence by ventilating the latent heat energy from the core
of the system to the upper atmosphere, and thereby ensures an undisrupted supply of
water vapor, mass, and momentum to increase the lower to middle-level spin up [49]
and tangential wind of the TCs to attain RI straightaway. The changing DIV200 distri-
bution is one of the major factors helping RI to migrate towards the coastal regions of
NIO. The upper-level divergence ensures the maintenance of the cumulus convection,
and thus it acts as a pump for the primary ingredients [50].

5. Conclusions and discussions

The TC frequencies and distribution have clearly changed during recent warming
climate scenarios. Studholme et al. [3] reported a poleward migration in latitudes of
peak TC intensity at a rate of ~0.5° latitude per decade. With the poleward migra-
tion of the TCs, any change in the spatial distribution of TC genesis location or
intensification would greatly affect the well-being of coastal lives. The local physics
interaction with the TC distribution in the current warming climate is a major topic of
discussion among researchers. Under the influence of changing climate, the tropical
expansion due to Intertropical convergence zone (ITCZ) movement will be primarily
driven by upper atmosphere warming whereas restrained by the surface warming
patterns. Consequently, the distribution of genesis and intensification of TCs would
be more controlled by the upper atmosphere variation. Similar correlations between
RI locations of TCs and atmospheric patterns are observed in the present study too.
Kaplan et al. [51] analyzed that VWS and upper-level divergence have the relatively
highest weights in predicting the RI of TCs over the Atlantic basin. With a decrease
in percentages of RI TCs over BOB and rising RI TCs over AS, presently a shift in the
distribution of RI of TCs locations has become apparent. The RI location gradient
during the pre-monsoon season is higher over the 85°E-90°E longitude region over
BOB. Over AS, the concerned location is found to be high over the latitudinal band
10-17°N. The distribution of RI location over BOB during post-monsoon season lay
parallel to the Indian coast during the decade D1 which changed to a curved pattern
confined below 15°N with longitude range 75°E to 95°E during D2 and D3, thereby
enhancing the vulnerability to the southern Indian coastal states, Andaman Nicobar
Islands and gulf of Thailand to the effects of RI TCs. Over AS, the distribution is again
observed to be latitudinal (nearly between 12°N-17°N) with increased frequencies,
making the Arabian coastal states as equally vulnerable as that of the Indian coastal
states. The enhanced SST is found to play a trivial role in the observed shift in the RI
locations over BOB and AS during both seasons.
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The average SST 27 to 29.6°C over BOB is found to be favorable for intensification of
TCs. The overall rising SST over 62°E to 78°E longitudes and below 17°N latitude region
during recent decades support the enhanced RI activity over AS basin, however, due
to the small data size of the RI TCs the results are insignificant. Moreover, no correla-
tion is observed between the extremely high SST anomaly during any year and the RI
TC activity. During pre-monsoon season over BOB, the anomalous rise (decrease) in
SST is found to be inversely related to the decrease (rise) in RH550, e.g., years such as
1995, 1998, 2000, 2008, 2010, 2016, 2019, etc. There are three possible reasons explana-
tion behind this behavior (i) the regions with high SST experience strong subsidence,
and the relative humidity at the upper level decreases as the air descends (ii) a vice-versa
relation of warm SST leading to a more stable lower atmosphere leading to the inhibi-
tion of vertical motion and the lifting of moist air to middle atmosphere (iii) increased
surface winds in recent climate [9] transporting the available humidity horizontally
to nearby regions. The slowdown of the tropical large-scale circulation in a warming
climate is linked with a weakening of convective mass flux caused by increased dry static
stability and reduced meridional surface temperature gradients in the tropics [52] is
another reason for the observed relation between SST and RH550. An enhanced average
RH550 (up to 75%) over southern BOB between longitudes 92°E—96°E is also observed
during the season. The enhanced VWS pattern over central BOB (85-90°E/10-15°N)
during the pre-monsoon season of D3 by 2 m/s than D2 and largest gradient zone over
BOB, host the highest number of RI TCs aligned in North-South direction during this
season. Bi etal. [53] suggested that the effect of shear on the intensification process
depends upon the size of the disturbance with larger TCs affected less by high VWS. The
displacement of the upper-level circulation is smaller in larger TCs, indicating that larger
TCs are less susceptible to VWS. The decreased DIV200 alignment again agrees well with
the observed RI TC distribution over the basin in the pre-monsoon season.

During the post-monsoon season over BOB, unlike the pre-monsoon season, the
observed inverse relationship between SST and RH550 is less pronounced. The average
RH550 has increased (~85%) in recent years and a prominent rise is seen over southern
and middle latitudes. The increasing RH550 and SST support the increasing tendency
in RI TCs, despite a decrease in annual TC frequency over the basin. The increase
(decrease) in RH550 during pre-monsoon (post-monsoon) over BOB and vice-versa
needs further investigation which is out of scope for the present chapter. The gradient
of change in decadal average VWS over BOB during post-monsoon season altered from
meridional to nearly zonal from D1 to D3, consequently varying the RI TC gradient from
NE-SW during early 2000 to confined below 15°N post-2005. A very clear reduction in
tropospheric VWS around the coast of Odisha and West Bengal is inhibiting the inten-
sification and landfall over the state in recent decades. High upper-level DIV200 implies
large vertical motion, and more air is taken out at the top than is brought in at the bottom
promoting the axisymmetric central core of the system favoring RI of the system.

Over AS, for pre-monsoon season the correlation between rise in SST and RH550
is observed for some years after 2010. However, the longitudinal regions that wit-
nessed higher RI TC activity are mostly dominated by a decreased anomaly in RH550
with enhanced SST anomaly. The noticeable VWS gradient in 10°N-15°N facilitates
intensification over the basin. The decadal average VWS over the belt is 5-10 m/s.

The decreased DIV200 over the region discussed here is found to support the RI TCs.
During post-monsoon season, the simultaneous increase in SST and RH550 could be
seen for most of the years post-1995, and regimes of higher RI TC activity are associ-
ated with increased RH500 and SST anomalies. The rise in RH550 to 60 and 75%
during pre-monsoon and post-monsoon over equatorial latitudinal zones supports
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higher RI activity over the eastern AS basin. The narrowing of the VWS gradient zone
over the central AS during the post-monsoon season and the substantial decrease in
average VWS by 2.7 m/s over 13°E—20°E favors the rapid growth of the system in the
current decade D3. The orientation of low-level mean flow with respect to the vertical
shear, and helicity of environmental wind has a relationship with TC intensification
and expansion [54-56]. The observed linear enhancement in upper-level divergence
is attributed to the observed distribution of RI TC locations which is possibly the

key factor for the observed RI locations pattern in recent years. The rising upper-
level divergence and reduction in VWS over the near central zone of AS also imply

a potential reason behind the increase in the number of TCs over the basin during

the post-monsoon period. Apart from the parameters discussed here in this chapter,
the pronounced transient zonal and meridional TC migrations are also expected to
occur in response to climate warming of the Hadley circulation, jet streams, EI Nifio—
Southern Oscillation (ENSO), and Intertropical Convergence Zone, which will be
covered by further extended work of this chapter.
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Abstract

This chapter provides a taxonomic approach to vulnerability precursors and
relevant inhibitors, tackling the entire disaster management cycle, through the
analysis of various vulnerability factors “before, during, after” a disaster. Specifically,
following the analysis of various existing approaches and models of human vulnera-
bility in disasters, this work proposes an actionable roadmap to identify the criticality
points (Critical Vulnerability Indicators - CVIs) under a comprehensive and inclusive
approach. In this regard, the following aspects have been elicited: (i) the background;
intrinsic weaknesses or possible non-compliance conditions, as well as the social
and economic status; (ii) the human-environment interaction; (iii) the governance
model; policies and approaches to disaster risk management; (iv) the tools; applica-
tion of new technologies and modeling tools. This taxonomic approach allows the
comprehensive understanding of vulnerability associated with different vulnerable
groups and beyond; it aims at a better understanding of the mechanisms that activate
and maintain vulnerability, under a dynamic and contextual perspective, highlighting
the importance of human variability and interaction with the physical environment.
The proposed vulnerability analysis approach could help the policymakers or the
relevant authorities to identify the critical points for building inclusive disaster risk
reduction and resilience strategies.

Keywords: taxonomy, human variability, physical environment, inclusiveness,
resilience

1. Introduction

In a world facing unprecedented changes in climate conditions, as well as
considering urbanization, population growth, and existing social and economic
inequalities, building disaster resilience against multi-hazards under the lens of inclu-
siveness is a challenging and urgent issue. The Sendai framework [1] defines strategies
aiming at disaster risk prevention and impact reduction; among them is the need to
reduce exposure and vulnerability of social groups and individuals. According to the
United Nations Disaster Risk Reduction Office (UNDRR), vulnerability is one of the
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components that define disaster risk; therefore, it is important to develop a taxonomy
of it for a better understanding of the factors that can act as precursors or inhibitors
of the effects of a disaster, as well as for improving the management of contextual
variables during a disaster and for building disaster resilience.

Nevertheless, any type of vulnerability analysis should be seen through an inclu-
sive lens, considering human variability in its broadest sense, in which the specific
needs of each person are considered. The need to consider human variability is
exacerbated in an emergency in terms of identifying the criticalities related to people’s
ability to respond in an emergency, or the contribution of the environment, devices,
and procedures that could affect emergency response capacities. For example, the
difficulties that an obese person or someone with heart problems may encounter in
an emergency scenario, as well as his/her capabilities to respond with autonomy to
the emergency may be different from a person with cognitive or sensorial impair-
ments or a foreigner. Human interaction with the physical environment relates to all
the external surroundings and conditions in which someone lives, or maybe when an
event occurs; it influences a person’s health or well-being and capability to react and
reverse a situation. Therefore, a comprehensive understanding of the overall context
is vital for tackling any type of vulnerability driver, namely the environment and its
context, among the most critical aspects that lead to greater vulnerability in individu-
als and social groups. Hence, it is crucial to move beyond the idea of classifying the
vulnerability factors associated “only” with individuals or groups, rather than under-
standing the mechanisms that activate vulnerability, as well as the interdependencies
among them, thus introducing a more dynamic and contextual perspective.

In that context, this work strives to provide a proposal for a taxonomy of vulner-
ability considering the above aspects and make it a tool capable of supporting the
strategies to be adopted “before, during, and after” an emergency event. It aims at
better understanding and identification of the factors that may act as precursors or
inhibitors of vulnerability, contributing to its management. Under this framework,
several models relevant to human vulnerability were surveyed to tackle the multidi-
mensional and changeable nature of vulnerability, encompassing social, economic,
environmental, and institutional factors. As a step forward, this work identifies a
series of criticality points (Critical Vulnerability Indicators - CVIs) under a compre-
hensive and inclusive approach. Developed within the recent research in the frame-
work of the CORE (sCience& human factOr for Resilient sociEty) H2020 project [2],
the proposed taxonomic approach provides a classification of vulnerability associated
with different vulnerability patterns, tackling the importance of human variability
and the interaction with the physical environment. Though, it goes beyond the classi-
fication of vulnerable categories, aiming at a better understanding of the mechanisms
that activate and maintain vulnerability, under a dynamic and contextual perspective.

2. Analyzing variables and eliciting mechanisms of vulnerability: state of
the play

The last two decades have seen an evolution of vulnerability concepts from
intrinsic people’s, societal characteristics, or categorizations toward a more dynamic
and ecosystem-driven approach. The research presented in this work is in line with
this trend and has started from a comparative analysis of the most acknowledged vul-
nerability models with the aim to deliver a framework for vulnerability interpretation
and forecast based on the relation of humans with their socio-physical context [3, 4].
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“Vulnerability’ can be defined as “the quality or state of being exposed to the
possibility of being attacked or harmed, either physically or emotionally” [5]. This
is a general definition that sets an overall framework for the concept which can be
further modified for specific contexts. In more detail, Sendai Framework terminology
on Disaster Risk Reduction defines vulnerability as the characteristics determined
by physical, social, economic, and environmental factors or processes that increase
the susceptibility of an individual, a community, assets, or systems to the impacts of
hazards [6].

Bohle [7] proposes a vulnerability model with two aspects: an external side, which
is linked to exposure to risks and influenced by various factors such as political-
economic approaches, human ecology perspectives, and the entitlement theory; and
an internal side, called “coping”, which is related to the capacity to anticipate, cope
with, resist, and recover from the impact of a hazard, and is influenced by the crisis
and conflict theory, action theory approaches, and models of access to assets.

Pelling [8] depicts a human vulnerability model defined by exposure, resistance,
and resilience. In his model, exposure is related to the location and characteristics
of the hazard. Resistance is related to the economical, psychological, and physical
health, as well as the capacity of individuals or communities to withstand the impact
of the event, while resilience is defined as the ability to cope with or adapt to the
hazard stress through preparedness and spontaneous adaptations once the event has
manifested itself.

When looking at the capability to react to and recover from adverse events, a key
reference is represented by the International Classification of Functioning, Disability,
and Health (ICF) from WHO [9]. The ICF is a multipurpose classification system
designed to serve various disciplines and sectors, such as education, transportation,
health, and community services in general. It includes a list of environmental factors
and is designed to serve various disciplines and sectors, as well as different countries
and cultures, providing a common language and framework for describing the level
of functioning of a person within its unique environment, which consequently leads
to intrinsic and contextual vulnerability features in relation to specific risks and situ-
ations [10]. The ICF aims to provide a scientific basis for understanding and studying
health and health-related states, outcomes, determinants, and changes in health
status and people’s functioning. Additionally, it permits the comparison of data across
countries, healthcare disciplines, services, and time and provides a systematic coding
scheme for health information systems.

Another comprehensive approach to vulnerability assessment has been developed
within the EU FP7 MOVE project [11]. It is based on a comprehensive and multidi-
mensional conceptual framework that focuses on vulnerability and risk to natural
hazards. This framework is built on two key concepts: the first one views risk as the
outcome of society’s exposure to hazards as well as its vulnerability, while the second
involves risk management and adaptation, aiming to alter the initial vulnerability
conditions or hazards. A previous extensive taxonomy of vulnerability was developed
by Birkmann [12], in which vulnerability is conceptualized at a series of increased
degrees of complexity and scales, from intrinsic factors to the likelihood to experience
harm up to the combination of multiple dimensions encompassing physical, social,
economic, environmental, and institutional features.

The framework named “Progression of Vulnerability or Pressure and Release
(PAR) [13] has a strong focus on social aspects, interpreting vulnerability as a charac-
teristic of the poorest of the poor in every society, especially those who not only suffer
income poverty but are also politically marginalized (no voice in decisions that affect
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them), spatially marginalized (resident in urban squatter settlements or in remote
rural locations), ecologically marginalized (livelihoods based on access to meager
natural resources or living in degraded environments), and economically marginal-
ized (poor access to markets).

Institutional studies on the epidemiology of injury and death in disasters in the
United States, support a dynamic model, avoiding people’s categorization which are
conventionally considered “vulnerable” and who are suffering disproportionately—
women, elderly people, undocumented immigrants, etc. [14]; it is highlighted that
patterns of vulnerability are far too complex and dynamic to support such sweeping
generalizations [15].

Cannon’s model [16] breaks vulnerability down into five components: livelihood
strength and resilience, wellbeing and baseline status, self-protection, social protec-
tion, and governance, identifying links, connections, and disconnections among
those components, as well as allowing to elicit vulnerability mechanisms. Similarly,
Turner and colleagues [17] propose a socioecological model, highlighting human-
environment linkages with feedback loops, encompassing multiple scales and dynam-
ics that can be cross-scale, in place, and beyond place.

Forensic Investigations of Disasters (FORIN) approach [18] is grounded in a
theory of social construction of disaster risk. It focuses on tackling risk creation
factors, aiming at underlying, root causes and dynamic processes in critical events,
which are linked to triggering events, exposure of social and environmental elements,
social and economic structures of exposed communities, vulnerability, resilience, and
institutional and governance elements.

Hufschmidt [19] model represents the flow and causal cascade due to the political,
economic, cultural, and environmental settings of a society, the socioeconomic profile
of a community, as well as the access to resources. According to the same model, access
to resources determines the adaptive capacity of a community; particularly, adaptive
activities can be realized before and in the aftermath of a harmful event or disaster.

The models and frameworks surveyed above highlighted the multidimensional
and changeable nature of vulnerability, encompassing social, economic, environ-
mental, and institutional factors. They emphasized the importance of understand-
ing exposure, resistance, resilience, coping capacity, access to resources, and the
socioecological context in assessing and addressing vulnerability to hazards and
disasters. However, it can be observed that interactions among the identified lay-
ers and category of variables are only mentioned at a higher level, making it poorly
applicable in practice the identification and consequent management of specific
factors that influence at small and local scales the level of vulnerability for individuals
or small specific groups. From this brief overview, it is evident that comprehensively
addressing vulnerability in actual preparedness and response operations is a crucial,
yet challenging topic for the inclusive and fair implementation of risk and disaster
management. Thus, any improvements will strongly rely on the extent to which
vulnerability mechanisms before, during, and after disasters are known, understood,
and incorporated in policies and plans for Disaster Risk Reduction and Management.

3. Needs and challenges for vulnerability consideration in policies and
plans

Why does vulnerability matter? Vulnerability should be included in the general
understanding of disaster risk because in that way it is acknowledged the fact that it
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does not only depend on the severity of the hazard, or on the number of people and
the assets exposed, but also on certain vulnerability precursors and exposure char-
acteristics. The levels of vulnerability and exposure help to explain why particular
hazards, which are not extreme, can lead to extended disaster impact, while others do
not. Particularly, it is often people’s vulnerability that is the greatest factor in deter-
mining their risk [20].

Disasters can have multiple impacts — death, injury and health impacts, displace-
ment, damage to homes and goods, deaths of livestock, food insecurity, disrupted
livelihoods, and more. Data concerning 2022, compared with the past years, shows
how everyone is vulnerable to natural hazards worldwide; the Emergency Event
Database EM-DAT recorded 387 natural hazards and disasters globally [21], resulting
in the loss of 30,704 lives (three times higher than in 2021) [22] and affecting 185
million individuals. Economic losses totaled around US$ 223.8 billion. For example,
the heat waves caused over 16,000 excess deaths in Europe, while droughts affected
88.9 million people in Africa. Hurricane Ian single-handedly caused damage costing
US $ 100 billion in the Americas. The human and economic impact of disasters was
relatively higher in Africa, e.g., with 16.4% deaths compared to 3.8% in the previous
two decades. However, it was relatively lower in Asia despite experiencing some of the
most destructive disasters in 2022 [22].

Based on the UNDRR, Global Survey Report on Persons with Disabilities and
Disasters in 2023, it came out that persons with disabilities are considered vulnerable
to disasters and hence, the world must act on unacceptable failures to protect them
[23]. However, it is necessary to outline the difference between persons with disability
and disaster vulnerability to better define the scope of this section. According to the
United Nations Convention on the Rights of Persons with Disabilities (CRPD) - art. 1,
persons with disabilities include those who have long-term physical, mental, intel-
lectual, or sensory impairments that, in interaction with various barriers, may hinder
their full and effective participation in society on an equal basis with others [24]. The
World Health Organization (WHO) estimated that about 16% of the global popula-
tion (1.3 billion people) currently experience significant disability, and this number
is increasing due to the population aging and the increase of non-communicable dis-
eases (—hidden disabilities) [25]. Almost everyone will temporarily or permanently
experience disability at some point in their life due to different factors [25].

However, it should be mentioned that persons with disabilities in poor countries
have heavier consequences due to the fact that vulnerability is determined by condi-
tions linked not only to their disability but also other structural risks, such as high
levels of poverty, poor sanitation, low levels of education, limited resources of health
and social care, and a lack of safety nets [26]. Hazards may transform into disasters
for persons with disabilities in low- and middle-income countries, and disasters can
have devastating effects on the social capital of persons with disabilities, disrupting
or destroying vital social support systems [27]. Another crucial aspect highlighted in
2007 in the World Disaster Report by the International Federation of Red Cross and
Red Crescent Societies (IFRC), is that some disasters also create a significant number
of new disabilities.

To promote inclusion and accessibility in the urban environment and to make
cities resilient, the UNDRR developed an annex for the inclusion of persons with
disabilities [28], which was added and included as a complement to the Disaster
Resilience Scorecard for Cities. Specifically, it has been recommended to (essential
01) include persons with disabilities in disaster risk governance and (essential 02) in
the creation of disaster risk scenarios because persons with disabilities have first-hand
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experience of the challenges they face and know better what can be done to enhance
their wellbeing. Inclusion of persons with disabilities in land use/building codes
(essential 04) to promote accessible and resilient urban design and development. To
this end, capacities need to be developed or strengthened in the key areas of disaster
risk reduction; understanding risk, prevention, mitigation, response, and recovery
planning, all with a disability-inclusive approach, engaging persons with disabilities
in institutional capacity (essential 06). The response to disaster must include persons
with disabilities and their needs, creating contingency plans for populations most at
risk - including persons with disabilities. Moreover, it is necessary to conduct regular
training drills and exercises covering all aspects of the overall emergency response
“system,” including community and volunteer considerations with an inclusive lens.
There is a need to integrate various professional groups (engineers, contractors,
Organizations of Persons with Disabilities (OPDs), health professionals with exper-
tise on disability, social workers, accessibility experts, etc.) into response prepared-
ness in order to involve them efficiently and effectively in preparedness, response,
and recovery operations (essential 09) [28].

A further challenge and need to consider vulnerability in policymaking is the
climate change threat that is affecting people’s lives now; populations around the
world are experiencing intensive floods, storms, droughts, heatwaves, and wild-
fires, which are expected to get even worse in the coming years. At the same time,
climate change is a risk amplification factor; rising temperatures [29] are negatively
impacting ecosystems [30], sea levels, and storm surges, affect the rainfall patterns,
but also amplify the intensity of extreme weather events; as a result, the increasing
volatility and unpredictability of the impacts, exacerbate the vulnerabilities of the
affected communities. The IFRC estimates that about 108 million people needed
international humanitarian assistance in 2018 because of weather or climate-
induced disasters, while many more people were affected and needed to rebuild
their lives using their own resources - often with support from family, communi-
ties, and governments. If the projected increases are coupled with the frequency
and intensity of weather extremes with the growing number of people living in
poverty, about 200 million people a year are expected to need humanitarian assis-
tance by 2050.

Disasters and conflicts themselves also play a major role in driving vulnerability
and exposure to future hazards [31]. Disasters can keep people in, or return people
to, poverty and other situations of vulnerability. When hazards combine, they can
multiply each other’s impact in ways governments, civil society, and the humanitarian
sector have not faced before. These include not only rising climate- and weather-
related threats, but also other shocks, such as pandemics and epidemics, earthquakes,
and financial crashes [32].

According to the above, there are certain challenges to tackle vulnerability issues in
disasters that are interconnected with inequalities: (a) lack of information and knowl-
edge of disability issues among governments and relief organizations; (b) exclusion
of persons with disabilities from disaster management and relief; (c) inaccessibility
of physical environments, preparedness measures, shelters, and relief aid; and (d)
stigma and discrimination [22]. Another challenge is the systemic risks; as multiple
disasters increase in frequency and intensity there is less time for the communities to
recover between them. These multiple shocks act like a domino effect that obstructs
populations from acting timely and coping with all the possible risks; for example,
the dangers of cyclones, flooding, drought, and heat waves existed while the world
was adapting to the COVID-19 pandemic.
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4. Advancing actionability of vulnerability dynamics and pattern

Advancing actionability among the involved parties for combating emerging risks
in a scene of uncertainties, dynamic conditions, and multiple emergencies, as described
in the previous sections, seems to be at the forefront of building disaster risk reduction
strategies and making cities and communities resilient agendas [33]. In this direction,
tackling vulnerabilities is a fundamental element for advancing people’s coping capacity.
However, trying to create just an inventory of vulnerabilities is not enough, if there is not
a clear understanding of the mechanisms that activate or preserve such vulnerabilities,
or if not be seen from a dynamic and contextual perspective. As the first step, different
types of vulnerability patterns were reviewed, and it became apparent that vulnerability
is a changing situation, challenging the inclusive and fair implementation of risk and
disaster management [34]; this statement was also proved in Section 2 of this work.

As a step forward, in this section, there is an effort to provide a taxonomic
approach of vulnerability precursors and relevant inhibitors, tackling the entire
disaster management cycle; vulnerability “before, during, after” a disaster, addressing
different types of vulnerability. This taxonomic approach could be used to assist the
policymakers and the relevant authorities in identifying the critical points for build-
ing state-of-the-art disaster risk reduction and inclusive resilience strategies.

Specifically, an actionable roadmap is proposed, where critical vulnerability
indicators (CVIs) are identified and classified as follows (see Figure 1):

i.Background: Intrinsic weaknesses or possible non-compliance conditions, as
well as the social and economic status and inequalities.

ii. Human-environment interaction.
iii. Governance model; policies and approaches to disaster risk management.

iv. Means and tools to cope with disasters; application of new technologies and
modeling tools.

Actionable roadmap of Critical Vulnerability Indicators (CVIs)

/ (i) Background\ / (ii) Human- \ /(iii) Govemance\ /(iv) Means and\\

Inherent Environment model tools to cope
weaknesses-Default Interaction with
Conditions disasters
(ia) Personal factors/ Human factor and (iiia) Policies

Application of new

) C(‘)mmunltles interaction with (iiib) Approaches Technologies and
(ib) Environmental environmental ing S
. Modelling tools
factors/Ecosystems factors
(ic) Social and
Economic
Qlatus/}}iancs /

J VAN VAN
S
Figure1.

Actionable roadmayp of critical vulnerability indicators (CVIs) and their interdependencies.
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The above indicators are to be considered in the context of the phases of the “disas-
ter cycle”, to represent what occurs “before, during, and after a disaster event”. In this
way it is easier to identify the different problems and weaknesses and hence, organize
and apply the most efficient methods and available tools of intervention, aiming at
reducing the consequences of an emergency event. The idea is that this roadmap is
dynamic, meaning that it should be regularly updated based on the specific condi-
tions and the characteristics of the studied region (demographics, social or financial
status, geographical area, etc.).

To better understand the usability of the roadmap and the interdependencies
among the proposed CVIs illustrated in Figure 1, an explanation per indicator is given
as follows:

The CVI (i), “Background” describes the inherent weakness and is subdivided
into three different categories: (ia) “Personal factors related to Communities”; for
example, data gathering by the relevant authorities or the stakeholders, regarding the
age, disabilities or impairments of the people that dwell in the area of their responsi-
bility; the limitations and specific needs for assistance of those people before, during
and after an emergency should be recorded by the relevant parties in order to prepare
the evacuation plans accordingly, (ib) “Environmental factors related to Ecosystems”;
this has to do with recording of parameters related to climate crisis and environmental
degradation, or of the failures and mistakes of the built environment (e.g., cities built
at areas directly exposed to hazards, such as wildfires or floods); non-accessibility
standards of buildings or shelters obstructing the safe evacuation for all in case of
an emergency; lack of universal design, (ic) Social and economic status; recording
of inequalities relevant to gender, nationality, religion, culture; financial, social
inequalities and lifestyle, e.g., recording the number of homeless people who are
directly exposed to disasters, as well as the undocumented people, the refugees, the
migrants, etc.; addressing the educational inequalities and find supportive financial
mechanisms by the local government.

The CVI (ii), “Human-environment interaction” is considered critical for vulner-
ability assessment because it is related to the human factor; human variability, and
interaction with various environmental factors. According to ICF [9] there are several
environmental factors, meaning the physical, social, and attitudinal environment in
which people live and conduct their lives, that can function either as barriers to or
facilitators of the person’s functioning. In that prospect, it is important to tackle the
built environment usability and affordance, specifically for people with impairments;
the lack of accessible environment is the reason for the vulnerability of those people,
e.g., in case of an emergency evacuation, accessible design of the building affects the
self-evacuation capacity of people with impairments. Another issue to tackle under
CVI (ii), is people’ risk perception in case of an emergency to be self-protected, and
hence reduce their vulnerability; this requires a widespread and shared safety culture
and familiarization of the population in following the guidelines by authorities, as
well as training on how to react in emergencies and evacuate under an inclusive per-
spective. The relevant stakeholders should organize simulation exercises on a regular
basis for inclusive disaster preparedness and response, as well as run campaigns for
raising awareness, especially for the populations that dwell in disaster-prone areas;
engaging citizens in disaster preparedness and response activities with the partici-
pation of local organizations, as well as organizations of persons with disabilities
(OPDs) which are actively involved in planning for a potential disaster event in any
area of the territory, as well as for responding to such events and for post-disaster
reconstruction and rehabilitation.
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The CVI (iii), “Governance model” is a critical factor that affects vulnerability,
since it outlines the level of involvement of different parties, “before, during, and
after a disaster”, addressing the possible interdependencies and interactions among
the various stakeholders and individuals that cope with disaster emergencies. This
factor is subdivided into two different categories, namely (ia) “Policies”; for example,
the locally-led action policy in terms of using local, traditional, and indigenous
knowledge in disaster risk management; multi-sectoral cooperation in disaster man-
agement; horizontal application of accessibility strategies in all sectors, as well as risk-
informed and inclusive policy-making, by engaging vulnerable groups of population
in disaster planning and response; civil protection guidelines provided in accessible
formats, and (ib) “Approaches”; for example, application of a bottom-up combined
with a top-down approach in disaster risk management by the governments, under a
people-centered framework; promote safety culture at multi-sectoral level; involve-
ment of non-governmental organizations (NGOs) in the disaster management cycle
phases, namely “before, during, after a disaster”

Finally, the CVI (iv), “Means and tools to cope with disasters” summarizes all
the available capabilities to restrain the vulnerability drivers that can be identified
based on CVIs (i) to (iii), explained above. It includes the possible application of
new technologies and modeling tools for anticipating risks. In that context, this
may include tools for accessible broad-casting of emergency messages (multilingual
alarms); inclusive and multi-hazard early warning systems; evacuation and risk
models; inclusive training platforms and accessible smart-phone apps for emergen-
cies; accessible crowdsourcing and social networks; data aggregation of disaster risks
and big data management using Al; integration of robotic platforms, such as UAVs or
UGVs in emergency management, before, during, and after a disaster, considering
also the human-machine interface interaction. It is apparent that the list of avail-
able means and tools for coping with disasters should be dynamically updated to be
state-of-the-art.

In Table 1, it is shown how the CVIs described above could be used by the policy-
makers and the relevant authorities, firstly, to identify all the possible vulnerability
drivers (vulnerability precursors and inhibitors), as well as the interdependencies
among them (see Figure 1) and secondly, to plan accordingly the prevention and
mitigation measures for building resilience strategies, based each time on the avail-
able means and approaches, as well as the governance model; this should be done
“before, during, and after a disaster”, considering the vulnerability dynamics under
an inclusive perspective.

Disaster phases Before During After
Vulnerability Vulnerability Precursors Vulnerability Precursors Vulnerability Precursors
drivers: and Inhibitors and Inhibitors and Inhibitors

Background (CVI-i)
Human-Environment Interaction (CVI-ii)

Disaster Preparedness-Prevention Response Recovery
management cycle:
Coping capacity/ Governance Model (CVI-iii)/Instruments &Means (CVI-iv)
resilience:
Table 1.

Interconnection of vulnerability “before-during-after” a disaster with the CVIs presented in Figure 1, inside the
disaster management cycle [34].
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Vulnerability types

Vulnerable group

1. Vulnerability per age

Sub-groups

1.1. (0-5 years old); Newborn (ages 0-4 weeks); Infant (ages

4 weeks - 1year); Toddler (ages 1-3 years) Preschooler (ages
3-5 years)

1.2 (6-18 years old); School-aged child (ages 6-13 years);
Adolescent (ages 1418 years)

1.3 (19-29 years old); Young adult

1.4 (30-64 years old); Adult

1.5 (>65 years old); Youngest-old (ages 65-74 years); Middle-old
(ages 75-84 years); Oldest-old (ages more than 85 years)

2. Vulnerability per type of Disability/
Impairment or Other diseases

Sub-groups

2.1 People with movement disability, e.g. lower or upper limps
impairment and/or body disability; Wheelchair users; Users of
walkers or canes

2.2 People with sensorial disability; Deaf, Blind; Deafblind

2.3 People with cognitive disabilities/Neurodevelopmental
Disorders; Intellectual Disabilities; Communication Disorders;
Autism spectrum disorder; Learning disorder; Down syndrome
(Neurogenetic disorder), etc.

2.4 People with Schizophrenia and Other Phychotic Disorders;
Depressive disorder; Bipolar disorder; Anxiety disorder; Epilepsy,
etc.

2.5 People with Neurodegenerative disorders or neurological
problems; Alzheimer disease (dementia); Parkinson’s disease;
Multiple sclerosis; Fibromialgia, etc.

2.6 Substance-Related and Addictive Disorders; Alcohol use
disorder; Drug addiction, etc.

2.7 People with other diseases; COVID-19; Hidden disabilities
(i.e. early-stage illness such as dementia, SLA, of chemo-therapy
patients); Chronic disease e.g., respiratory problems (asthma), high
blood pressure disorders, diabetes, allergies, etc.

2.8 People after surgery or accidents; Temporary disability
(movement, sensorial, etc.); Permanent disability (movement,
sensorial, etc.)

3. Vulnerability due to Pregnancy

4. Vulnerability of caregivers and
personal assistants

5. Vulnerability of tourists, foreign
workers/exchange students

6. Vulnerability of homeless people

7. Vulnerability of discriminated people

8. Vulnerability of people without
a social safety network/Internally
displaced people

9. Vulnerability of Undocumented
people/Illegal Migrants

10. Vulnerability of Refugees/ Asylum
seekers/Migrants

No sub-groups were identified for the respective groups on the left
column

Table 2.
Vulnerability types and related vulnerable groups and /or sub-groups.
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This approach has been recently introduced and elaborated under the CORE
H2020 project. Specifically, vulnerability analysis “before, during, and after a disas-
ter” was performed for selected “vulnerable groups”, explaining why these people are
at high risk in emergencies based on the critical vulnerability indicators presented in
Figure 1. In that context, ten (10) vulnerability sources were identified, together with
specific sub-groups (Table 2) [34].

In order to better understand how to analyze vulnerability “before, during, and
after”, considering the human variability, indicative examples are given in Table 3,
explaining why these people are at risk in each phase of the disaster cycle [34].

Table 3 of the vulnerability analysis indicates the big picture of the problems and
weaknesses, as well as the needs and the interaction with the environment for indica-
tive groups of people in each disaster phase, so that to be considered by the policy
makers or the relevant authorities for preparing disaster preparedness and response
plans, or other prevention and mitigation measures with inclusive criteria. This
analysis, together with the roadmap of the critical vulnerability indicators (CVIs)
previously showcased, could be a basis for further elaboration on the direction of
building disaster resilience strategies.

5. Conclusions

Based on the findings of this work, it seems that to increase communities’
resilience, it is necessary to consolidate a new approach that involves multiple aspects
and factors in relation to human variability and behavior within the actual contin-
gency conditions and the real physical environment. Climate change, population
growth, or migration can also contribute to the variability of disaster risks, empha-
sizing the need for inclusive strategies. Human and environmental factors, such as
settlement patterns, urbanization, and socio-economic conditions, significantly
determine disaster risk, with inequalities exacerbating vulnerability [35]. Addressing
these inequalities is essential for effective disaster risk reduction [36]. Reducing risk
goes beyond minimizing the damage caused by disasters and involves building a
culture of safety and resilience, as well as addressing and underlying the risk fac-
tors [28]. Policies and practices for disaster risk management should be based on an
understanding of disaster risk in all its dimensions of vulnerability, capacity, and
exposure of persons and assets [37].

In this context, our work highlights the importance of developing a taxonomic
approach for facilitating vulnerability understanding and assessment, as well as for
helping in building strategies to anticipate disaster risks and effectively act “before,
during, and after” a disaster with inclusive criteria. This work provides policymakers
or the relevant authorities with an actionable conceptual tool that could help them
identify critical vulnerability indicators (CVIs), support the understanding of vulner-
ability mechanisms, and improve the management of contextual variables.

Specifically, the proposed (CVIs) included: (i) the background; intrinsic weak-
nesses or possible non-compliance conditions, as well as the social and economic
status; (ii) the human-environment interaction; (iii) the governance model; poli-
cies and approaches to disaster risk management; (iv) the tools; application of new
technologies and modeling tools. Indicative examples were given to explain the four
suggested (CVIs). Tackling vulnerabilities under the proposed approach facilitates
the identification of the possible problems and weaknesses per disaster phase and
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the definition of vulnerability drivers. It also helps to understand interactions and
interdependencies among the different sectors so that we can timely engage all the
necessary parties in disaster management and strengthen the coping capacity of the
communities at risk, using each time the proper state-of-the-art prevention and miti-
gation tools each. It should be highlighted that the proposed vulnerability taxonomic
approach complies with the overall UNDRR Disaster Resilience Scorecard for Cities
approach [28], and can be used complementarily in a variety of contexts.

As a bottom line, it seems that trying to create just an inventory of vulnerabilities
is not enough to strengthen the disaster resilience of communities. Based on the
surveyed vulnerability models, it became evident that interactions among the identi-
fied layers and categories of variables so far have only been discussed at a higher level.
This fact makes it challenging to apply them in practice for identifying and managing
specific factors that influence the vulnerability of individuals or small groups on a
local scale. On the other hand, it is important to realize that the one solution-fits-all
models cannot be applied, especially under an inclusive approach; it is important to
take into account human variability and behavior, considering the spectrum of func-
tioning in a broader sense and interaction with the physical environment at multiple
scales, and adopting an inclusive dynamic approach for building disaster resilience.
The identification of critical points (Critical Vulnerability Indicators - CVIs), as well
as the vulnerability types “before, during, and after” a disaster provided in this work
could, represent an effective and dynamic approach to manage vulnerabilities with
inclusive criteria, in which all social, economic, and political aspects are analyzed,
transversally, considering them and their impact on individuals in the whole disaster
cycle. This approach allows to address multifaceted issues related to vulnerability,
with the aim of reducing the consequences of a critical event and taking an extra step
toward an inclusive safety concept, going beyond the idea of classifying vulnerability
factors and vulnerable groups into a fixed scheme and allowing the consideration of
a wider spectrum of human variability within specific and real contexts. It could also
support the advances in the design and use of new methods, tools, and technologi-
cal solutions as a tangible step toward collective resilience, systematizing the entire
supply chain, and engaging each individual actor or community in the broadest sense
of disaster resilience.
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Chapter11

Science-Policy Interfacing and
Community-Building for Disaster
Risk Reduction in the Area of
Natural Hazards

Philippe Quevauviller

Abstract

Disaster Risk Reduction (DRR) is at the heart of international and EU policies,
which involve a wide range of actors and cover multiple threats of natural and man-
made (accidental or intentional) origins. In the natural hazards sector, the increas-
ing severity and frequency of extreme weather/climate events, as well as a range of
geohazards, are triggering a high level of research worldwide. DRR research covers
various risk management features supporting policy development and implementa-
tion. In this respect, a huge body of knowledge has been developed in successive EU
Research and Development Framework Programmes in the last 15 years. In addition,
networking initiatives connected scientists, policy-makers, practitioners, industry
and civil society representatives in order to boost research uptake, identify gaps and
elaborate research programs at the EU level. Research and networking efforts are
crystallising into a wide community-building effort that gathers the above-mentioned
DRR actors. This chapter will provide a general overview of these initiatives.

Keywords: science-policy interfacing, community-building, disaster risk reduction,
natural hazards, EU research

1. Introduction
1.1 General framework

Disaster Risk Reduction (DRR) policies follow an integrated approach to the
management of natural and human-made hazards focusing on prevention, prepared-
ness and response, recovery and learning [1]. The 2015-2030 Sendai Framework for
Action [2] “Building the resilience of nations and communities to disasters” adopted
by 168 UN member states sets a voluntary commitment towards the improvement of
disaster resilience and disaster risk reduction as essential ingredients for the achieve-
ment of poverty reduction and sustainable development. It closely relates to EU
disaster risk management policies, in particular the EU Civil Protection Mechanism
[3]. Disaster risk management is also addressed through the EU Internal Security
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Strategy [4] and the resulting European Agenda on Security [5] and Consumer
Health Protection policies [6]. In addition, climate-related disasters are covered by
environmental and climate policies (DG ENV through the Flood Directive [7] and DG
CLIMA through the EU strategy on adaptation to climate change (Figure1) [8, 9].

Further development and implementation of these policies represent a complex
and ambitious challenge as they involve a wide variety of players. It involves countries
with specific national approaches (national action plans) for dealing with crises.
These are also differently organised in terms of disaster risk management capabilities
to be adapted to the diverse context. The European Union (EU) framework represents
a means and a real opportunity to discuss possible ways to improve coordination and
knowledge sharing among the various national approaches. It enables the develop-
ment of a common EU vision strengthened by a joint strategy and its implementa-
tion in this field. This requires bringing together key scientific, policy and industry
actors (including SMEs and start-ups), practitioners (e.g. first responders, police
representatives, fire fighters, civil protection units), NGO’s, citizens as well as other
stakeholders.

1.2 Civil protection policies

The Union Civil Protection Mechanism (UCPM) aims to facilitate reinforced
cooperation and coordination between the European Union and the EU Member
States (MS) in the field of civil protection, to improve the effectiveness of systems for
preventing, preparing for, and responding to natural and man-made disasters. It sup-
ports and complements the efforts of the MS for the protection, primarily of people
but also of the environment and property, including cultural heritage, in the event
of disasters. Built upon these policy instruments and on principles of solidarity, the
UCPM targets the development of an integrated approach to disaster management.
The overall mechanism takes due consideration of laws and international commit-
ments and exploits synergies with relevant Union initiatives such as the European

DRM INTERNATIONAL DIALOGUE ( Need to ensure links among different )
disaster risk reduction policies and networks
RESEARCH & | of actors of various horizons and disciplines
INNOVATION | from “upstream” (research)
FLAGSHIP PROJECTS \ to “downstream” (practitioners)
POLICY FRAMEWORK %]
A ROn B : - - POLICIES
L i UN Sendai Framework for Action ¥ s

RS S Disaster Risk Reduction - UNDRR) ~— == POLICIES
NETWORKS = — (O S =l T Key Actors:
Information, interface .4 /‘ Urited Nations (LN}
Pratictioners, policy-makers | ‘Y‘ EU Palicies
/-’_ = UNION CIVIL PROTECTION MEGHANISM (UCPM) bsiiniie o
|Geohazards| —7
\/ ﬂ’ \j NATURAL HAZARDS MAN-INDUCED RISKS im
N [camne [ Heaki) / EU Adaptation Strategy to Health  Non-Intentional Intentional umicAN |{(CORVE) |
— nazads Climate Change, Enviranment threats \ s
S Water Framework][ Flood Marine | [(Decislon) W .
[ e et [ Srem) () ;1 : W=
MARKET UPTAKE : i [ g:::sl;; l CBRN-E Action Plan J —
Industry / SME = [ Protection of
Saonianialion | International cooperation ] | crticalintrastructures

Soclelal Resilience | Protection

Integrated Disaster Risk Management of public spaces |
Standardisation

Technologies for First Responders

EU INTERNAL SECURITY STRATEGY

Policy sectors, research, industry /| SME, praticioners, civil society

Figure 1.
International disaster risk management landscape (from an EU perspective).
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Earth Observation Programmes (Copernicus). The UCPM is operationalised through
the Emergency Response Coordination Centre (ERCC) and RescEU in the form of a
voluntary pool of pre-committed capacities from the MS and trained experts. It also
recognises the role of regional and local authorities in disaster management. Outside
the Union, disaster response is coordinated with the United Nations and other rel-
evant international actors. Finally, the use of military means under civilian direction
may constitute an important resource to disaster response.

On technical grounds, the UCPM is working towards a general policy framework
on disaster risk prevention aimed at achieving a higher level of protection and
resilience against disasters by preventing or reducing their effects and by fostering a
culture of prevention. From this perspective, it promotes the review of risk assess-
ment, risk management planning conducted at national/regional level, and the
development of an integrated approach, linking risk prevention, preparedness and
response actions. Among the priorities is the action to improve the knowledge base
on disaster risks and facilitate the sharing of knowledge, recommended practices and
information, which is one of the core objectives of the recently launched Union Civil
Protection Knowledge Network.

The UCPM is also financing actions related to preventing, preparing for and
responding to disasters. These include EU Civil protection training programmes,
regular large-scale exercises, exchange of experts, prevention and preparedness
capacity-building projects (through annual calls for applications), logistical and
transport support for response missions, the development of crisis response capacities
under RescEU."

At the international level, the UCPM is closely related to the Sendai Framework for
Action 2015-2030 [2], which sets out an ambitious set of priorities to place disaster
risk reduction as a key element of sustainable development efforts, to define further
steps to reduce existing and emerging risks and foster disaster resilience. As stressed
in Council Conclusions on this matter, the EU supports a framework that strengthens
the contribution of disaster risk management to smart, sustainable and inclusive
growth by promoting the use and development of innovative technologies and
encouraging a more systematic and reinforced science-policy interface in disaster risk
management. These objectives are supported by Intergovernmental Panel on Climate
Change (IPCC) recommendations expressed in the special report on extreme events.’

1.3 EU strategy on adaptation to climate change

The EU strategy on adaptation to climate change [8] highlights the consequences
of climate change and the need for adaptation measures. It gives priority to early,
planned and coordinated action rather than reactive adaptation. The Strategy high-
lights the need for exchanges of best practice on how to best adapt to climate change,
also taking into account global impacts that, for example, lead to disruptions in the
EU of supply chains, or impaired access to raw materials, energy and food supplies. Its
overall aim is to contribute to a more climate-resilient Europe by enhancing the pre-
paredness and capacity to respond to the impacts of climate change at local, regional,
national and EU levels, developing a coherent approach and improving coordination.

! https://ec.europa.eu/echo/what/civil-protection/resceu_en

* Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation (SREX) —
https://www.ipcc.ch/report/managing-the-risks-of-extreme-events-and-disasters-to-advance-climate-
change-adaptation/
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The Strategy features a novel international component, aligning with the Paris
Agreement and other relevant international policies. A close coordination between
climate change adaptation and disaster risk management and policies is also required.
Several of the actions proposed, including those related to international aspects of
adaptation, are of direct relevance and in full synergy with DRR.

1.4 Water and marine policies

Specific policy instruments are in place in the water sector related to extreme
hydrometeorological events such as floods and droughts, in particular the Water
Framework Directive [10], which provides a legal tool to address water scarcity,’
by requiring long-term planning of water resources, economic tools to incentivise
efficient use of water resources and specific measures on water abstraction and water
efficiency. The strategic approach has been taken forward with the 2007 Commission
Communication on water scarcity and droughts [11]. The WFD includes all elements
needed to address adaptation to climate change. The definition of water status allows
to cater for climate change impacts, and the cyclical approach to regularly update
River Basin Management Plans provides the opportunity to constantly re-assess the
actual status of water bodies and take the most effective actions to preserve them. The
2019 Fitness Check of EU water law has shown that the Water Framework Directive
is flexible enough to address also drought and water scarcity issues, as it requires
Member States to achieve the overarching goal of good status of all their waters, and
when needed drought management plans should be elaborated and implemented.
Finally, the above-mentioned EU strategy on adaptation to climate change calls for
the wider use of drought management plans.

Flood prevention and management are tackled by the Flood Directive [7], which
requires EU Member States to assess and manage flood risks, with the aim of reduc-
ing adverse consequences for human health, the environment, cultural heritage and
economic activity associated with floods in Europe. The Floods Directive, which
coordinates its objectives with those of the WFD, has no deadlines (in recognition of
the ever-changing nature of flooding risk), but it provides a mechanism for assessing
and monitoring increased risks of flooding, taking into account the possible impacts
of climate change, and for developing appropriate adaptation approaches.

The Marine Strategy Framework Directive [12] is the EU’s main tool for marine
environmental protection. It looks at all pressures on the seas and ocean and brings
them together under one umbrella to tackle the cumulative impacts of human activi-
ties in one strategic framework. The Marine Strategy Framework Directive requires
EU Member States to set up marine strategies in respect of the marine region of the
Member States’ marine waters to achieve “Good Environmental Status”, one of the
criteria of which is the level of chemical pollution in the marine environment. This
includes acute pollution events, such as discharges, spills and emissions of hydrocar-
bons and other harmful chemicals from ships or offshore oil and gas installations,
or shipping accidents involving loss of containers. The 2020 report on the imple-
mentation of the Directive has shown that a reduction of such events has occurred
in the Baltic and Northeast Atlantic regions but more efforts are still needed in the
Mediterranean and Black Sea regions.

3 Water scarcity is a demand and supply issue, in which the increasing demand is greater than the available

resources.
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1.5 Serious cross-border threats to health

The protection of human health is a matter, which has a cross-cutting dimen-
sion and is relevant to numerous EU policies and activities. The Commission should
ensure, in liaison with the Member States, the coordination and exchange of informa-
tion between the mechanisms and structures established under Decision 1082/2013/
EU [6] on serious cross-border threats to health as well as activities that are relevant
to preparedness and response planning, monitoring, early warning of, and combat-
ing serious cross-border threats to health. Apart from communicable diseases, a
number of other sources of danger to health, in particular, related to other biological
or chemical agents or environmental events, which include hazards related to climate
change, could by reason of their scale or severity, endanger the health of citizens
in the entire Union, lead to the malfunctioning of critical sectors of society and the
economy and jeopardise an individual Member State’s capacity to react. The legal
framework set up under the above Decision should, therefore, be extended to cover
other threats and provide for a coordinated wider approach to health security at the
Union level. In the context of this Decision, an important role in the coordination
of recent crises of Union relevance has been played by an informal group composed
of high-level representatives from Member States, referred to as the Health Security
Committee, which plays an important role in responding to health threats (notably
in terms of crisis preparation, exercises on CBRN events and the listing of pathogens
and chemicals which pose a health threat) whilst the European Centre for Disease and
Control (ECDC) provides risk assessments for communicable diseases and biological
incidents. To address the COVID-19 pandemic, the Commission adopted diverse mea-
sures such as guidelines on EU Emergency Assistance on Cross-Border Cooperation in
Healthcare related to the COVID-19 crisis and recommendations on a common Union
toolbox for the use of technology and data to combat and emerge from the COVID-19
crisis, in particular concerning mobile applications and the use of anonymised mobil-
ity data.

1.6 Critical infrastructure protection and critical entities resilience

The EU Security Union Strategy for 2020-2025 stresses the importance of ensur-
ing resilience in the face of various risks. The smooth functioning of the internal
market depends on the reliable provision of services that are essential for societal
and economic activities in various sectors. Those essential services often are reliant
upon one another, thus disruptions in one sector can generate severe and long-lasting
effects on the provision of services in others. Those situations have significant conse-
quences for individual EU Member States and across the EU, and the functioning of
the Internal Market. It is therefore important that entities providing essential services
and the infrastructure they rely on are resilient against natural and man-made threats.
The EU Directive on the resilience of critical entities (CER Directive) underpins these
services [13] in ten sectors (energy, transport, banking, financial market infrastruc-
tures, health, drinking water, wastewater, digital infrastructure, public administra-
tion and space) and creates a framework to ensure greater harmonisation of rules
and to support Member States in ensuring that critical entities are resilient against
disruptive incidents, no matter if they are caused by natural hazards, accidents, ter-
rorism or public health emergencies. The CER Directive introduces an obligation for
Member States to have a strategy for ensuring the resilience of critical entities, carry
out a national risk assessment and identify critical entities. Those critical entities will
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be required to carry out their own risk assessments, take appropriate technical and
organisational measures in order to enhance their resilience and report disruptive
incidents to national authorities.

2. DRR actors/interfacing

Our societies nowadays have to deal with complex and transboundary crises
within which a more systemic approach with strict interconnection between risk
reduction and sustainable development is needed. Partnerships and collaboration are
mandatory to jointly address these challenges, in research, policy development and
their implementation [14].

As described in Section 1 of this chapter, risk reduction of any kind of disaster is
regulated by a number of international, EU, national and local policies and strategies
covering various sectors and features, such as awareness raising, prevention, mitiga-
tion, preparedness, monitoring and detection, response and recovery. In this respect,
the implementation of international policy initiatives (e.g. the Sendai Framework
for Disaster Risk Reduction) requires cross-border and cross-sectoral cooperation as
well as enhanced collaboration among different actors and strengthened knowledge
covering the whole disaster management cycle, from prevention and preparedness to
response and recovery (and learning).

Policy and research development and implementation, require establishing dia-
logues between a wide range of actors, naturally including policy-makers and scien-
tists, as well as practitioners, civil protection units, industry/SMEs and civil society.
While different sectors (e.g. health, civil protection, environment, security) face
common features regarding the overall crisis risk management cycle (from prevention
to preparedness, detection, response and recovery), they have all specific needs and
practices related to their field operations, which condition the proper transfer (and
implementation) of research outputs. In other words, this diversity of actors requires
that dissemination and communication of project results be tailor-made to different
sectors and matching policy needs. The large span of research (and capacity-building)
projects often leads to fragmentation of knowledge and sometimes to dispersion of
resources (e.g. risks of duplication, insufficient critical mass, etc.). The high level of
fragmentation of information often leads to a poor awareness of policy requirements
by research and industry communities and a poor transfer of research results to policy
and stakeholder communities. There is hence a strong need to establish a mechanism
enabling better information exchanges with regular updates for all possibly interested
organisations and effective interactions among projects and between different com-
munities. The transfer of knowledge and synergy-building needs are manyfold, they
concern interactions among policies (covering various sectors), scientific disciplines,
and interfacing about science, policy and “users” (e.g. practitioners). This transfer
also requires efficient relays from the international/EU to the national levels (e.g.
through advisory groups/committees linked to policy entities (UN, EU, Ministries/
Agencies), as well as from national to regional/local levels where operational actions
take place in case of disasters.

Bringing together multiple actors from various sectors and disciplines has a very
strong impact on various aspects of science-policy interactions. From the policy view-
point, access to research and innovation at different levels in the policy cycle (design,
development, implementation, review) relies on various research dynamics (program-
ming to uptake) in which all DRR actors should in principle be involved (Figure 2).
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This interfacing mechanism has been used in the water policy sector for more than

15 years [15, 16] and is operational in many policy sectors including DRR. It contributes
to enhanced cross-sectoral collaboration, cross-border interactions and cross-discipline
dialogue and networking between the scientific community, research institutions and
programmes, fostering a faster transfer of results from science into practice. It hasa
close link with research and capacity-building programmes and networking initiatives
referred to in Section 4. This long learning process is expected to be strengthened in the
forthcoming policy/research programming cycles.

Complementing this interfacing mechanism, the fact that various DRR actors are
now used to work together in research and/or capacity-building initiatives naturally
tends to create strong synergies among projects from different origins (i.e. funding by
different financial instruments). Besides the direct impact on improved societal resil-
ience and strengthened capacities of first responders in all operational phases related
to any kind of natural and man-made) disasters, this move to project clustering has a
high potential in terms of building up a critical mass of resources and issuing stronger
recommendations to DRR policies actors. This has an impact on cross-border coor-
dination of the disaster risk management cycle and governance from international
to local levels. This trend is now embedded into community-building developments
(see Section 4) and contributes to enhanced exploitation of the latest scientific results
and integrated technologies into enhanced understanding of high-impact hazards
and improved prevention, preparedness for mitigation, response and recovery tools.
Another important lesson learned is related to networking involving as many DRR
actors as possible to exchange information and experiences, thus strengthening the
interfacing depicted in Figure 2. What remains to be developed is a mechanism to
build-up an international network of (international/national/regional) networks.
Such entities readily exist but the situation remains fragmented, which is largely
due to the fact that civil protection policies are of regalian nature, which may limit
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Science-policy interfacing.
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larger networking. In this respect, UNDRR might have a role to play to encourage
and implement such network of networks. Coming closer to the regional/local levels
would have a strong impact on enhanced understanding and improved knowledge
and situational awareness of disaster-related risks by citizens, empowered to act and
consider innovative solutions, thus raising disaster resilience.

3. DRR research trends

3.1 Introduction

Within the EU Horizon Europe Framework Programme (2021-2027), the Cluster
3 “Secure Societies” funded and is currently funding research actions that support
the implementation of EU policy priorities relating to security, including disaster
risk reduction and resilience and improving cross-sectoral aspects of crises in various
sectors. The Secure Societies programme includes four thematic areas one of which is
called “A Disaster-Resilient Society for Europe” (referred to as DRS in this chapter).
Within this thematic area, there is an established culture of comprehensive collabora-
tion at the international level, taking due account of the transnational dimension of
different natural and man-made hazards and their drivers (such as climate change).
Cooperation includes developing tools and technologies, sharing knowledge, experi-
ences, expertise and mutual learning on disaster-risk management, with synergies
sought with the Union Civil Protection Mechanism (UCPM). With an annual budget
of +30ME, the Secure Societies programme’s DRS thematic area funds research
projects related to societal resilience and disaster risk governance, technologies for
first and second responders, and support to interoperability.

The development of multi-hazard disaster preparedness and response plans
is required, together with strategies to ensure their implementation on national,
regional and local levels, be it through regulation or incentives. Examples of solution-
oriented research developed within the Disaster-Resilient Societies area (DRS) are
manyfold, the following section gives some examples of current trends that are taken
from the Work Programme of the Horizon Europe Secure Societies Programme.

3.2 Current trends
3.2.1 Societal vesilience

Societal resilience-related research focuses on various types of areas, one of
which is on improved understanding of risk exposure and its public awareness in
areas exposed to multi-hazards. The awareness of multiple hazards (natural and
man-made) and the understanding and assessment of risks and their consequences
is a critical and fundamental step towards the development of local, national and
international policies and strategies within all phases of the disaster risk manage-
ment cycle, in particular preparedness. The availability of reliable scientific data
and information (including historical occurrences and climate projections) to
anticipate future disaster events or crisis situations, considering uncertainties inher-
ent to natural systems characterisation, and effectively supporting decision-making
processes at all levels represents a global challenge for both the research community
and governance institutions. Actions at national/local and global/regional levels rely
on knowledge of risks in all their dimension and changeable nature. A strengthened
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understanding of risks by the population (and decision-makers) is therefore needed,
based on both records of past events and forecasts and projections (with quantified
uncertainties) that reflect consideration of evolving trends and dynamics over time
and space. This is particularly acute in the case of multi-hazard risks, that is, occur-
rences of several disasters either in cascade or at once. Moreover, the work needs to
be complemented with improved knowledge on how risk awareness and actions are
influenced and shaped by diverse aspects such as past events, cultures and tradi-
tions. The understanding of multiple disaster risks (and related awareness) relies

on knowledge gained about historical data and information about past events and
related lessons learned as well as the ability to forecast and assess future risks under
uncertainty (including impacts of pandemics, as well as global change, including
climate trends and earth system and environment dynamics). These complex interac-
tions between human decisions and multiple hazards require novel risk assessment
approaches such as agent-based modelling and systems dynamics methods. This

will result in improved preparedness actions built upon these analyses (e.g. defining
evacuation routes, responsiveness of health services, etc.). Social media also plays a
role in disaster analytics. For example, an increasing number of location-based social
network services can provide time-stamped, geo-located data that opens new oppor-
tunities and solutions to a wide range of challenges by analysing the extracted public
behaviour responses from social media before, during and after disaster events. When
using social media data, the design for data collection and analysis has to respect
fundamental rights, privacy and data protection and analyses have to take related
societal effects in online and offline environments into account as well as possible
disinformation and fake news. Also, risk awareness, understanding and preparedness
are unequally distributed along a wide range of variables (socio-economic, cultural,
regional, etc.) that may generate drawbacks and conflicting issues with respect to
groups’ vulnerability.

Improving societal resilience to disasters or crises relies on various features related
to the preparedness of citizens, communities, education systems, public administra-
tions, business companies and practitioners. These concern, in particular, ways to
react and informed decisions to take in case of an event. Individual, public and multi-
level actions are needed in disaster risk management and they have huge implications
on potentially reducing losses and increasing the operational capacity of responders,
along with significant impacts on the emergency planning and management phases
and its relation to continuous operations and existing safety management. In par-
ticular, the level of awareness of EU citizens of the risks in their region is an indicator
for measuring progress in increasing public awareness and preparedness for disasters
and in the implementation of the Union Civil Protection Mechanism legislation.
Besides the required risk understanding, research is needed in several domains. With
regard to public administrations, it is relevant to conceptualise how to increase risk
awareness by building processes capable of fostering a long-lasting coalition with
citizens around the objective of reducing vulnerability. This implies the definition
of action protocols and models of responsibility that mobilise the intervention of
individual employees of public administrations. With regard to business companies
and practitioners, it is relevant to integrate their emergency activities in the local
context. With regard to citizens and communities, it is necessary to design prepared-
ness actions enabling the empowerment of citizens (including particularly vulnerable
groups), their communities and NGOs through bottom-up participatory and learn-
ing processes. This includes school/university curricula and professional training
and trust building among local actors, integrating relevant traditional knowledge,
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incorporating a gender perspective where relevant, best practices, guidelines and
possible changes of regulations, to allow participatory actions. Difficulties in com-
munication to the public in preparedness (and response) phases require the consider-
ation of legal aspects, along with investigations into innovative practices, forms and
tools that will enable the more effective sharing of information, taking into account
possible risks of disinformation and fake news. These will support citizens in acting
efficiently by themselves, through enhanced collaboration and communication and
improving information exchanges between local authorities (including first and sec-
ond responders), vulnerable populations (e.g. socio-economic groups, ethnic groups,
people with illnesses or disabilities, children, elderly, hospital patients), and the pri-
vate sector. Moreover, recent crises have shown that there is a large sense of solidarity
among the population during a disaster or crisis situation. Many citizens who were
not involved in disaster relief organisations before the crisis want to offer support to
their fellow citizens and the broader community in times of crises. These initiatives of
“spontaneous volunteers” are however most efficient if they are informed and trained
and if their valuable contributions are coordinated with the authorities and first and
second responders on the ground. Preparedness plans, tests and continued adaption
on how best to manage spontaneous volunteers and integrate those into the response
are needed.

3.2.2 Tools for integrated disaster visk reduction of natural hazards

In contemporary society, the capacity of communities and governments to man-
age expected and/or unexpected extreme climate events depends heavily on effective
governance throughout the entire Disaster Risk Management cycle. This covers opera-
tional mechanisms ranging from short-term actions (e.g. early warning and forecast-
based actions) to long-term adaptation strategies and resilience building, including
nature-based solutions. A coherent integration between Disaster Risk Reduction,
Climate Adaptation policies and Sustainable Development Goals as fostered by the
European Green Deal and major UN initiatives should result in a comprehensive
resilience framework while improving synergies and coherence among the institu-
tions and international agencies involved. The effective implementation of global and
European risk governance and policies to enable integrated disaster risk reduction
for extreme climate events requires a collaborative involvement in risk assessment
and information sharing across involved institutions, including the civil and private
sectors and the population. Cross-regional, cross-border and cross-sector agreements
covering all phases of Disaster Risk Management can improve the knowledge about
extreme climate events, such as forest fires, droughts, floods, heatwaves, storms
and storm surges. In addition, improving effective prevention, preparedness and
response rely upon specific national or local expertise and experience. It is important
to overcome silos between technical and political authorities at all levels and advo-
cate integration among involved actors. Multi-risk governance frameworks related
to climate extremes, shifting from single to multi-risk thinking in governmental
agencies, represent the key challenge for the future, considering how measures to
improve the resilience of the built environment and communities may provide effec-
tive solutions to strengthen adaptation measures. Creating an overview of existing
knowledge, integrating tools and developing new ones for resilience and emergency
management should include careful planning for interoperability among many actors.
It is important that solutions pay attention to societal side-effects of integrating data
about emergencies, for instance, Apps, where persons concerned tend to share more
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willingly, but do not reflect the consequences of that. Thus, the development of data
management tools for emergencies needs to respect fundamental rights, data protec-
tion and avoid function creep.

Another axis of research looks at enhanced assessment of disaster risks, adaptive
capabilities and scenario building based on available historical data and projec-
tions. The assessment of disaster risks requires different types of actions ranging
from soft measures to technologies. Simulation-based risk and impact assessments
represent an effective approach to make science understandable to decision-makers
and streamline national to local mitigation/adaptation actions. This is especially the
case if they are integrated with evaluation tools for cost-benefit/effectiveness and
multi-criteria analyses, data-farming experiments, serious games, and are tailored
to meet end-user’s needs, to assess the effectiveness of alternative options in differ-
ent phases of the Disaster Risk Management cycle. Specific risk assessments should
be decision- or demand-driven and informed by scientific evidence, and there is
a clear need to translate the results to ensure they are relevant, usable, legitimate
and credible from the perspectives of the users. Co-design, co-development, co-
dissemination and co-evaluation engaging the intended end users represent in this
sense key features of improved risk, resilience and impact assessments. In the first
place, the acquisition of data is an essential feature and this requires innovative
solutions for faster risk assessment and reduction. This includes the identification
of precursors for different types of threats, supporting the design or improvement
of risk-targeted monitoring programmes. In addition, risk assessments themselves
are primarily designed to predict the likelihood of a specific event, whereas what
is of primary concern is the impact of that event on society, infrastructure, gov-
ernance, etc. Numerous experiences gathered in the natural hazards area showed
that an enhanced assessment of risks and scenario building may be improved by
taking into account reliable data (both quantitative and qualitative) and historical
occurrences, when available, including disaster loss data (studies of past events in
particular low-probability/long-time recurrence events). This includes for example a
higher completeness of the historical-geological records of volcanic eruptions, major
earthquakes, tsunamis, etc. In the case of extreme climate events such as storms and
related storm surges, or health crises (outbreaks, pandemics) the analysis should
draw on the outputs of state-of-the-art climate projections, including by taking into
account the uncertainties brought on by climate change and our state of knowledge
of the key processes underpinning the functioning of the Earth system. In cases
where there are not enough historical data and a high level of uncertainty, assess-
ments and decision-making will have to rely on qualitative data. The action should
take into account disaster loss databases and risk data repositories in Member States
and relevant hubs.

4. International networking and community-building

Understanding and exploiting the existing linkages and synergies among
policy initiatives such as the Paris Agreement [17], the EU strategy on adaptation
to climate change [8], the EU Green Deal [18], the Sendai Framework [2] and
the Sustainable Development Goals (SDGs) [19, 20] represents a global prior-
ity for future research and innovation actions in the field of natural hazards and
man-made disasters. For the response side, international cooperation on research
and innovation with key partners has the potential to identify common solutions
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and increase the relevance of outcomes. Enhanced cooperation and involvement
of different sectors and actors are essential, including policy-makers, scientists
from various disciplines, industry/Small and Medium Enterprises (SMEs), public
administration (both at national and regional/local levels), credit/financial institu-
tions, practitioners, Non-Governmental Organisations (NGOs) and Civil-Society
Organisations (CSOs), notwithstanding the citizen dimension. Cross-regional,
cross-border and cross-sector agreements covering all phases of Disaster Risk
Management can improve the knowledge about natural hazards, such as forest
fires, droughts, floods, heatwaves, storms, as well as geohazards [21]. In addition,
improving effective prevention, preparedness and response rely upon specific
national or local expertise and experience. Like in research, it is important to
overcome silos between technical and political authorities at all levels and advocate
integration among involved actors.

Research project outputs in various sectors covering natural hazards materialise in
many different ways, such as relevant scientific findings, the maturation of promising
technology areas, the operational validation of innovative concepts or the support
to policy implementation. Over the years, a strong security research community,
driven forward by highly committed stakeholders, has been consolidated at different
levels (international, European and national). Policy-makers, practitioners, industry,
scientists and citizens (civil society, municipalities, etc.) are the pillars on which
sound research agendas are built in. The dialogue among different actors guarantees
not only that research addresses real needs, but also that the investment in research
will deliver tangible results. One example of a wide community-building aiming to
facilitate interactions within the research community and users in various areas of
security research is the Community of Users for Safe, Secure and Resilient Societies
(CoU) launched by the European Commission in 2014. This informal platform
enabled to gather policy-makers, scientists, practitioners, industry/SMEs and civil
society organisations at international and regional levels, creating dialogues around
research in various thematic areas, including natural hazards, and building “bridges”
among different sectors (areas, disciplines and actors), which was an essential step
forward. Dialogues and events had a clear effect on enhancing the participation of
practitioners in research projects, in particular by promoting research results that are
relevant to them, including the most promising tools that might have the potential
to be taken up by them, and ensuring that their expertise is made available to policy-
makers. Synergies were also stimulated between research and capacity-building
projects. In light of the positive impacts of this community-building, the initiative
has grown up since 2019 into a more ambitious network of networks in support of
Horizon Europe: the so-called Community for European Research and Innovation for
Security (CERIS). This forum has a large scope with various thematic areas, with the
following objectives:

* Raising awareness on major updates in relevant policy sectors and on results
achieved by related research and non-research initiatives, analyse impacts and
provide policy recommendations.

* Analysing identified capability needs and gaps in the corresponding thematic areas
(within Thematic Working Groups and other networks) and prioritisation of
related research orientations based, at least, on criticality and urgency, in order
to produce recommendations for a civil security research agenda.
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* Identifying solutions available to address the gaps, differentiating state-of-the-
art technologies (off-the-shelf and Development & Integration products) and
security research trends. It will also take into account other considerations, such
as technological maturity, operational relevance, societal acceptance, cost-
effectiveness, etc.

* Translating capability gaps and potential solutions into research needs (including
scenarios linking research needs to capabilities and societal appropriation,
Technology Readiness Levels, development roadmaps, research action types,
perspectives of research uptake, etc.) and getting feedback from practitioners
about prioritisation of the needs, inputs to research programming and involve-
ment in research activities.

o Identifying funding opportunities and synergies between different funding instru-
ments and propose measures to facilitate them.

* Identifying standardisation needs through existing networks/platforms and priori-
tise them in close consultations with policy-makers and practitioners.

* Integrating the views of citizens so as to promote responsible research and innova-
tion which respects ethical considerations and civil liberties.

5. Conclusions

Enhanced risks related to natural hazards and their impacts call for enhanced
capacities in risk and resilience management and governance, including instruments
for better prevention and preparedness, technologies for operational practitioners,
and where relevant for citizens, and overall for societal resilience. The increasing
severity and frequency of geohazards (earthquakes, volcanic eruptions, tsunamis,
landslides), of extreme weather events (e.g. floods, heat and cold waves, storms,
forest fires) combined with health-related crises such as the COVID-19 pandemic
have demonstrated how societies have become more exposed and vulnerable to
disaster risks as existing global inequalities often exacerbate both the exposure and
vulnerability of communities, infrastructures, health systems, economies and nature.
To enhance our resilience, research will obviously play a key role but the community
work, gathering many different actors will need to be strengthened to guarantee
that research outputs reach the users and find their way into innovation and market
uptake pathways. This is certainly one of the greatest challenges ahead, which requires
to work together and limit the fragmentation of sectors, disciplines, expertise, etc. as
much as possible.

Regarding concrete impacts of research outputs on policy implementation, dif-
ferent situations may occur according to the type of regulations, either of regalian
character (prone to Member States sovereignty) or linked to EU policies (binding
character). In the first case, sectors concerned and related policy implementation are
under the sole responsibility of National authorities, while the European Commission
may provide support (e.g. through research funding) and facilitate coordination
among Member States (e.g. through Advisory Boards, expert meetings, etc.); this is
typically the case of security, civil protection and health sectors. In the second case,
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EU policies are adopted by the European Council (hence by the EU Member States)
and Parliament, and transposed into National laws; examples of this are water policies
(described in Section 1.4) and other EU policies of binding character. We may wonder
what are the (positive or negative) effects of these different policy settings regarding
the implementation of research outputs?

In the first instance (sectors of regalian character), research is developed as in
other fields with the difference that some deliverables may be of a classified nature
(EU-restricted or -confidential) and research outputs may be disseminated to
National authorities via respective Advisory Groups or Committees, thus possibly
supporting national policies. The uptake of research is hence very much pending
upon matching needs and decisions by the National authorities. The fact that there
are no EU-binding rules may represent a drawback in that research outputs from
EU-funded projects might not match directly national needs. On the positive side,
many projects are working on tools/technologies that may directly support national
capacities, whatever the absence of EU-binding character, and are interoperable,
hence usable at the international level (e.g. technologies supporting first responders’
operations in the case of a disaster). This is a direct effect of effective coordination on
a voluntary basis, an example of which is the Union Civil Protection Mechanism. On
the negative side, classified information, albeit shared with National authorities, will
likely not have an interoperable character and respond to specific national needs with
a less effective dissemination potential at the EU level (e.g. security-related method-
ologies). In this case, it is delicate to set metrics to check the effectiveness of research
support to policy implementation because analyses must be done in consideration of
each national policies and practices. This also applies to possible criteria comparing
policy implementation costs versus research results.

In the second case (sectors prone to EU regulations), research is designed to
respond to well-defined policy requirements that are embedded into identified EU
policies. In other words, research outputs will support policy implementation needs
that are common to all Member States. Under this circumstance, research uptake
will be all the more facilitated that it will respond to national needs regarding the
implementation of the (transposed) EU regulations. A typical case concerns the
management of flood risks, the framework of which being set by the EU Flood
Directive. While the national implementation is carried out at the river basin man-
agement level, common rules are applied at the EU level and research outcomes have
thus more chances to find their way to concretely support policy implementation. In
this case, metrics to check effectiveness of research support to policy implementation
are easier to set because they deal with common policy rules at EU level and regular
exchanges among research projects and policy implementers (in the case of water
issues, from EU to river basin levels). Economic analyses to assess the effective-
ness of research results on policy support are in such case facilitated because of the
EU character.
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Chapter 12

Understanding and Integrating
Systemic Risk (SR) into Disaster
Risk Reduction (DRR) and Risk
Informed Development (RID) for
Long-Term Resilient Development

Johanes A. Belle, Carolina Veldsquez, Marcus Oxley
and Ketevan Getiashvili

Abstract

In the late twentieth century, there was a remarkable paradigm shift from
overreliance on disaster response to disaster risk reduction (DRR) (though practically this
is not very evident), and from early twenty-first century, the international community
made another paradigm shift from single hazard or multiple hazard analysis to evaluating
risk from a systematic, cascading, interconnected, and compounding approach. Another
pattern is emerging from pure DRR to risk-informed development (RID). RID is
supported by many international protocols such as the Sendai Framework for DRR 2015~
2030, SDGs or Agenda 2030, Paris Agreement on Climate Change, New Urban Agenda
(NUA), Agenda for Humanity, and Addis Ababa Action Agenda. There is increasing
evidence that disasters are increasing in frequency and intensity with exponential rise in
economic, human, infrastructural, and environmental damages. There is also a growing
trend in the dominance of climate-related disasters especially hydrometeorological disas-
ters. Despite many global initiatives, we have also not succeeded in significantly reducing
vulnerabilities and exposure of people, their assets, livelihoods, and the environment to
growing natural and human-made hazards. Risk to these hazards is therefore growing
globally but most especially among the poorest of the poor in developed and developing
countries. There is therefore need for innovative approaches to analyzing risks and
drafting strategic plans at national and local levels if we hope and intend to build resilient
communities and systems. To address the identified lacunas as discussed above, this
chapter focuses on expanding the understanding of systematic risks to reveal their inter-
connectedness and cascading and compounding effects and critically discuss the princi-
ples, practice, and relevance of RID alongside the enabling environment of RID in the
context of the current and foreseeable changing global environment. Lastly, to use three
case studies (Lesotho, Colombia, and Georgia) to highlight the importance of using SR,
RID, DRR, and CCA as foundation blocks for resilience and sustainable development. The
unique contribution of this chapter is that it integrates SR, RID, DRR, and CCA into
resilience building to promote sustainable development.
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1. Introduction

Risk-informed development (RID) is an approach to development that takes
account of multiple threats and complex risks. RID can be achieved by mainstreaming
both disaster and climate change risks and their management into everyday
decision-making around development [1-3]. Risk is a normal and inseparable part of
economic activities and development, which therefore entails proper planning and
integration.

RID is supported by many international protocols such as the Sendai Framework
for DRR 2015-2030, SDGs or Agenda 2030, Paris Agreement on Climate Change, New
Urban Agenda (NUA), Agenda for Humanity, Addis Ababa Action agenda, and so
forth (Figure 1). Regional frameworks in Africa like New Partnership for Africa
Development (NEPAD), Southern Africa Development Community (SADC) DRR

—
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Figure 1.

Components of risk-informed sustainable development (Source: FSD & DCF [4]).
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Unit, Africa Strategy for DRR, and so on all support RID [2, 4-7]. However, disaster

risks are often not viewed as systemic with interlinkages, connectivity, and cascading
and compounding effects. The local and international communities often turn to rely
more on managing disasters instead of managing risks. The principles and practice of
RID therefore aims to bridge the gap between managing disasters and managing risks.

It is no hidden secret that disasters are becoming more frequent, intense, and with
greater impacts. For example, the decade from 2000 to 2019 recorded 7348 major
disaster events that affected 4.2 billion people, claimed 1.23 million lives, and resulted
in approximately USD 2.97 trillion in global economic losses [8]. Most of the disasters
were climate-related with dire effects on human health, livelihoods, food security,
water supply, human security, and economic growth [8-10]. Most affected were the
world’s poorest, whose vulnerability is rising due to socioeconomic and political fac-
tors, including urbanization and competition for scarce resources [2, 5, 8]. Besides
climate risks, there are other compounding risks such as those linked to fragility,
conflict, climate security, and epidemics/pandemics, like COVID-19. Risks are
becoming systemic in nature with interlinkages and cascading and compounding
effects [1-3]. The top three countries with the highest disaster risk worldwide are the
Philippines (WRI 46.86), Indonesia (WRI 43.50), and India (WRI 41.52). The conti-
nent with the highest disaster risk is the Americas, followed by Asia, then Africa,
Oceania, and Europe [7]. Africa has the highest vulnerability, and the top country
with the highest risk index in Africa is Mozambique followed by Somalia [7]. The WRI
uses 100 indicators from scientifically proven sources that are comparable and repro-
ducible [7]. The indexes are therefore reliable. Risk is normally a product of the
hazard, exposure, and vulnerability, counteracted by the coping and adaptive capac-
ities of the community or the available quality and quantity of the community’s assets/
community capitals.

In order to reduce community vulnerability and exposure to increasing hazards, a
more proactive and sustainable approach is to ensure that all development initiatives
are risk informed.

Disaster risks are not adequately taken into account in development planning and
programming. Besides, the current international risk management approaches do not
consider multiple, interconnected, interlined risks with compounding and cascading
effects. Though DRR and DRM are globally preached, the reality is that international,
regional, and even national agencies still focus and allocate more resources on man-
aging disasters rather than managing risks. For every USD 10 spent on humanitarian
aid, only USD 1 is spent on DRR. There is therefore a great need to integrate disaster
risk considerations into development policies, planning, and management, including
financial instruments. RID therefore aims to bridge the gap between disaster manage-
ment and risk management in order to build resilience and promote sustainable
development or the UN Agenda 2030 [3, 6, 11].

2. Systematic risks: interconnectedness, cascading, and compounding
effects

Systemic risk (SR) and system thinking are interlinked and recommended in risk
analysis. Disaster risk is a product of hazard (s), vulnerability, and exposure cautioned
by the coping capacity of the community or society (Figure 2).

Systemic risk is the interaction between climate change (CC) and natural hazards
with complex, interdependent, and interconnected networks of social, technological,
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Hazard (H) X Exposure (E) X Vulnerability (V)
Coping Capacity (C)

Disaster Risk (R) =

Figure 2.
The risk equation (Source: GLZ/GIDRM & RS [12]).

environmental, and economic systems. SR represents a paradigm shift from hazard-
to-hazard risk assessment to assessing risk as a complex and interwoven system. The
behavior of the network determines exposure and vulnerability at all scales. Systemic
risks produce cascading and compounding impacts that spread within and across
systems and sectors (e.g., ecosystems, health, and food) [6, 13]. It is therefore imper-
ative to analyze risk not by studying single or multi-hazards but by equally looking at
the interconnectedness and compounding and cascading impacts. Some researchers
will call this chain impact analysis. For example, a climate risk like reduction in
rainfall may end up in violent public protests. Figure 3 below presents an example of
cascading risk with chain impacts.

In order to fully understand the systemic behaviors of disaster risks with their
cascading and interconnected impacts, it is vital that the researcher adopts a system
thinking approach. The multidimensional nature of risk necessitates a systems approach
that develops shared understanding across traditional boundaries and builds broad-
based constituencies and coalitions for joint actions in alternative development path-
ways [12]. System thinking requires a whole-of-government or whole-of-society
approach involving complementary activities across different dimensions of the
enabling environment, including multi-level actions that strengthen linkages with local
realities, with regional, national, and international frameworks and processes [12].

The current and emerging risk landscape undermining sustainable development is
increasingly multidimensional, with high levels of interdependency, feedback loops,
and uncertainty. Developing a shared understanding of systemic risk can increase
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Figure 3.

SR with chain/cascading impacts (Source: GIZ/GIDRM &% Resilience Solutions [12]).
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stakeholder awareness of how the “whole” system behaves. This can support the
identification of leveraged entry points and opportunities for joint actions that make
optimum use of available resources across sectors and stakeholders.

In general, conventional risk assessment tools tend to focus on a single-risk
approach, although new methodologies and enhanced tools are increasingly being
developed to understand the interlinkages and identify the proximate and underlying
causes of multidimensional risk. Understanding the multidimensional and systemic
nature of risk is a prerequisite to developing holistic approaches that offer opportuni-
ties to both strengthening resilience and building sustainable development.

3. Principles, practice, and relevance of risk-informed development and
its enabling environment

Increasingly, interconnected climate and disaster risks are on the rise,
undermining progress in sustainable development. Reversing this trend requires
enhanced risk-based decision processes to avoid creating risk through poor
development choices and ensure that development is sustainable and resilient.

According to the UNDRR Global Assessment Report (GAR) 2022, the frequency,
magnitude and impact of disaster and crisis is on the rise, with increasingly complex,
interconnected risk cascading across geographies and sectors, pushing some countries
toward existential limits (Figure 4).

The UNDRR GAR report [6] opined that by 2030, at the expiration of the Sendai
Framework for Disaster Reduction (SFDRR), disasters will increase by 40%; droughts
will double; extreme temperature events will triple; 340 million people will need
humanitarian assistance, and ending poverty (a strong driver of disaster risk) will be
elusive [3, 5, 6, 11, 12].
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Figure 4.
UNDRR GAR 2022 Risk Trend (Source: UNDRR [6] ).
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Despite progress being made, the creation of risk is outstripping disaster risk
reduction. The rapid accumulation of risk is not only a threat to development, but the
development process itself can be a major driver of risk. Reversing this upward trend
requires enhanced risk-informed approaches that are able to understand and manage
both “risks to” and “risk from” development [12]. Risk-informed planning and
decision-making is fundamental to preventing the creation of risk and a prerequisite
for more resilient and sustainable development.

The core rationale for integrating risk reduction into development planning is
based on the understanding that risk is a normal and inseparable part of development
activity. Risk has both positive and negative connotations: negative risk is understood
as the potential for loss and damage; while positive risk is the potential to realize
benefits and opportunities caused by changes in the environment.

3.1 Enabling environment for risk-informed development (EE4RID)

The enabling environment for risk-informed development is defined as a complex
web of policy, regulatory, organizational, procedural, and cultural conditions that can
institutionalize risk within development policy, planning, and budgeting [1].

As a normal part of development activities, risk is determined by society’s percep-
tions, needs, demands, decisions, behaviors, and practices, including the prevailing
political economy, gender relations, and inequalities. In effect, the enabling environ-
ment forms the normative framework of an overall “risk governance” system required
for the public sector to advance a risk-informed approach [12].

In general, complex societies comprise an intricate web of policy and planning
instruments, institutional arrangements, stakeholders, and activities that are
interconnected and can be mutually reinforcing, which make it relatively resistant to
change. Accordingly, effecting change requires a whole-of-society, whole-of-govern-
ment approach (from national to local level) whereby changes in institutional policy
and legislation have to coevolve with changes in societal norms, values and individual
behaviors (Figure 5) [12].

Figure 5.
Map of Lesotho showing the drainage system (Source: Adapted from DMA [14]; GoL [9]; LMS [10]; LVAC [15]).
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Figure 6.
EE for RID (Source: GIZ/GIDRM ¢ RS [12]).

In the Republic of Colombia, the focus of the RID pilot project was to accompany
the orientation process for the application of the “Technical Guidance for Comprehen-
sive Risk Assessment in the Context of Climate Change.” With progress in sustainable
development being undermined by increasing disasters, the guidance was developed
by UNDRR and GIZ to provide a framework for the comprehensive assessment and
management of multidimensional risk [16]. The developed EE4RID is presented in
Figure 6 and discussed in detail thereafter.

4. Understanding RID, DRR, and CCA nexus

Risk-informed development has its origins in the field of disaster risk reduction,
although it remains a relatively new and still emerging concept. Within the UNDRR
[17] definition of disaster risk reduction, RID aligns with “prospective” disaster risk
reduction practices that seek to minimize the creation of new “negative” risk to a level
the society considers acceptable. The primary reason the Sendai Framework will not
achieve its expected outcome of a substantial reduction in disaster losses is because it
is not effective in preventing or minimizing the creation of new risks. From a devel-
opment perspective, RID involves understanding and capitalizing on “positive” risk
opportunities that can strengthen resilience, improve development performance, and
enhance competitive advantage.
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DRR is about prevent new risk, reducing existing disaster risk, and managing residual risk,
all of which contribute to strengthening resilience and therefore to the achievement of
sustainable development [6]. DRR and CCA share common characteristics than differ-
ences, and both are precursors in building community resilience. DRR and CCA have
common concerns in managing climate-related risks; they both share a common goal of
reducing vulnerability and achieving sustainable development. They share a common
conceptual understanding of the components of risk (product of exposure and vulnera-
bility to hazards) and the processes of building resilience. DRR is often the first line of
protection against weather- and climate-related disasters [5, 7, 14].

To build resilience, the RID approach also requires understanding and promoting
socio-ecological processes including the use of nature-based solutions (NbS) as height-
ened in the Lesotho and Columbia case studies. Risk-informed development occurs
within a specific landscape forming part of a socio-ecological system. Risk-based
approaches should consider the dynamic interaction of development investments with
the natural environment, particularly the functioning of ecosystems services that have
important provisioning, regulating, and protection benefits that can influence risk factors
of hazard, vulnerability, and exposure and build resilience [12, 15, 18].

5. Demonstrating the interconnectedness between SR, RID, DRR, and CCA
for resilience and sustainable development using three case studies

A community that is not resilient to its recurrent hazards cannot achieve sustain-
able development. In the same token, any development projects within the commu-
nity that are not resilient to recurrent hazards cannot be sustainable. Developing
countries especially those in Africa generally have very low resilience to socio-natural
disasters. In a study conducted by Khan et al. [19], using the IMF adopted index-based
resilience that uses 62 indicators and focusing on the period between 1995 and 2019,
the authors selected nine key indicators and examined 91 countries, 24 developed
countries and 67 developing countries, to construct a disaster resilience index (DRI).
The results showed that developed countries were more resilient to “natural disasters”
with Switzerland at the top with a DRI of 0.787, followed by Germany and France
with a DRI of 0.777 and 0.751, respectively. On the other hand, at the bottom of the
ranking were Cameroon, Haiti, and Democratic Republic of Congo with DRI of 0.257,
0.249, and 0.227, respectively [19]. Though these results may not be conclusive, they
however paint a general global picture on the distribution of risks.

The Global Initiative on Disaster Risk Reduction (GIDRM) commissioned Resil-
ience Solutions (RS) to increase understanding and strengthen the enabling environ-
ment required for the successful application of risk-informed development (RID)
planning and decision-making in different country contexts. The case studies that
follow heighten the need to integrate SR, RID, DRR, and CCA in order to build
community resilience and promote sustainable development.

5.1 Lesotho: “Creating an Enabling environment for RID to build resilience in the
water sector”

5.1.1 Introduction

Lesotho like the rest of Africa is very vulnerable to the impacts of climate change.
The hazard profile of Lesotho demonstrates many climate and environmental-related
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hazards, which then have cascading effect on the water, food, and energy nexus.
Lesotho is heavily dependent on water resources, including rain-fed agriculture, and
therefore very vulnerable to the impacts of climate change.

Notwithstanding the above, Lesotho is considered as the water tower of southern
Africa where 40% of the Orange-Senqu basin water come from the mountain topog-
raphy of Lesotho. The water, popularly known as the “white/liquid gold” of Lesotho,
is then harnessed and sold to neighboring countries particularly South Africa through
transboundary water transmission tunnels by the Lesotho Highland Water Project
[9, 12, 20, 21]. The Orange-Senqu River basin also supplies water to neighboring
countries like Namibia and Botswana.

Table 1 below presents important facts about Lesotho, while Figure 1 shows the
drainage system in Lesotho that provides the “white/liquid gold.”

The Metolong Dam in the southern Puthasiana Catchment was used as a case study
in this project, which was commissioned in 2020 by the GIZ-GIDRM to assess and
identify any risk-informed development (RID) and the enabling environment (EE)
related to river basin management and infrastructure systems to adapt to climate
change and build local resilience [1, 12, 20].

Location Completely surrounded by South Africa

Area 30,355 km?

Administration 10 Administrative Districts (Butha-Buthe, Berea, Leribe, Mafeteng, Maseru,
Mohale’s Hoek, Mokhotlong, Qacha’s Nek, Quthing, and Thaba Tseka) with
Maseru as the capital city

Topography and Mountains (59%), foothills (15%), lowland (17%), and Senqu River Valley (9%)

ecological zones

Climate Temperate with alpine influence (hot summers and very cold dry winters)

Annual rainfall Varies (Senqu River valley with 500-1200 mm in north and eastern escarpment)

Annual evaporation rate 1400 mm in highlands to 1600 mm in lowlands

Drainage and water sector Two main rivers, Senqu and Caledon (see Figure 1). LHDP and MDWSP

main water projects

Population 2 million (2016)

Population growth rate 0.67% (2016). Retarded by the impacts of HIV/AIDS

Life expectancy

56 (2016)

Rural population

66% (1.3 million)

Adult literacy rate

86%

Unemployment rate

32.8%

Inflation rate

5.5% (2019)

Average GDP growth rate

1.6% (2018)

HIV/AIDS

23.6%

Major hazards

Drought, flood, extreme cold, snow, HIV/AIDS, COVID-19, climate change,
environmental degradation

Main economic activities

Agriculture, textile industry, water sale (40% volume of water in the Orange
Senqu Basin)

Table 1.
Lesotho overview facts.
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5.1.2 Methodology

Based on existing normative frameworks, methodologies and practical resources
developed by UN agencies, government, and nongovernmental organizations to sup-
port DRR and CCA mainstreaming, an initial conceptual framework for risk-informed
development, were developed by GIDRM and RS [12]. The EE4RID framework was
further elaborated and validated through a series of stakeholder consultations and
direct experience gained from practical application in the RID pilot countries of
Lesotho, Columbia, and Georgia. This initial Framework is flexible and can be
expanded and modified (Figure 6).

In order to assess the enabling environment for RID to build resilience in the water
sector in Lesotho, the following processes were followed:

* Identification of Disaster Risk Reduction (DRR) policies, climate change,
strategies, and legal frameworks in Lesotho, which incorporate RID their
relevance, existing gaps, and constrains in their implementation

* Undertook preliminary risk analysis to understand systemic and interconnected
risks impacting Metolong Dam Water Supply Project (MDWSP) like catchment
degradation/desertification, soil erosion (reduced surface water infiltration/
groundwater recharge), dam reservoir sedimentation, reduced design life and
storage, and loss of water supply resilience in extreme weather conditions
induced by climate change.

* Conducted hazards and vulnerability assessment to identify key hazards and
factors of vulnerability related to water sector in Lesotho.

* The EE baseline assessment involved a desk-based analysis of relevant country
and sector policy and program documentation, together with virtual/face-to-face
consultations interviews with relevant specialist-stakeholders.

¢ Identification of relevant stakeholders (Line Ministries, NGOs, and UN
Agencies) relevant to water sector were mapped including their mandate,
contact details, and identified focal person in that regard. This was done in order
to have a database of relevant stakeholders on Water sector and the Metolong
Dam [12].

Based on the components of the developed EE framework for RID, a baseline
assessment on the status of RID in Lesotho was undertaken, with a particular focus on
the water sector and river basin management, that is, MDWSP.

5.1.3 Results and findings

These findings are based on the survey that was conducted by the RID team in
Lesotho involving identified stakeholders in the water sector; consultation with some
key informants, review of documents including policies and plans, as well as field
observation by the RID team.
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5.1.3.1 Policy and regulation

* Lack of RID policy imperative and political ownership at strategic and

operational levels.

Strategic and operational plans do not take into account the impact of systemic
risk and RID. The National Strategic Development plan II (NSDP II) while trying
to map out a growth path for Lesotho and creating job and alleviating poverty,
little or no considerations were placed on RID and the systemic/cascading effects
of risks.

Many water-related policies exist some with overlapping mandates. The
implementation of these policies is weak, and there is little accountability
mechanisms built into these policies.

5.1.3.2 Finance and resources

Disaster management budgets primary focus on response and recovery, which
are post-disaster activities.

Investment criteria do not take systemic risk into account.

Lack of coordination of external funding sometimes creates overlaps and gaps in
executing RID.

Lack of systemic risk analytical tools, standards, guidance, and best practices for
RID approach.

5.1.3.3 Knowledge and information

* Understanding of systemic risk, RID, and EE was at different levels, and some
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stakeholders were still not able to link RID and EE in their daily organizational
operations. This is an indication that the country needs trainings on systemic risk,
RID, and EE as well as practical application of the concepts.

RID remains a relatively new concept; many respondents were unsure of the
differences between DRR activities and RID approaches. Some respondents had
strong feelings that effective and efficient coordination of disaster-related
activities is the main priority to address systemic risk.

In general, stakeholders were able to identify specific threats and risks in
Lesotho, although these were not seen from a systemic risk lens. Any future
capacity-building initiative should fully explain the concepts of RID, EE, and
systemic risk, with consideration as to how the RID approach can be incorporated
into the NSDP III for a safer, more sustainable development in Lesotho [9, 15].

Some respondents were able to identify the key actors and some limiting factors
in the implementation of RID and how politics inhibits effective implementation
of RID. This implies that the training of politicians should be considered for their
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support and buy-in during the development and implementation of policies and
legislations that support RID.

* Limited access to relevant risk information was observed. Information sitting at

different departments are not easily disseminated to all the relevant stakeholders.
Disaster management plans are not well communicated to all the users especially
the most at risk communities.

5.1.3.4 Culture and people

* Lack of inclusion of at-risk people or whole of society approach within the

development planning processes was observed. It was not also clear how the
youth were engaged in the development planning processes.

* Gender issues still persist with limited empowerment of women in owning assets.

Some legislations still consider women, even married women, as minors, and this
may limit their ability to acquire assets, for example, obtaining bank loans
without the approval of their husband. Also, only boys are given the cultural right
to inheritance much to the disadvantage of the girl-child [15].

5.1.3.5 Partnership and collaboration

* Limited coordination and collaboration with other external development partners

in Lesotho was identified. Most investments are tailored to address the current
needs of the country without internalizing the possible negative impacts of any
development that is not risk informed.

GIZ has many good projects in Lesotho. It is still not clear whether these projects
are integrating the principles and practice of RID in their activities. Another
finding is that enough synergy is not built among these projects; there is still
evidence of silo operations. For example, it was not clear how the RID team, the
Public Infrastructure Engineering Vulnerability Committee (PIEVC) team, and
Renoka project complement each other in the country [12].

5.1.3.6 Organigational arrangements

* There was lack of clarity on which government departments should lead the RID
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and EE approach. Though the Disaster management Authority (DMA) already
has a legislative mandate without much authority to coordinate other
departments during emergencies, other structures like the National Task Force
for drought relief exist above the authority of the DMA. Besides, the DMA has
limited capacity to monitor the implementation of RID in Lesotho.

The need for coordination or working together beyond traditional boundaries
was strongly emphasized for effective application of RID and EE in Lesotho.
During PIEVC workshop, the stakeholders reiterated that collaboration and
partnerships in risk assessments are key in combating the effects of climate
change on the water sector. The ongoing activities supported by GIZ through
Renoka and Integrated Catchment Management can be used as an entry point to
advocate for the inclusion of RID and its enabling environment.
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Based on the tasks and objectives for the RID project in Lesotho, which was
executed by RS, the following were observed:

* RID project highlighted the relevance of an RID approach in Lesotho.

* Preliminary “national-level” risk assessment focused on water sector identified
interconnected nature of risk, cascading across social, economic, and
environmental capacities—informed by Lesotho disaster losses data—although
Lesotho has no comprehensive disaster loss and damage database, but some
relevant data is available

* Metolong Dam and Water Supply system is a Critical National Infrastructure
(CNI) asset in Lesotho. However, the full risk and impact of climate change on
the Metolong Dam and Water Supply Project (MDWSP) is not fully known.

* The understanding of systemic risks was used to undertake a risk analysis of
Lesotho National Strategic Development Plan (NSDP) II (2018-2022). Although
a new NSDP III plan is due for drafting, the current 2018-2022 plan has been
extended for the next 5 years because the plan was not fully implemented due to
COVID-19. The analysis emphasized the adverse impact of systemic risks
manifested at operational/sectoral level as well as at the national/strategic level.
Unless addressed, increasing systemic risk will pose an existential threat to the
achievement of Lesotho’s socioeconomic and development objectives, as
currently defined within the NSDP II.

* Minimizing the creation of systemic risk will require coherent actions at both the
strategic (NSDP) and operational (sectoral) levels where the ICM could provide a
good entry point for risk-informed development [10, 12, 14, 20].

5.2 Colombia: “Technical Guidance for Comprehensive Risk Assessment in the
Context of Climate Change”

5.2.1 Introduction

Although risk can be considered a normal and inseparable part of economic activ-
ities and development, the rapid accumulation of disaster and climate risk (and
associated loss and damages) is largely rooted in inappropriate or “flawed” develop-
ment. To reduce risk to an acceptable level, there is a growing need to better under-
stand and address risk drivers within development planning, plans, and decision-
making processes. This will require strengthening risk governance capabilities to
address both “risks to” and “risks from” development. In the Republic of Colombia,
the focus of the pilot project was to accompany the orientation process for the appli-
cation of the “Technical Guidance for Comprehensive Risk Assessment in the Context
of Climate Change.” The framework below was used (Figure 7).

5.2.2 Methodology

The RID process methodology consisted of several core steps as indicated below
(Figure 8):
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Sk i) entry points for DRRand CCA  urgency to act
OBJECTIVES, GOALS, VALUES
Figure 7.

Comprehensive visk assessment framework [12].

* Inception (Scoping, Planning, Stakeholder engagment)
* Induction & validation - Enabling Environment Framework

* Preliminary Risk Assessment
* Policy & stakeholder mapping

Figure 8.
The RID process methodology [12].

In the Colombia context, four main tools were selected for consideration
for the RID:

i. National Development Plan 2018-2022;
ii. National Plan Climate Change Adaptation;

iii. National Plan Disaster Risk Management;
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iv. A series of regional workshops organized by GIZ-Fondo Accion centered on
“Tools and Challenges for Comprehensive Risk Management and Planning in
a Changing Climate” [12, 22].

The main identified hazards in Columbia are indicated below (Table 2).
It is also worth noting that Colombia ranks among the top 10 countries with the
highest number of forced displacement due to armed conflict.

5.2.3 Findings

The adoption of a risk-informed development approach has not been achieved to
date in Columbia.

5.2.3.1 Policies and vegulation

The strategic development paradigm in Columbia is still primarily driven by
short-term need to promote rapid economic growth that places excessive strain on
ecosystem protection and its regulating services. This exacerbates social inequalities,
particularly for indigenous and agrarian-based people who are dependent on the
declining natural resources.

5.2.3.2 Finance and resources

There were limited financial resources for disaster risk management, particularly
at the local government level. Available funding is primarily focused on response and
recovery triggered by high-severity events, although the cumulative impact of smaller

1. Hydro-meteorological 5. Biological
* Floods * Coronavirus
* Storms * Dengue/Zika/Chikunguna
* Strong winds * Yellow fiver

* Animal diseases and pest

2. Climatological 6. Environmental
» Wildfires * Deforestation/ecosystem degradation
* Droughts * Biodiversity loss
e Climate change—Extreme weather * Desertification/soil erosion

* Invasive species

3. Geohazard 7. Chemical
* Mass movements—Landslides/mud flows ¢ Industrial spillage
* Earthquake * Pollution
* Volcanic
4. Technological 8. Conflict and instability
» Fire * Armed conflict/insecurity
¢ Industrial accidents * Involuntary/forced displacement
* Transport incidents ¢ Terrorist attacks
* Cyberattack/data breach * Organized crime—Illicit drug trafficking

Colombia Hazard/Threat Profile—Main Recurvent Hazards in Red.

Table 2.
Columbia visk profile.
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scale events is bigger than that of larger, less frequent events, with greater relative
impact on low-income households.

5.2.3.3 Organizational arrangements

There were fragmented and outdated sectoral and territorial policies and plans that
are onerous to implement, siloed in disciplines and sectors, with a lack of coherent
working relationship among disaster risk reduction, climate change, and development
actors.

5.2.3.4 Knowledge and information

Another identified gap was that there was limited understanding outside of disas-
ter management actors, of the relationship between development, disasters and risk,
and the need for risk-informed approaches.

5.2.3.5 People, culture, and environment

There are underlying issues of poverty, gender and social inequalities, as well as
exclusion, that marginalize at-risk people and result in grievances and conflict.

5.2.3.6 Partnership and collaboration

Though there are many role players identified for DRR and CCA, they work in
silos. International donors and development agencies have also not fully embraced the
concept and application of RID in their projects and activities.

Informed by discussions with relevant stakeholders, a broad range of entry points
were identified across all six dimensions of the enabling environment that could
support the integration of risk considerations into territorial and sectoral development
planning processes. It was apparent the orientation process for the comprehensive risk
assessment provided a strategic opportunity to increase understanding of the
multidimensional risk and its relationship with development. The guidance applies a
conventional risk assessment methodology with its main phases of risk identification,
analysis, and evaluation. Results of the assessment are subsequently used for risk-
informed decision-making and development planning, with a focus on integrating risk
reduction measures.

Colombia is the second most biodiverse country in the world, hosting 10% of the
planet’s biodiversity. In line with principles of nature-based solutions and putting risk
to human and ecological systems at the center, the strengthening of Colombia’s rich
and complex ecosystems could contribute to net biodiversity gains and support
climate mitigation and adaptation, reduce the impacts of climate extreme events while
contributing to the country’s overall competitive advantage and transitioning to a
greener more resilient economy [22].

Accordingly, a risk-informed development approach framed within socio-
ecological systems could consider risk not only to avoid adverse consequences, but
also as an potential to bring benefits and opportunities created by external changes.
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An understanding of negative and positive risk can support multidisciplinary efforts
to strengthen resilience and address both “risk to” and “risk from” development with
multiple co-benefits.

The EE4RID tool can be locally contextualized to a range of development planning
process and applications [12]. This includes mapping the current and future status of
risk governance and identifying gaps and constraints and potential entry points to
accelerate the adoption of a risk-informed approach. In doing so, the process
highlighted aspects of the EE4RID dimensions “sub-categories” that needed to be
strengthened, particularly in relation to the natural environment, local knowledge,
and a whole-of-society approach [12].

The final stage of a comprehensive risk assessment is the integration of risk infor-
mation drawn from the assessment into existing or new planning instruments.

However, RID is less about assessing risk to protect development but more about
understanding how development choices can create risks that compound and cascade
across geographies and sectors.

Given the high degree of complexity and uncertainty in assessing
multidimensional risks, an alternative or complementary approach would be to
develop an operational framework for strengthening resilience to sustain the
functionality and/or critical services of a system or entity in the contexts of multiple
(foreseen and unforeseen) risks and threats. The major variable in this approach is the
critical functioning of the system.

The starting point would be to identify the existing capabilities,
functionalities, operating parameters, and sources of resilience that are already
present and influence the ability of the system to absorb, recover, and adapt to
shocks and stresses.

Observing how systems perform when subjected to extreme conditions can
reveal relative strengths and weaknesses, underlying risk drivers, critical
interdependencies, and limits and boundaries that not readily apparent in
“normal” operating conditions. Informed by these insights, the aim would be to
build on existing capacities and improve the performance of the system and
desired functions to minimize the creation of negative risk and capitalize on positive
risk, including making optimal use of opportunities created by changes in the
environment [12].

One of the key characteristics of a complex system is that the ability to perform
one function is closely related to its ability to perform another.

As risk creation continues to outstrip progress in risk reduction, the development
process itself can be a major driver of risk, whether through locating people and assets
in exposed areas, rapid and unplanned urbanization, overexploitation of natural
resources and ecosystems, social inequalities, poor governance, ignorance, greed, or
misunderstanding.

From an RID perspective, the comprehensive risk assessment methodology
as reviewed in the Colombian context puts development at the end rather than
center stage of the risk process and underplays the importance of existing
capacities and sources of resilience as the starting point to make development
more sustainable. Transitioning to a more resilient risk-informed development
pathway will require technical guidance for “next generation” assessment tools
that considers risk as endogenous to development processes, requiring a
stronger focus on analyzing and preventing “risk from” rather than “risk to”
development [12].
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5.3 Georgia: “Development of landslide monitoring systems (piloted in selected
communities), in partnership with the national environment agency and

academia”

5.3.1 Introduction

Despite an increasing understanding of the complexity of risks, these are not

always adequately considered in development planning and programming, in regions
and countries or by international donors. Against this background, the third phase of

GIDRM was introduced toward strengthening RID, that is, an understanding of
development that takes into account multifaceted, dynamic, interdependent, trans-

national, simultaneous, and systemic risks. GIZ Georgia program joined GIDRM Pro-

ject at Stage III, with the technical support of Resilience Solutions. The aim was to
better understand the enabling environment required for successful application of

RID approaches. The specific project and sectoral focus for Georgia was the “Develop-
ment of landslide monitoring systems (piloted in selected communities), in partnership with

the national environment agency and academia” [12].

5.3.2 Methodology

An action research methodology using an innovative accompanying process
evaluation approach was used. This involved Resilience Solutions consultants
accompanying GIZ/GIDRM project staff and partners responsible for the planning
and implementation of GIZ-supported projects. The project process included

(Table 3):

Risk informed development context (landslide)-relevant policies

* Concept for National Security

-Georgia Atlas on Natural
Hazards and Risk

* National Strategy for disaster Risk Reduction 2017-2020

-National Climate Action Plan
2021-2030

* National Plan of Action for Capacity Development in DRR

-Low Emission Development
Strategy

* Law on Protecting the Population and Territory from Natural and
Man-made emergency Situations (2007)

-Sustainable Energy Action
Plan

* Agriculture and Rural Development plan 2012-2027

-Forest Code

* Fourth National Communication on Climate Change

-Spatial Development and
Construction Code

Regional Development plans/Program 2018-2021

-Socio-economic
Development Strategy 2020

* National Environmental Action Programme

-UN Development Assistance
Framework

* Building Codes and Construction Permits-Technical and
Construction Supervision Agency
* Ministry of Economy and Sustainable Development

-Civic Safety Law 2014
-National Biodiversity and
Action Plan 2020

Table 3.
List of documents studied.
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* Engagement with Stakeholders

Conducting Desk Research/Documentation review

Conducting multi-stakeholder workshops and trainings
* Raising Awareness/sensitization of national, regional, local stakeholders

* Participating at various events for knowledge sharing

Producing/documenting assignment process for knowledge sharing

Furthermore, 20+ stakeholders were identified, and some of them consulted dur-
ing the landslide RID baseline development (Table 4) [12].

5.3.3 Georgia country-specific findings

Below are the main type of hazards identified in Georgia (Table 5).

These findings are based on the desk research and stakeholder’s consultation that
was conducted by the RID team in Georgia involving consultation with some key
informants; review of official documents which included policies and strategic plans.
The assessment is based on the EE framework developed GIDRM & RS [12].

5.3.3.1 Policy and regulation

Policy architecture is fragmented; it is mostly focused on preparedness and
response; compliance is week; mandate for RID approaches is weak.

DRR-related policies are missing the element of RID and still do not perceive risk
through the lens of systemic risk. Several bylaws/enforcement mechanisms are still in

Risk-informed development context (landslides)—Key stakeholders

1. Ministry of Environmental Protection and Agriculture
(MEPA); Environment and Climate Department

11. Water Management Institute

2. Environmental Information and Education Centre 12. Ministry of Finance and Planning

3. National Environmental Agency

13. National Forestry Agency

4. Ministry of Regional Development & Infrastructure,
including State Registry/Cadastre

14. National Statistics of Georgia
(GEOSTAT)

5. State Security and Crisis Management Council

15. Disaster Prevention and Planning Division
(EMA)

6. Emergency Management Agency (EMA)

16. Local/Municipal Government

7. Natural Disaster Prevention and Rapid Response Unit

17. Secretariat-Expert Advisory Council (EMA)

8. Ministry of Economy and Sustainable Development

18. Rural Development for Future Georgia
(RDFG)

9. Department of Hydrometeorology

19. Geogia Red Cross Society

10. Department of Geology

20. Disaster Management Team—UN Inter
agency

Table 4.
List of stakeholders.
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Main types of hazards/threats in the region

1. Weather/climate-related 2. Geophysical
I. Flooding I. Earthquakes (Seismic active region)
II. Droughts II. Landslides
III. Strong winds I1I. Mudflows/Debris flows
IV. Rain/snow/hail storms and avalanches IV. Rockslides

V. Extreme hot/cold temperatures

3. Violent conflict 4. Environmental
I. Insecurity I. Ecosystem collapse
II. Forced displacements II. Desertification/deforestation
5. Technological hazards 6. Biological
i. Industrial accidents i. Endemic diseases

ii. Dam/infrastructure failures
iii. Cyberattacks

Table 5.
Georgia hazard profile.

preparation; building codes, regulations, and standards were updated, but enforce-
ment is weak. Strategic and operational plans do not consider systemic risks.

5.3.3.2 Finance and resources

Government budgets and incentives are limited and insufficient. The central bud-
get is mostly spent on response and recovery. Technical/human resources and imple-
mentation mechanisms are inadequate. Public procurement and tenders are not risk
informed.

Investment criteria do not take systemic risk into account, and there is lack of
systemic risk analytical tools, standards, guidance, and best practices for RID
approach.

5.3.3.3 Knowledge and information

There is limited understanding and training on RID concepts. RID remains a
relatively new concept; many respondents were unsure of the differences between
DRR, CCA activities, and RID approaches. Some respondents had strong feelings that
effective and efficient coordination of disaster-related activities is the main priority to
address systemic risk.

A National Risk atlas providing risk information has been produced although the
atlas underutilized.

In general, there is lack of risk analysis tools and lack of good practice examples.

5.3.3.4 Organizational arrangements

According to National Response Plan of Georgia [23], EMS is responsible for DRR.
Though the EMS already has a legislative mandate, it has limited authority and capac-
ity to coordinate other ministries during emergencies. Other structures like the
National Security Council exist, which are above the authority of the EMS.

Generally, there is limited local coordination, implementation, capacities and
competencies, accountability, and enforcement on risk management within the
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different organizations; a lack of RID standards/guidance and tools for systemic risk
assessments is common.

The institution/agency/department to lead/coordinate and advance on RID is
unclear.

5.3.3.5 People and culture

There is little public awareness and little inclusion of risk bearers (at-risk people)
in development planning. Participation of the local population/community members
and inclusion in the RID planning process does not happen or is very weak with no
public demand for more risk-informed approaches. There is no risk awareness cam-
paign for the population living in the risk zones or on inappropriate livelihood/agri-
cultural practices. Disasters magnify existing social inequalities and further
disadvantage those who are already more vulnerable.

5.3.3.6 Partnership and collaboration

A lack of coordination of external development cooperation funding creates over-
laps and gaps and missing opportunities for collaboration in executing RID
approaches.

Fragmentation across disciplines and sectors needs interdisciplinary cross-sector
collaboration.

5.4 Recommendations

Most of the recommendation discussed here also applies to Lesotho and Columbia.
They are discussed under the Georgia case study to avoid duplication.

5.4.1 Policy and regulation

Institutional and policy architecture in Georgia is complex, even when focused on
a particular typology of hazards (i.e., landslides). Therefore, the solutions must be
holistic, collaborative across traditional boundaries.

Relevant policy and regulatory frameworks should be strengthened to explicitly
support a risk-informed approach to development, including defining the roles and
responsibilities of lead organizations at national/local levels. Finally, strategies should
be based on long-term visions with realistic timeframes for meaningful change in
development planning.

5.4.2 Finance and resources

National government needs to provide incentive structures to national and local
actors to integrate consideration of systemic risks within investment decision-making/
development planning processes.

Development cooperation and international financial mechanisms have an impor-
tant role of model risk-informed approaches in high-risk sectors/locations, that is,
exemplar of RID good practices.

More effort should be placed into engagement with private sector actors supported
by greater risk analysis of development and investment decisions.
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5.4.3 Knowledge and information

Key entry point for advancing RID is raising awareness of RID and EE concepts
and understanding of systemic risk among relevant stakeholders. Training/technical
guidance is needed on risk assessments, including the application of the existing risk
maps/atlases at regional/local levels.

The role of higher education/research institutions could be better utilized to develop
RID tool, standards, and knowledge products and support education and knowledge
management to share risk information and understanding of RID approaches. There is a
need to engage young people in order to build knowledge and skills.

5.4.4 Organizational arrangement

There is a need to strengthen the risk governance and RID implementation capa-
bilities within Georgia. Greater clarity of lead agency roles and responsibilities is
required, including cross-sector planning, coordination, and the application of pro-
cedures and tools in support of more integrated risk-informed development program.
Going forward, mechanisms for monitoring and accountability for risk-informed
development will need to be developed.

5.4.5 People and culture

A lack of inclusion of at-risk people or whole-of-society approach within the
development planning processes was heightened. In general, an enabling environment
requires a combination of top-down actions that provide political commitment and
guidance for a risk-informed approach, which goes together with bottom-up actions
that harness local knowledge and increase risk-understanding and risk governance
capabilities of relevant actors and risk bearers at the national/regional/local levels, that
is, closest to the point of implementation of territorial and/or sector-based develop-
ment interventions [11, 12]. This will require participatory planning processes that are
inclusive of at-risk people, particularly the most vulnerable groups to ensure no one is
left behind [12, 13].

5.4.6 Partnership and collaboration

GIZ and other international donors/investors can model risk-informed projects in -
high-risk areas that will help to build the evidence base to inform policy changes and
strengthening RID mandate. Working collaboratively with other RID allies and devel-
opment partners can be an effective way to share knowledge and good practices.

There is a need to look more at systems, not individual hazards, and to work across
disciplines and sectors not in silos [12, 13].

6. General conclusions on the chapter

Disasters and development are two faces of the same coin. Development can either
increase community vulnerability and exposure to disasters or reduce them. On the
other hand, disasters can set back hard-earned development gains or provide windows
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of opportunity for development, hence the emphasis to build back better in disaster
recovery. We need to reduce risk both to development and from development
through risk-informed development (RID). For RID to hold water, it needs a well-
oiled enabling environment. Six of those broad entry points were discussed in this
chapter. While DRR is acknowledged as a good practice, this chapter lays more
emphasis on building community resilience to multiple hazards, which then will
support sustainable development. This chapter also brings to the fore that risks are
complex, interconnected with compounding and cascading impacts. It then recom-
mends a holistic risk assessment that not only looks at multi-hazards but assesses risk
from a system-thinking lenses in DRM and RID strategic planning processes. The
chapter presents three case studies to elucidate the importance of RID and its enabling
environment supported by SR thinking to build resilience and support sustainable
development. The approach sounds complex, but it is achievable and the way forward
in building community resilience and ensuring sustainable development. The unique
contribution of this chapter is the fact that it integrated SR, RID, DRR, CCA into a
holistic framework to build resilience and promote sustainable development.
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