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Preface

The recent decades have seen a significant increase in the number of large-scale
water-related disasters that have caused considerable impacts on our life and
society.

Flood disasters pose both direct impacts (e.g. loss of life, damage to buildings,
crops and infrastructure) and indirect impacts (e.g. disruption of livelihood,
losses in productivity, and human health impacts such as heightened anxiety,
anger, and depression). They also cause both short-term impacts (e.g. infec-
tious diseases outbreaks, disruptions in business operations) and long-term
impacts (e.g. psychological consequences for victims, fatal injury, permanent
shutdown of businesses, population decline). Furthermore, these impacts are
associated with various spatial scales, which may render flood impact assessment
ineffectual.

Although various efforts have been made so far to mitigate the impacts of flood
disasters, leading to significant reductions in flood fatalities, the economic cost
of flood disasters has been skyrocketing and we are still at the mercy of nature
in the sense that we are not successful at mitigating the pattern of heavy storms
causing large-scale disasters and resulting in profound consequences. The count-
less repeat of disaster-reconstruction-disaster again signifies that conventional
prevention and reconstruction approaches have come to their limit. A regime
shift in flood management through innovation is critical and indispensable for
forging a better tomorrow.

It is now well agreed that  innovation for better flood management is resilience
building and enhancement. The resilience strategy is much more than resistance
and is more about how to survive a large-scale disaster and make a comeback in
even better shape. Resistance may be broken if the force is too large. However, 
resilience can cope with unprecedented events by adaption and evolution. It also
provides a significant incentive for governments to focus more attention on non-
structural countermeasures.

This book is mainly intended to deepen the understanding of the resilience concept
and disseminate information related to the latest developments in resilience build-
ing and enhancement for impact mitigation.

Meeting the challenges associated with water-related disasters today requires intel-
lectual commitment towards knowledge fusion because the causes of flood disasters
have become ever more complicated and diversified due to human activities. 
Despite achievements through previous efforts, scaling these up or transforming 
them into practice to meet current and future needs remains a central challenge. 
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Therefore, this book also serves as a call for further studies on resilience and its 
application to flood management, with the additional hope that the contents inspire 
young researchers to plunge into this academic endeavor.

Guangwei Huang
Professor of the Graduate School of Global Environmental Studies,

Director of the Institute for Studies of the Global Environment,
Sophia University,

Japan
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Chapter 1

Move from Resilience 
Conceptualization to Resilience 
Enhancement
Guangwei Huang and Juan Fan

Abstract

This chapter provides an analysis of various resilience definitions and depicts the 
differences in definition between engineering, ecological and socio-ecological resil-
ience in an easy-to-understand graphic representation. It also articulates commons 
and differences between conventional flood risk management and resilience-based 
flood management and presents a mathematical formulation to facilitate resilience 
discussion. Furthermore, it highlights some studies and initiatives towards the 
operationalization of the resilience concept in flood disaster management practice. 
The most important message this chapter is intended to deliver is that resilience is 
not just about bouncing back. Indeed, it should be enhanced to bounce forward.

Keywords: engineering resilience, ecological resilience, socio-ecological resilience, 
flood risk, resistance, vulnerability

1. Introduction

Despite decades of research and engineering works on urban flood disaster 
prevention and reduction, flooding-caused death and economic loss continue 
to rise. On a global scale, flood disasters affected 2 billion people in the period 
between 1998 and 2017 [1]. A report by UNISDR [2] revealed that 43% of natural 
disasters occurred during the period of 1995–2015 were related to floods. These 
events affected more than half (56%) of all people who suffered from any type 
of natural disaster with a flood-induced death rate of about 26%. Data from the 
Emergency Events Database (EM-DAT) also clearly indicates that flood disaster 
events have increased significantly in the number over the last decade. On a regional 
scale, the Expected Annual Damage (EAD) from river flooding reaches €6.4 billion 
and the Expected Annual Population (EAP) exposure to flooding is about 195.000 
people in Europe [3]. Between 2000 and 2005, Europe suffered nine major flood 
disasters, which caused 155 casualties and economic losses of more than €35 billion 
[4]. On a national scale, for example, direct flood damages for the water year 2016 
totaled US $57 billion in China [5]. In Japan, a torrential downpour in July 2018 
caused 223 deaths and inundated 29,766 houses with the total economic damage as 
high as 1,158,000,000,000 JPY according to the Ministry of Land, Infrastructure, 
Transport and Tourism, Japan [6].

These water-related disasters were not solely caused by natural hazards. Rather, 
most of the major risks and disasters are triggered by vulnerable conditions of 
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societies. Additionally, the lack of resilience and adaptive capacity are factors that 
make societies or social-ecological systems unable to deal with changing environ-
mental conditions and natural hazards effectively. Thus, there is a growing need to 
better understand the effectiveness of efforts and investments in resilience building 
that can help to minimize losses and assure a quick recovery during and after a 
natural hazard event.

In the 20th century, the main approach to deal with flood risk has often been the 
adoption of control-centered strategies, attempting to prevent flood disasters from 
happening. This approach is evidenced by the worldwide development of water 
infrastructure such as dam, levee, and diversion channel. Although this approach 
can provide substantial protection against floods, including reducing flood fatality 
significantly, it does not cope with changing environments. With climate change, 
the magnitude of a 100-year flood in the future may become much higher than 
a 100-year flood today. Consequently, a levee designed to resist a 100-year flood 
today could fail to function in the near future. More importantly, levee creates 
dilemmas because building stronger levee to reduce flood risk in turn may encour-
age more development in flood-prone areas, resulting in high flood risk. As more 
people and assets are concentrated in flood-prone areas, a higher levee to resist a 
large flood may cause higher damage should the levee breach. A study by Ferdous 
et al. shows that flood death rates associated with the 2017 flooding in Bangladesh 
were lower in the areas with lower protection level. Indeed, various studies so far 
have led to a general notion that a sole focus on resistance to flooding can be costly 
in terms of human life, property, and infrastructure. In places where the infrastruc-
ture or regulatory controls fail to provide adequate protection against unexpected 
events, flood risk management should rely more on the combination of hard and 
soft countermeasures.

Thus, the development of new approaches to deal with flood risk or the pursuit 
of paradigm shift in flood risk management is an urgent demand. In recent years, 
the concept of resilience has been gaining more recognition and momentum and 
is evolving to become a cornerstone for new approaches in flood risk management 
[7–11]. Building a flood-resilient city is a strategy for building a future in which 
we can live with floods and has become a widely known catch phrase. Streetscapes 
for vulnerable and resilient cities are illustrated in Figure 1. A vulnerable city may 
suffer from flood disaster, but a resilient city may allow residents to enjoy flood 
watching. As a matter of fact, resilience is explicitly incorporated in the United 
Nations (2015) Agenda for Sustainable Development: Goal 11 encompasses making 
cities and human settlements inclusive, safe, resilient, and sustainable.

The resilience is a relatively new notion referring to the ability of a system, com-
munity, society to defend, react and recover quickly and easily from the damaging 
effect of realized hazards. The large amount of research works has contributed 

Figure 1. 
Vulnerable and resilient cities (drawn by Alice Wang based on [12]).
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to the development of better understanding of the concept and its applications is 
currently being discussed in various fields from flood management, transportation, 
drinking water supply to power supply with the recognition of the difficulty of 
defining resilience precisely. Restemeyer et al. [13] attempted to develop a strategy-
based framework to allow scientists and governmental bodies to evaluate the flood 
resilience of cities, whereas van der Vaart et al. [14] tried to crystallize suggestions 
for some of the core bottlenecks of the implementation of flood resilience strategies 
via an expert group workshop.

Although the concept of resilience has obtained a foothold in international 
academia and practice, playing increasingly important roles in the fields of ecology, 
spatial planning, social science, structural engineering and flood risk manage-
ment as demonstrated by an ever increasing number of entries in scientific books 
and articles, its implementation in practice remains not always to be a matter 
of course. For example, a review work of resilience practice in New Taipei City 
showed that although New Taipei City government actively promotes resiliency in 
various sectors, particular townships are facing different challenging such as rapid 
 urbanization and the lack of emergent facilities [15].

A technical issue, which could be considered a barrier to the development of 
resilience-based risk management approach, is that the definition of resilience 
varies from engineering, ecology to sociology. It may not necessary or even not 
possible to have an unanimous definition of resilience for all fields, an assessment 
of major definitions of resilience and its relationship with other concepts such as 
vulnerability and coping capacity will promote cross-sector communication and 
contribute to refinement of the concept and establishment of resilience-based or 
 resilience-centered risk management discipline.

Therefore, the general aim of this chapter is to provide a concise analysis of 
 different definitions of resilience in relation to flood risk management and to 
explain the commons and differences between conventional flood risk management 
and resilience-based flood management. Besides, it is intended to present a math-
ematical formulation of resilience for better understanding and assisting in-depth 
discussion. Moreover, it gives an account of the current application of resilience-
based flood risk management concept. Nevertheless, it should be mentioned here 
that the analysis of definitions and discussion of current applications is not aimed 
to be comprehensive but selective.

2. Definitions

While it appears intuitive to most people, the notion of resilience proved to be 
extremely difficult, if not impossible to define in a general and comprehensive way. 
Numerous qualitative and quantitative definitions have been proposed in different 
fields from ecology, engineering, social sciences to psychology. Some of them were 
explained as follows.

In ecology, the concept of resilience was first introduced by Holling [16], which 
states that the resilience is defined as “the magnitude of disturbance that can be 
absorbed before the system changes its structure by changing the variables and 
processes that control behavior.” Another definition is “the capacity of a system 
to absorb disturbance and reorganize while undergoing change so as to still retain 
essentially the same function, structure, identity, and feedbacks” [17]. The focus 
of this definition is on the dynamics of the system when it is disturbed far from its 
modal state. As explained by Holling [17], the first definition concentrates on stabil-
ity near an equilibrium steady state, where resistance to disturbance and speed of 
return to the equilibrium are used to measure the property, and such a notion may 
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be termed engineering resilience. The second definition emphasizes conditions far 
from any equilibrium steady state, where instabilities can flip a system into another 
regime of behavior, which can be termed ecological resilience. Wording differently, 
ecological resilience is not just about being persistent in a certain state but also 
allowing the evolution of the system to new equilibrium states.

Meanwhile, Youn et al. [18] defined engineering resilience as “the sum of the 
passive survival rate (reliability) and proactive survival rate (restoration) of a 
system.” Similarly, the American Society of Mechanical Engineers (ASME) defined 
resilience as “a system’s ability to rapidly recover to the full function after disrup-
tion.” Haimes [19, 20] defined resilience as “the ability of system to withstand a 
major disruption within acceptable degradation parameters and to recover with a 
suitable time and reasonable costs and risks,” which highlights the recovery time 
and associated cost. He stressed that the resilience of a system is threat-dependent, 
and some particular states of a system are inherently more resilient than others. 
This notion requires the characterization and assessment of resilience to be specific 
to the threat under consideration. A system may be resilient to certain types of 
hazard but may not be so to another type of hazard. For example, flood-tolerant 
evergreen tree species of the Amazonian floodplain forests may suffer from seedling 
mortality due to draught. A poor coastal community in the Mekong Delta area may 
be resilient to damage from storm surge but could be very vulnerable to water pol-
lution. A population might have resilience (immunity) to flu A but could be easily 
infected by Covid-19.

In addition to the type of threat, the present work suggests the explicit 
 consideration of the maximum magnitude of the threat or the upper limit of 
 disturbance that a system can withstand before it loses all functions. For instance, 
the IPCC story of “1.5 degrees Celsius limit” [21] tells greatly increased risks if 
global warming exceeds 1.5°C above pre-industrial levels and even “catastrophic” 
impacts to our world if we warm more than the target.

An underlying assumption in resilience study is that all systems have a 
certain degree of resilience. A system loses its resilience or loses its structure and 
functions only when the disturbance is too large to be coped with by system’s 
capacity. However, how the largeness of disturbance should be defined remains 
little explored. In other words, the critical point is not easy to determine. Up to 
now, resilience study has been largely disconnected to threshold assessment. So, 
a dilemma is how we could quantify resilience without knowing the conditions 
under that a system would collapse and lose it all functions. Besides, the upper 
limit or elasticity of a system depends on the type of threat because the system 
responds to different type of threat differently. Furthermore, system capacity is 
time-dependent and may be affected by surrounding conditions. Therefore, there 
could be a spatial–temporal variation in the upper limit of a system to withstand 
disturbance. As a result, the determination of the upper limit or quantification of 
system capacity considering its spatial–temporal variation in relation to the type of 
threat is an important step to operationalize the concept of resilience.

Allenby and Fink [22] defined resilience as “the capability of a system to main-
tain its functions and structure in the face of internal and external change and to 
degrade gracefully when it must.” A new and important point in this definition is its 
inclusion of exit strategy. However, this important aspect has received little atten-
tion in the field of flood risk management so far. The idea of degrading gracefully 
when it must also serve as a call for more in-depth study on the upper limit of a 
system to different types of hazards.

In social sciences, Adger [23] defined social resilience as “ability of groups or 
communities to cope with external stresses and disturbances as a result of social, 
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political, and environmental change.” The Community and Regional Resilience 
Institute [24] defined the resilience as “the capability to predict risk, restrict adverse 
consequences, and return rapidly through survival, adaptability, and growth in 
the face of turbulent changes.” Keck and Sakdapolrak [25] defined social resilience 
as “comprised of three dimensions: coping capacities, adaptive capacities, and 
transformative capacities.” What is important is that people are included in socio-
ecological resilience discourse and such a coupling added new values to classical 
ecology in which humans are treated as external.

In economics, resilience is defined as “the inherent ability and adaptive response 
that enables firms and regions to avoid maximum potential losses” [26]. It can be 
further classified into static and dynamics resilience. Static economic resilience is 
referred as the capability of an entity or system to continue its functionality like 
producing under a severe shock, while dynamic economic resilience is defined 
as the speed at which a system recovers from a severe shock to achieve a steady 
state [27].

Vugrin et al. [28] defined system resilience as “given the occurrence of a 
 particular disruptive event (or set of events), the resilience of a system to that event 
(or events) is the ability to reduce efficiently both the magnitude and duration of 
the deviation from targeted system performance levels.” There are three key  factors 
in this definition: (1) the disruptive event, (2) the efficiency of recovery of the 
system, and (3) the system performance.

It can be noted that a common feature among ecological, economic, and social 
resilience is that they do not demand the return to its original state but allow for 
regime change.

Based on these above-mentioned explanations, a graphic all-inclusive 
 representation of resilience is provided in Figure 2. It is important to note that the 
social-ecological resilience may lead to a new equilibrium state depending on the 
combined effects of human restoration efforts and the workings of nature.

3.  Commons and differences between conventional flood risk 
management and resilience-based flood management

Conventional flood risk management focuses on the reduction of both flood 
probability and flood-caused damage. Flood probability reduction is pursued by 
technical measures such as dam and levee construction to keep flood waters in 
river channels. Resistance is a keyword to describe this practice. On the other hand, 
flood damage reduction is pursued by vulnerability reduction. Vulnerability is a 
concept that originated from social sciences and evolved to be a major framework 
in risk science and management and related academic fields, although a general 
and unanimous definition of vulnerability remains non-existent. One of the widely 
known definitions is given by the United Nations Development Program (UNDP), 

Figure 2. 
Graphic illustration of different concepts of resilience.
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which describes vulnerability as “a human condition or process resulting from 
physical, social, economic and environmental factors, which determines the likeli-
hood and scale of damage from the impact of a given hazard” [29]. A mathematical 
 expression of vulnerability may be given as below

 Vulnerabilty
 

Exposure Susceptibility
Coping Capacity

´
=  (1)

where exposure is defined as the degree, duration, and extent to which a sys-
tem is subject to perturbation. Susceptibility refers to the factors and attributes 
that make a community or society more or less likely to be negatively affected by 
perturbation. Coping capacity is defined as the ability to cope with, or absorb and 
adapt to, hazard impacts [30].

As resilience is the capacity to absorb, to recover and to adapt, the coping 
capacity of vulnerability bears some similarity with resilience. Wording differently, 
there is a resilience thinking to a certain extent in conventional flood risk manage-
ment. Nevertheless, the prevailing notion in conventional flood risk management 
is stability and persistence while the socio-ecological resilience does not only stress 
absorption and recovery but also emphasize the adaptation and transformation to 
a new equilibrium state. Such an evolutional perspective can be considered as one 
of the most important difference between conventional flood risk management 
and resilience-based approach. As pointed out by Chaffin et al. [31] that social-
ecological systems should be managed holistically for either increased resistance to 
undesirable change or the ability to transform a system to a more desirable state.

The difference between resistance and the ability to absorb in resilience concept 
deserves some more discussions. The ability to absorb can be considered having two 
parts: ability to resist and ability to tolerate. Therefore, the ability to absorb in the 
concept of resilience may be interpreted as the ability to resist to external force first 
and then to bend if the force is too strong to resist but not to break. Because of the 
existence of various flood defense infrastructure, this interpretation is crucial for 
development and application of resilience-based management approaches at the top 
of conventional measures.

Resistance-centered flood control approach does not consider maximum 
possible resistance and assume the level of resistance is limitless with technology 
development and economic growth. To be specific, levees are traditionally designed 
based on a quantity named probable maximum flood at the location, which is the 
level of protection levees are supposed to provide. Up until recently, many river 
managers believed that the level of protection can be raised high enough as long as 
the societal capacity to commit resources to levee construction becomes available. 
With or without consideration of resistance limit is one of the separation points 
between resistance-centered and resilience-based approaches.

Thus, in developing resilience-based flood management approaches, the concept 
of engineering resilience or resistance can be applied to design and assessment for 
structures such as dam and levee while the concept of social-ecological resilience is 
useful in formulating flood adaptation strategy and determining acceptable level 
of risk and designing ways to deal with residual risk. Such an understanding can 
obviously help decision-makers do better flood management. The old mindset of 
confining flood waters in river channels and belief that levees can be constructed 
high enough to prevent overflow and strong enough to prevent any breach are wish-
ful thinking. River overflow and levee breach have been occurring across the world 
even without climate change, and climate change is increasing its frequency and 
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intensifying the magnitude. In light of the inevitable, the confinement or resistance 
approach appears not sustainable and a shift from confinement to living with water 
is indispensable.

4. A mathematical formulation of resilience

Based on the afore-mentioned definitions and analysis, a mathematic formula-
tion was proposed here to facilitate in-depth discussion of resilience, which follows 
a logistic equation as below

 1dR RrR
dt K

æ ö= -ç ÷
è ø

 (2)

Where R is the state of recovery (mathematically R = N/Nin: N: current state, 
Nin: original state), r is recovery rate, K is the carrying capacity of a system.

Integration of Eq. (2) yields
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where R0 = N0/Nin is the deviated state of the system due to disturbance. Since 
R asymptotically approaches the carrying capacity K as time approaches infinity, it 
means a full recovery to the original state when K=Nin. It indicates partial recovery 
if K < Nin, and a new and better equilibrium if K > Nin. This can be interpreted as 
that a large carrying capacity is a premise for a system to have ecological resilience. 
If the capacity is not large enough, the achievable state of recovery is back to the 
normal at the best or even worse as being repaired. On the other hand, the speed of 
recovery may be expressed as

 1
/

r
T Res Resin

=
+

 (4)

where T is the intrinsic time of recovery, which is a function of local  attributes 
including local natural landscape and local community structure. Res is the 
external resources used for restoration, which is a function of the magnitude of 
disturbance and local attributes as well. Resin is the internal resources available for 
restoration. This indicates that the less time the system uses for recovery, and the 
less the amount of external resources needed for recovery, the more resilient the 
system is. The availability of Resin is carrying capacity-related, and it depends to 
a large extent on governmental polies and decisions of how to mobilize internal 
sources. It also implies that the recovery rate may largely depend on external help if 
disturbance is too large for the internal mechanism to function. An illustration of 
resilience-dependent recovery based on Eq. (3) is given in Figure 3.

Compared to previous studies, such a mathematical expression of resilience can 
be used for both qualitative and quantitative discussions and to analyze the effects 
of more factors, especially the time of recovery and the amount of potentially used 
resources. For example, the recovery processes of vulnerable developing countries 
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tend to rely largely on international aids, which reflects low resilience according 
to Eq. (4). Moreover, the outcomes are often superficial reconstruction without 
resilience building due to its limited capacity as can be explained by Eq. (2). As a 
result, recipients of relief aid lose their initiative to fend for themselves and repeat 
the cycle of disaster-aid-reconstruction-disaster. Quantitative or semi-quantitative 
assessment of the dependency of recovery rate on external source using mathemati-
cal formulas can certainly facilitate better decision-making regarding the long-term 
resilience building.

The earthquake and tsunami that hit Japan in 2011 cost $235 billion economic 
damage according to the World Bank. Six years later, Japan’s Reconstruction agency 
announced that out of the 150,000 evacuees who lost their homes, 50,000 of them 
were still living in temporary housing. The reason behind the delay is the lack of 
construction workers and rising cost of building materials. This case proved that 
large dependence on external resources could delay the recovery process greatly and 
resilience building should be promoted to reduce a system’s dependency on external 
sources.

5.  Current move towards the application of resilience-based flood risk 
management concept

The importance of resilience building in flood risk management has been 
well recognized as evidenced by large amounts of academic articles on resilience. 
In practice, however, resilience concept tends to be only marginally applied as a 
supplement to flood risk management. There are several well-known initiatives 
such as Rockefeller Foundation’s 100 Resilient Cities programme (100RC) [32], the 
UNISDR Making Cities Resilient campaign, and the OECD Resilient Cities project 
[33]. These programs are mainly intended to promote resilience as a source of policy 
inspiration, and the development of policy instruments for cities to address imme-
diate shocks and long-term stresses that undermine the functions of cities.

In the paper by Gralepois et al. [34], the flood defense strategies in six European 
countries (Belgium, England, France, the Netherlands, Poland, and Sweden) are 
analyzed. Although they do not find radical changes in either of the countries, they 
do find that the defense strategy in all countries has created more room for local, 
private, and individual responsibilities. In all countries except Sweden, defense 
remains the primary method of protection, leading the authors to conclude that 
flood defense has remained a cornerstone of European flood risk management.

Figure 3. 
Visual representation of resilience-dependent recovery process (low resilience: Repair; good resilience: 
Restoration; high resilience: Enhancement).
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The paper by Gersonius et al. [35] addresses the debate as to how transforma-
tions from resistance-based to resilience-based approaches can be achieved by 
studying the implementation of various measures that aim to enhance the flood 
resilience of the Dutch “Island of Dordrecht.” The case illustrates that a multilay-
ered, i.e., diversified, approach is more effective and efficient than its resistant, 
i.e., flood defense dominated, counterpart and provides substantial co-benefits. 
However, it is incompatible with the existing institutional framework. Such an 
incompatibility may be considered a challenge that will also be present in other 
countries with an established institutional framework for resistance-based 
approaches. Then, the authors recommend searching for ways to reinterpret exist-
ing frameworks and applying them differently by setting up pilots and experiments 
to foster social learning.

The paper by Hegger et al. [36] assesses the now prominent assumption that a 
diversification of flood risk management strategies leads to resilience. They propose 
that the resilience concept should be operationalized into three capacities: capacity 
to resist, capacity to absorb and recover, and capacity to adapt and transform, and 
they compared six countries’ achievements in terms of these capacities. The work 
found that having a diverse portfolio of strategies in place contributes to resilience, 
especially in terms of the capacity to absorb/recover and the capacity to adapt and 
transform. However, the authors also stated in this work that they see different ways 
to be resilient. The importance of explicating the normative starting points of flood 
risk governance in a country, considering the unavoidable trade-offs between the 
three capacities, and assessing strategies’ fit with existing physical circumstances 
and institutional frameworks was further elucidated in the work.

Despite various efforts to adopt resilience-based approach to flood risk 
management, the actual application or the operationalization of the resilience 
concept remains to be explored, planned, tested, and evaluated. At present, many 
flood-prone regions have good pre-disaster preparation such as flood hazard map, 
evacuation plan and early warning system. However, few municipalities have 
resilience-based post-disaster recovery plan or guideline prepared before disaster. 
Instead, what was often seen is ad hoc recovery plans after disasters.

The Cedar Falls is a residential community located in Eastern Iowa. A good 
practice of the city is that it has a hazard mitigation plan, which includes a series 
of future hazard mitigation activities involving a wide range of hazards includ-
ing floods [37]. Although one of the goals of the plan is to return to pre-disaster 
or improved conditions as soon as possible after a disaster occurs, the emphasis is 
placed on prevention than rebuilding. Technical advices on recovery process are 
limited and general. Suggestions such as “Continue membership with the National 
Flood Insurance Program (NFIP)” or “Establish and/or maintain Continuity of 
Government plans to handle post disaster operations (i.e. animal disposal, clean-up, 
demolition) are important but insufficient.

EPA developed a Flood Resilience Checklist [38] to help communities identify 
ways to improve their resilience to future floods. It includes five areas: (1) Overall 
strategies to improve flood resilience; (2) Conserve land and discourage develop-
ment in flood-prone river corridors; (3) Protect people, businesses, and facilities in 
vulnerable settlements; (4) Plan for and encourage new development in safer areas; 
(5) Implement and coordinate stormwater management techniques throughout the 
whole watershed. The five areas can be regrouped as overall strategies (area 1) as 
well as specific strategies (areas 2–5).

The area of Overall Strategies to Enhance Flood Resilience is designed to 
promote the integration of the community’s comprehensive plan and other com-
munity’s plans such as open space or park plans with a flood management plan 
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Figure 3. 
Visual representation of resilience-dependent recovery process (low resilience: Repair; good resilience: 
Restoration; high resilience: Enhancement).
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The paper by Gersonius et al. [35] addresses the debate as to how transforma-
tions from resistance-based to resilience-based approaches can be achieved by 
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incompatibility may be considered a challenge that will also be present in other 
countries with an established institutional framework for resistance-based 
approaches. Then, the authors recommend searching for ways to reinterpret exist-
ing frameworks and applying them differently by setting up pilots and experiments 
to foster social learning.
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that the resilience concept should be operationalized into three capacities: capacity 
to resist, capacity to absorb and recover, and capacity to adapt and transform, and 
they compared six countries’ achievements in terms of these capacities. The work 
found that having a diverse portfolio of strategies in place contributes to resilience, 
especially in terms of the capacity to absorb/recover and the capacity to adapt and 
transform. However, the authors also stated in this work that they see different ways 
to be resilient. The importance of explicating the normative starting points of flood 
risk governance in a country, considering the unavoidable trade-offs between the 
three capacities, and assessing strategies’ fit with existing physical circumstances 
and institutional frameworks was further elucidated in the work.

Despite various efforts to adopt resilience-based approach to flood risk 
management, the actual application or the operationalization of the resilience 
concept remains to be explored, planned, tested, and evaluated. At present, many 
flood-prone regions have good pre-disaster preparation such as flood hazard map, 
evacuation plan and early warning system. However, few municipalities have 
resilience-based post-disaster recovery plan or guideline prepared before disaster. 
Instead, what was often seen is ad hoc recovery plans after disasters.

The Cedar Falls is a residential community located in Eastern Iowa. A good 
practice of the city is that it has a hazard mitigation plan, which includes a series 
of future hazard mitigation activities involving a wide range of hazards includ-
ing floods [37]. Although one of the goals of the plan is to return to pre-disaster 
or improved conditions as soon as possible after a disaster occurs, the emphasis is 
placed on prevention than rebuilding. Technical advices on recovery process are 
limited and general. Suggestions such as “Continue membership with the National 
Flood Insurance Program (NFIP)” or “Establish and/or maintain Continuity of 
Government plans to handle post disaster operations (i.e. animal disposal, clean-up, 
demolition) are important but insufficient.

EPA developed a Flood Resilience Checklist [38] to help communities identify 
ways to improve their resilience to future floods. It includes five areas: (1) Overall 
strategies to improve flood resilience; (2) Conserve land and discourage develop-
ment in flood-prone river corridors; (3) Protect people, businesses, and facilities in 
vulnerable settlements; (4) Plan for and encourage new development in safer areas; 
(5) Implement and coordinate stormwater management techniques throughout the 
whole watershed. The five areas can be regrouped as overall strategies (area 1) as 
well as specific strategies (areas 2–5).

The area of Overall Strategies to Enhance Flood Resilience is designed to 
promote the integration of the community’s comprehensive plan and other com-
munity’s plans such as open space or park plans with a flood management plan 
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including both structural and non-structural measures. It also promotes com-
munity participate in the National Flood Insurance Program Community Rating 
System. For specific strategies such as Incentives for restoring riparian and wetland 
vegetation in areas subject to erosion and flooding and Acquisition of land (or 
conservation easements on land) to allow for stormwater absorption, their impor-
tance are well recognized and have been pursued in various ways. A representative 
case is the Room for the Rivers program along the Rhine and Meuse Rivers, which 
started from 2006 with a $3.3 billion budget from the Dutch government. Flood 
risk management strategies in the Netherlands have traditionally focused on 
reducing the probability of flooding [39] by means of dikes, pumps, and canals. 
After experiencing severe flooding in the 1990s, the Dutch government decided to 
safeguard flood-prone areas by stepping back from the river to enable the rivers to 
safely discharge far greater volumes of water. The program resulted in a reduction 
of water levels by 10–19 cm during high water in target river reaches. Although 
the primary goal of the Room for the River program is flood attenuation, it also 
recognizes the importance of esthetics and cultural and ecological elements and has 
increased biodiversity as the project transformed 4576 acres of land back to natural 
conditions. Therefore, such an initiative functions as an opportunity rather than a 
solely means to fix a problem because it is designed not only for river management, 
but also for social and economic advances.

In the meantime, some U.S. communities have also implemented their own 
Room for the River strategies to deal with flooding. The Iowa River Corridor Project 
[40], begun after a severe flood in 1993, compensates farmers who permanently 
stop farming fields in floodplains. Much of the 50,000 acres involved have reverted 
into natural wetlands, grassland, and bottomland forest, and provide habitat for 
wildlife. The Napa River in California often floods between November and April. 
The $400 million Napa River/Napa Creek Flood Control Project is lowering dikes, 
creating floodplains and a bypass, relocating bridges, and restoring 900 acres of 
wetlands according to “living river” principles. Floodplain and wetlands restoration 
projects are also ongoing in other parts of the U.S. such as Illinois, Massachusetts, 
Missouri, North Dakota, Minnesota, Oklahoma, and Wisconsin.

On the other hand, studies focusing solely on disaster recovery have also pro-
gressed greatly in parallel to resilience research. Smith and Wenger [41] defined the 
disaster recovery process as “the differential process of restoring, rebuilding, and 
reshaping the physical, social, economic, and natural environment through pre-
event planning and post-event actions,” while Schwab et al. [42] defined recovery 
as “Recovery includes restoring housing, transportation, and public services; 
restarting economic activity; and fostering long-term community redevelopment 
and improvements. The definition adopted by the UN Office of Disaster Risk 
Reduction is “decisions and actions aimed at restoring or improving livelihoods, 
health, as well as economic, physical, social, cultural and environmental assets, 
systems and activities, of a disaster-affected community or society, aligning with 
the principles of sustainable development, including build back better to avoid or 
reduce future disaster risk.” This definition emphasizes both returning the com-
munity to normality, which is a short-term objective and sustainable development 
to be less vulnerable and more capable of dealing with future disaster risk, which is 
a long-term goal and this long-term goal implies building back a better state, similar 
to the multi-equilibrium state concept in socio-ecological resilience. Therefore, the 
dialog between flood resilience researchers and disaster recovery planners should 
be promoted because it can deepen the understanding of resilience by resilience 
researchers and contribute to better recover planning for long-term resilience. 
In other words, the integration of conventional disaster recovery planning with 
resilience concept is a pathway for resilience building.
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6. Concluding remarks

Science has revealed that the human immune system has 2 broad functions: 
(1) defending our body’s health and (2) maintaining our body’s health. Similarly, 
resilience can be viewed as urban’s or community’s immune system to natural 
disasters, possessing two functions: (1) resisting to disturbance and (2) maintain its 
viability. To date, resilience has been mainly understood as the system’s capacity to 
restore its structure and functions. However, we chose to use the word of viability 
to emphasize our understanding that resilience is not limited to bouncing back but 
can bounce forward. In general, there are three options for a damaged system: (1) 
full restoration, (2) repair, which means the restoration with replacement, and (3) 
restoration with enhancement. For example, if the life of a city once flooded is now 
fully back to pre-disaster conditions, then such a situation is full restoration. If the 
disaster’s impacts can never be fully erased from the city, it is a case of repair. For 
example, the city of New Orleans was severely damaged by Hurricane Katrina in 
2005. Fifteen years after the disaster, the population of New Orleans has shrunk 
from 10 to 15 per cent, especially it lost many African Americans residents, who 
were either killed in the hurricane or could not afford to come back. This situation 
led some researchers to declare the housing recovery in New Orleans a secondary 
disaster [43, 44]. The Great East Japan Earthquake of 2011 and the vicious tsunami 
that followed it caused widespread destruction in the Tohoku region. Rikuzentakata 
City in Iwate Prefecture is one of the most badly hit cities in the disaster. The recov-
ery plan focuses equally on reconstructing and improving damaged transport net-
works along the coastline, re-establishing affected local businesses and empowering 
the disaster-struck agricultural and fishing industries which used to thrive in the 
area. For the restoration of urban districts, it promoted the introduction of univer-
sal design, aiming to create more opportunities for people with disabilities and the 
elderly to work and do sports as well. Furthermore, residential houses and hospitals 
have been moved to much less disaster-prone locations. As shown in Figure 4, it is 
a large-scale project. In total, 298 ha of residential areas were relocated to relatively 
higher grounds. Such a scale of disaster-mitigation-driven relocation is unprec-
edented in Japanese history. Furthermore, the coastal protection system has been 
resigned innovatively. As illustrated in Figure 5, it consists of a double-dike struc-
ture with a vegetation zone in-between and submerged breakwater at the front. In 
light of these developments, Rikuzentakata City can be considered a successful case 
of restoration with enhancement.

A critical issue in choosing recovery path is the financial cost. The cost of each 
option may vary greatly, so that resilience building could be constrained by local 

Figure 4. 
Relocation from low-lying lands (light blue) to high grounds (brown) in the city of Rikuzentakata after the  
Great East Japan earthquake (source: the city office).
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economic condition. In general, sustainable, resilient water management can be 
considered costly since it involves engineering and land use challenges and often a 
long-term process. The financial sustainability of resilience building and enhance-
ment has been largely neglected up to now and deserves serious in-depth study. 
It is our belief that resilience building should be pursued in relation to economic 
growth in developing countries. In developed countries, solutions harnessing flood 
risk while unlocking further development potential should be explored, which 
require innovation. However, as we may face multiple pathways for building a 
resilient tomorrow, further studies should be conducted to develop optimal design 
approaches for resilience building with more than one objective.

Finally, it should be mentioned that conventional flood risk management is 
probability-based. It deals with the magnitude of potential consequences due to 
an event or disturbance with a chosen probability of occurrence. It provides little 
insights into the nature’s or society’s self-restoring or anti-disturbance function and 
is unable to cope with events with magnitudes of impact exceeding the chosen level. 
By contrast, resilience-based management is not constrained by likelihood of occur-
rence and can accept extremely large shocks by allowing adaption to new regimes. 
Therefore, it is more capable of and more flexible in restoring or reestablishing an 
affected system. Furthermore, resilience enhancement strategy can lead to better 
knowledge fusion than conventional flood risk management approach.
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Abstract

Flood early warning systems (FEWSs)—one of the most common flood-impact 
mitigation measures—are currently in operation globally. The UN Office for 
Disaster Risk Reduction (UNDRR) strongly advocates for an increase in their avail-
ability to reach the targets of the Sendai Framework for Disaster Risk Reduction 
and Sustainable Development Goals (SDGs). Comprehensive FEWS consists of four 
components, which includes (1) risk knowledge, (2) monitoring and forecasting, 
(3) warning, dissemination, and communication, and (4) response capabilities. 
Operational FEWSs have varying levels of complexity, depending on available data, 
adopted technology, and know-how. There are apparent differences in sophistica-
tion between FEWSs in developed countries that have the financial capabilities, 
technological infrastructure, and human resources and developing countries where 
FEWSs tend to be less advanced. Fortunately, recent advances in remote sensing, 
artificial intelligence (AI), information technologies, and social media are leading 
to significant changes in the mechanisms of FEWSs and provide the opportunity 
for all FEWSs to gain additional capability. These technologies are an opportunity 
for developing countries to overcome the technical limitations that FEWSs have 
faced so far. This chapter aims to discuss the challenges in FEWSs in brief and 
exposes technological advances and their benefits in flood forecasting and disaster 
mitigation.

Keywords: artificial intelligence, big data, floods, flood early warning,  
Internet of Things, hydrological models, remote sensing, social media

1. Introduction

Since the year 2000 through to the end of 2018, a total of 5338 water-related 
disasters (WRD) are reported and led to over 326,000 fatalities and economic 
losses of more than USD 1.7 trillion globally. Floods accounted for about 54% of all 
WRD. Asia appears to be the hardest-hit continent, with 41% of all flood disaster 
events, followed by Africa (23%), the Americas (21%), Europe (13%), and Oceania 
(3%). Of the deaths caused by all WRD from 2001 to 2018, some 93,470 were due 
to floods. During the same period, floods alone were responsible for economic 
losses of nearly USD 500 billion globally—about one-third of the total financial 
damages caused by all WRD [1, 2]. To mitigate these disastrous flood impacts, flood 
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damages caused by all WRD [1, 2]. To mitigate these disastrous flood impacts, flood 
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early warning systems (FEWSs), among other flood risk mitigation measures, are 
operational in many parts of the world. The UN Office for Disaster Risk Reduction 
(UNDRR) recognizes the importance of FEWSs to mitigate flood disaster impacts 
and thus has set forth Target 7 in the Sendai Framework to explicitly focus on 
“substantially increasing the availability of and access to multi-hazard early warn-
ing systems and disaster risk information and assessments to people [3].” Among 
the early warning systems, FEWSs are the most common systems since floods are 
widespread around the globe. Comprehensive early warning systems comprise of 
four closely interrelated components including (i) disaster risk knowledge; (ii) 
detection, monitoring, analysis, and forecasting of hazards; (iii) warning dis-
semination and communication; and (iv) preparedness to respond [3]. Risk assess-
ment forms the foundation of a FEWSs, and disaster risk knowledge refers to the 
awareness about both the hazards and vulnerabilities present in a particular area. 
It can be acquired through a risk assessment that may include hazard and vulner-
ability mapping based on the spatial repartition of the population, infrastructure, 
and economic activities in the area of interest. Detection and monitoring involve 
a continuous collection of hydroclimatic data so that watershed states that are 
precursors of indicators of an unfolding disaster are identified in time to trigger the 
response. Analysis refers to the processing of the collected data to generate products 
that not only can support monitoring and detection but can also provide hints about 
the possible evolution of the disaster. Forecasting refers to an estimation of the 
state of the watershed and impacted people and assets. It involves the acquisition or 
generation of a weather forecast, which is post-processed and used to force hydro-
logic models to obtain future river discharges. The river discharge may be used as 
an input to predict river stage and floodplain extent using either empirical rela-
tionships or hydraulic/hydrodynamic models. For locations of interest in the area 
monitored by the FEWS, pre-set flood warning thresholds are identified based on 
the river system configuration and land occupancy. If the pre-set threshold is likely 
to be exceeded shortly, a flood warning is issued. The warning is then disseminated 
through an operational telecommunication system from Flood Forecast Centers 
(FFCs) to local/national governmental authorities and communities at flood risk for 
prompt actions such as evacuating to safe grounds prespecified by the authorities.

FEWSs range from simple, i.e., technologically basic involving manual data 
collection and transfer and qualitative forecasts performed based on observations, 
to complex, i.e., technologically advanced involving telemetric data collection and 
transfer and modeling-based flood forecasting systems. The level of technological 
complexity in an operational FEWS varies significantly among different nations as 
well as different river basins, depending on several factors. These factors include 
access to comprehensive, timely, relevant, and reliable hydroclimatic information 
about the area covered by the FEWS, the availability of technically skilled personnel 
and computational capabilities to process the information, and finally, the ability 
to communicate the information to relevant stakeholders efficiently. The objective 
of this chapter is to highlight how advances in data sciences, remote sensing, and 
smart sensors have the potential of revolutionizing the components of FEWS. The 
authors recognize that FEWSs are evolving rapidly. Some FEWSs, especially in the 
developed world, are using either all or part of the emerging technologies. There 
is, however, inertia in technology adoption, and a majority of systems are in the 
developing world still using “traditional technologies” such as networks of hydro-
metric and climatic gauges, sometimes combined with lumped or semi-distributed 
hydrologic models. These systems are referred to as “Traditional FEWSs” in this 
chapter. The next section discusses the challenges that are typically encountered by 
“traditional FEWS,” and the following section highlights new technologies and how 
they can help overcome these challenges.
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2. Challenges of traditional FEWSs

2.1 Challenges related to disaster risk knowledge

Flood risk knowledge can be acquired either by looking at historical flood 
records that occurred in the area, the survey of people and assets exposed to floods, 
the use of predictive modeling, expert knowledge, or any combination of the above. 
It also requires the knowledge of the likelihood of flood events and their impacts. 
The use of historical flood records is often limited by the availability of a long series 
of hydrologic data. Understanding vulnerabilities involves expensive mapping and 
surveys that need to be kept up to date with dynamic urban growth. Predictive 
modeling consists of the collection of spatial data sets such as topography, land use, 
soil, and exposure. It also requires the availability of skilled staff to run simulations 
and analyze the results. As a result of these challenges, risk knowledge is incomplete 
in most areas covered by FEWSs.

2.2 Challenges related to monitoring and detection

To accurately predict the evolution of floodwater levels, FEWS operators need 
to have a good knowledge of the current and past values of key hydroclimatic 
parameters in the watershed upstream of the location of interest, as well as their 
plausible evolution in the near future. Commonly monitored variables include 
water levels, discharges, snowpack, precipitations, and temperatures. The current 
and past values of these parameters are available through a monitoring system, 
traditionally composed of a network of ground stations that may be complemented 
by occasional field surveys. The ground stations usually measure the variables of 
interest at a particular point, giving the FEWS operators only partial information 
about the state of the watershed, especially if the monitoring network has inad-
equate spatial coverage. About 75% of the flood forecasters surveyed in Perera et al. 
[1] indicated that their river basins are equipped with insufficient gauging stations 
for rainfall, water level, and streamflow observations. A total of 50% of the FCCs 
that responded revealed that their measuring equipment, gauges, and data transfer-
ring instruments have deficient technology. Data transmissions from the stations 
to the forecasting centers are another issue, as a significant number of stations in 
the developing world rely on human observers, impeding the accuracy and timely 
transmission of the data. As a result, most of the developing countries encounter 
challenges in capturing the amount, distribution, and variation of critical variables 
such as precipitation and streamflow during extremes. Meteorological radars and 
remote-sensed rainfall have the potential of improving watershed monitoring 
by providing spatial, real-time, or near real-time information. Still, the data they 
provide are of lower quality than gauging data, and these technologies are too recent 
to have long time series that can be used for robust hydrological model simulation.

2.3 Challenges related to data analysis

Ideally, the collected hydroclimatic data are stored in a database and processed 
in real time by hydrologic/hydraulic models. Not all countries have a centralized 
database that is fed continually up to date. The data are sometimes temporarily in 
spreadsheets to undergo quality control before being fed in the central database 
days or months later. One of the significant challenges faced by operational systems 
is the lack of technical expertise and human resources. Trained personnel with 
flood forecasting expertise and adequate forecast group staffing are required by the 
FFCs to issue timely warnings effectively. However, 74% of the flood forecasting 
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personnel confirm that their centers do not have the experts and staff capable of 
integrating data, performing forecasts, and disseminating information [1]. This 
can be partially attributed to the low number of specialized experts in the employ-
ment sectors and higher workload for rescue and post-disaster activities during 
major flood events [4]. In developing countries, the lack of investments in person-
nel and the absence of dedicated permanent staff is a significant limitation to the 
proper operation of FEWSs. Overall, Perera et al.’s [1] survey responses suggest 
that forecasters primarily possess technical know-how but lack knowledge of flood 
vulnerability assessment, warning communication, and downstream response 
capabilities, including evacuation preparedness.

2.4 Challenges related to forecasting

The knowledge evolution of climatic variables in the near future, especially 
precipitation, is an essential input for flood forecasting. Besides ground and satellite 
actual measurements of the land and atmosphere, meteorologists use sophisticated 
computer models to forecast the weather in the near future. Numerical weather 
predictions (NWP) focuses on taking current observations of weather and process-
ing these data with computer models to forecast the future state of the weather. 
Knowing the current state of the land, ocean, and atmosphere, which influences 
modeling initialization at local, regional, and global scales, poses a great challenge 
for quantitative precipitation forecasting [5]. Also, in developed countries, forecast-
ers have access to fine resolution modeling with ensemble predictions to capture 
the variability and uncertainty in the forecasts [6, 7]. National weather operational 
centers in developed countries provide global forecasts from their global NWP 
systems such as the global forecasting system [8] that could be used by developing 
countries. Still, those outputs are at a very low spatial resolution. These forecasts 
need to be downscaled by national services to a higher spatial resolution.

Nevertheless, several countries struggle to generate their high-resolution fore-
casts as the required expertise and resources are not present. Even when forecasts 
are downscaled, they may suffer from residual bias or from the inherent lack of 
skills of the weather forecasts, which may lead to the non-detection of upcoming 
extreme floods or false alarms. Even the weather forecasts are skilled; their forecasts 
will be affected by the quality of the data assimilation scheme used to determine 
the initial conditions of the hydrological/hydraulic models. It is also affected by the 
configuration of hydrologic/hydraulic models such as model structure, simplifica-
tions of physical processes, and quality of calibration that can affect the perfor-
mance of the models used for flood forecasting. Nearly half of the flood forecasters 
surveyed by Perera et al. [1] mentioned that the models they use for producing 
early warnings are not accurate or advanced enough for the purpose. Consequently, 
forecast hit rates varied for different modeling systems and river basins in different 
climatic regions.

2.5 Challenges related to warning dissemination and communication

Perera et al. [1] found that warnings, even when issued and disseminated with 
enough lead time, do not necessarily reach all the people-at-risk. Flood warning dis-
semination is an essential step in FEWSs, usually a “top-down approach,” which an 
FCC issues warning and communicates them to the national authorities to dissemi-
nate it to the relevant destinations. For a flood warning to be effective, it needs to 
reach the right stakeholders in the correct format at the right time. Unfortunately, it 
is doubtful whether the warning reaches all the highly vulnerable communities [9], 
particularly those in remote and/or coastal areas and illiterate and/or impoverished 
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people, such as women, children, and elderly in developing and least developed 
countries. The reason is that warning messages are generally broadcasted on 
national or local media (television, radio, or website), and such vulnerable groups 
lack access to basic amenities required to receive these warnings [10]. These include 
power outages, lack of access to TV and radio, limitations in the broadcasting cover-
age of TV and radio, limited mobile network coverage, limited robustness of mobile 
and media broadcasts during hazardous flood events, and limited knowledge of 
using the emergency website for flood warnings and updates. The alternative modes 
of communication, such as sirens and loudspeakers, are used to reach low-income 
vulnerable people to alleviate the limited media coverage. However, this may result 
in a delayed response by that time, which consequently increases the risk of victim-
ized to the oncoming flood.

Additionally, even when the warning reaches a particular community, many fail 
to heed the warning due to a lack of knowledge in understating the warning [11, 12]. 
Also, when a flood warning is delivered, it is often incomplete due to the lack of 
standardized terminology, protocols, and standards for issuing the warnings. This 
leads to inadequate, irrelevant, or missing information in the warnings [9, 13]. A 
flood warning needs to be tailored to the local communities’ interests, needs, and 
values to trigger a responsive action. This involves the use of local language and 
content that targets the understanding of the recipient and contains an appropri-
ately tailored course of action. An interactive and practical warning communication 
chain is essential to a successful FEWS since multiple stakeholders are involved at 
all levels and across sectors.

2.6 Challenges related to preparedness and response

As for the preparedness component of FEWSs, the identified challenges include 
lack of public interest, lack of risk awareness in early warnings, limited and irregu-
lar drills and training seminars, general contingency planning instead of specific 
and tailored to the community, lack of political commitment and will, financial and 
technical resource constraints, lack of participation of communities in the decision-
making process, and lack of inter-agency planning and coordination particularly 
among transboundary river basins, among others.

Flood is a fast on-set disaster; hence, timely response from the vulnerable 
communities is vital to minimize life and property losses. Despite that, impedi-
ments are affecting the target communities to respond such as risk perceptions, 
inefficient communication chain, lack of resources to respond, limited knowledge 
of evacuation routes, inadequate infrastructure and other facilitation for evacuees, 
risk of losing livelihood, properties, and livestock, the culture of neglect, lack of 
trust in early warning systems, and suchlike. Affected residents often lack sufficient 
resources such as reliable modes of transportation, logistic support including life 
jackets, ropes, boat, helmet, and stretcher, knowledge of feasible escape route 
options, and safe shelters to respond to the warnings [14, 15].

Nationally developed contingency plans are common in many countries [16]. 
However, they are not customized to better adapt to the localized target communi-
ties and integrate into emergency response plans due to a lack of participatory 
approaches in the planning and development of warning response measures [9]. 
The problem is complemented by fewer than necessary updates of contingency 
plans owing to the technical and financial resource constraints. A timely response is 
essential for protecting lives, household properties, and livestock to safer locations 
once the warning is issued. However, strong ties to the inherited lands, risk of losing 
cultivated areas, livelihood, and properties impede the ability of a community to 
respond to early warnings.
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3. Potential uses of emerging technologies in FEWSs

A FEWS is essentially a system that collects environmental data and NWP, 
processes it to generate risk-related information, and transfers these products to 
end-users through various channels. Its core functions include data acquisition, 
processing, visualization, and transmission. Progresses in data collection systems 
such as remote sensing, hydrological/hydraulic modeling, numerical weather 
forecasting (NWF) as well as information and computing technologies (ICT), are 
likely to affect the way FEWSs function.

3.1 Progress in artificial intelligence and machine learning

Artificial intelligence (AI) is a rapidly growing field that aims at building 
systems that can mimic human intelligence and then function intelligently and 
independently. AI can use various deep learning and machine learning-based 
algorithms to understand data in any of the spatiotemporal forms [17]. This ability 
to interpret data, learn from data, and utilize data to accomplish objectives is being 
used extensively in the next generation of FEWSs [18]. AI can be an alternative to 
classical hydrologic and hydraulic models and/or can be used for prediction and 
forecast. As an example, Google, in its Social Good initiative, uses AI to forecast 
floods accurately, which is then used as part of the regional FEWS [19]. As part 
of the system, the hydraulic models are optimized to run on the tensor processing 
units. This allows the hydraulic model to run using neural networks rather than 
a differential equation solver, and this allows the models to be executed with 85× 
times faster. The Internet of Things (IoT), also known as machine-to-machine 
(M2M) communication technology [20], is the notion of connecting one device to 
another through the Internet infrastructure, more specifically, an IoT platform. IoT 
is the next logical step to monitor floods in the connected world [21]. IoT is being 
used in the new generation of water level gauges to increase the data collection 
density and also to fulfill the training data requirements of AI algorithms [22]. One 
of these AI-enabled IoT is also known as smart sensors. Sensors are becoming less 
expensive, more reliable, and can serve as real-time data collectors [21]. Numerous 
studies were reported in recent literature elaborating on the optimization of various 
elements of FEWSs using smart sensors. These optimizations include water level 
recorder, rainfall, river flow, temperature, real-time wind direction, soil moisture 
data, and external influences like wind speed [23–25].

3.2 Progress in remote sensing

The information required for risk assessment is often spatial, and its collec-
tion requires considerable resources. The availability of remotely sensed products 
is steadily increasing with the availability of products such as satellite-derived 
topography, vegetation, snow cover, precipitation, and soil moisture. While not 
as precise as information from ground stations, satellite-derived information is in 
use to overcome limited data availability and has the advantage of being spatially 
distributed with global coverage. As the rainfall data are the primary input for 
FEWSs, microwave and thermal remote sensing provide an indirect assessment 
of rainfall by assessing scattering and emission characteristics, cloud cover, type, 
cloud top temperature, etc. The rainfall estimated by satellite is freely available at 
several institutions which can be used by the developing countries to overcome 
the scarcity in their ground measurements. Examples include products from the 
Global Precipitation Measurement mission (GPM) [26]. Retrieval techniques 
make near-real-time availability of satellite-derived rainfall products, for example, 
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NASA’s Integrated Multi-satellitE Retrievals for GPM (IMERG) [27], JAXA’s Global 
Satellite Mapping of Precipitation (GSMaP) [28], Precipitation Estimation from 
Remotely Sensed Information using Artificial Neural Networks (PERSIANN) [29], 
and NOAA’s the Climate Prediction Center (CPC) MORPHing method (CMORPH) 
[30]. Particularly, JAXA is providing GSMaP real-time products with 0-hour 
latency that is very useful for flood monitoring forecasting applications. GSMaP 
Realtime (GSMaP_NOW) has been provided within Asia-Pacific region (GEO-
Himawari) since November 2015, and it has been extended to whole globe since 
June 2019. The JAXA Realtime Rainfall Watch website [28] equipped with graphical 
user interface (GUI) allows easy access to monitor and obtain current and past 
precipitation amount and distribution in real time, and the website is updated every 
30 minutes. Similarly, NASA also provides the IMERG data product for every half 
an hour but with a 6-hour latency from the time of data acquisition [27]. Rainfall 
amounts estimated by satellite are usually bias corrected and merged with avail-
able ground records to improve their accuracy. The resulting rainfall products can 
be used for enhancing forecasting, early warning, preparedness, and mitigation 
activities [31, 32]. Recent advances in remote sensing techniques by using micro-
wave satellite observations have also enabled the estimation of surface soil moisture 
(∼10 cm depth) [33], thus generating global soil moisture data usable in flood 
forecasting [34].

For rapid flood and damage mapping at global scale, space charters such as 
the International Charter Space and Major Disasters [35], Global Monitoring for 
Environment and Security [36], and Sentinel Asia [37] provide emergency response 
services to access their satellite data in the event of natural disasters (e.g., flood) 
for registered users who can collect satellite imagery for free of charge. The maps 
are derived mainly from data acquired from synthetic aperture radar (SAR). SAR 
is independent of day-and-night visibility and weather conditions (e.g., persistent 
rain or cloud cover) during extreme events. To asses floods and their damages from 
SAR, data acquired before and during/after an extreme event are compared to 
detect flooded area and their extents.

3.3 Progress in hydrological/hydraulic modeling

Hydrological models have become essential tools for generating information 
on water-related disasters (e.g., flood peak, inundation depths, and inundation 
extents) to support decision-making strategies. Advances in hydrological model-
ing are driven by the availability of spatially distributed ground and satellite data, 
improved understanding of hydrological processes, and advancements in computer 
resources. These have boosted the development of several distributed hydrological 
models (DHMs) [38–44]. DHMs, which integrated the capabilities of simulating 
catchment-scale rainfall runoff inundation processes, are capable of providing 
additional information (e.g., inundation extents, flooding depths, and the direction 
of flow paths). They are considered to be very informative and practical tools for 
developing a proactive FEWS and mapping flood hazards to provide crucial flood-
related information for flood risk management and damage assessment. Recent 
developments in 2D and 3D models have made them in the standard of practice due 
to their versatility in producing flood-related information. However, the increased 
complexity of 2D and 3D models requires high-quality data and expertise in pro-
cessing and visualization to produce accurate results. Examples of DHMs include 
MIKE SHE [45], LISFLOOD [46], and Rainfall-Runoff-Inundation (RRI) [47], and 
Water and Energy Budget-based Rainfall-Runoff-Inundation Model (WEB-RRI) 
[48]. Accurate topographic data are in demand for 2D and 3D flood modeling and to 
simulate correct flood depths and inundations. An airborne survey using LIDAR or 
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synthetic aperture radar (SAR) is finding increasing applications in flood forecast-
ing since it yields high vertical accuracy [49]. Apart from the DHMs, data-driven 
models also have high potential to be operational in FCCs. Bayesian models and 
hybrid adaptive neural-based fuzzy inference systems (ANFIS) combined by ANN, 
and fuzzy theories are recent developments in data-driven models includes [49]. 
Visualization and geographic information system (GIS) software benefits the mod-
ern-day FEWSs by producing user-friendly and descriptive flood maps and flood 
propagation areas likely to be submerged [46]. More training and capacity building 
workshops need to be conducted to provide opportunities for the flood forecaster to 
understand and apply appropriate models for their particular catchments.

3.4 Progress in numerical weather prediction

Over the past 50 years, the advancements in science and technology, the 
proliferation of environmental observations, and improved scientific understand-
ing of the land, atmosphere, and oceanic processes and their modeling radically 
transformed weather forecasting into an effective, global, and regional environ-
mental prediction capability. Besides the remarkable developments, capturing and 
communicating the uncertainty in forecasting had always been a greater challenge 
for forecasters, who have to live with the possibility of uncertainties (i.e., misses 
and false alert). There are two main challenges faced by forecasters: (a) reduce 
uncertainty and (b) quantify the uncertainty. The increasing availability of ground 
and satellite observations and advancement of operational data assimilation (DA) 
methods and systems such as four-dimensional variational DA (4DVar), hybrid 
4DVar with a local ensemble transform Kalman filter (LETKF), and hybrid data 
assimilation to improve the knowledge of the initial state of the atmosphere are 
keeping on narrowing down the range of uncertainties in the quantitative precipi-
tation forecasting [50]. The ensemble forecasting has become a standard tool for 
quantifying the uncertainty in the forecast, recently. In this approach, instead of 
making a single forecast of precipitation, a set (or ensemble) of forecasts is pro-
duced with aims to indicate the most anticipated events, the range of possible future 
precipitation rates, and uncertainty information [51, 52]. As the multiple ensemble 
rainfall predictions can provide a better skill score than deterministic forecasts, 
the ensemble forecasting has become a standard in weather forecasting applica-
tions in the developed world. It is slowly being adopted in hydrological forecasting. 
Global ensemble prediction systems are now run by all major NWP centers [53] 
and available in their data portal. These data can be downloaded and downscaled 
at a national or local scale using mesoscale weather prediction models to produce 
ensemble quantitative rainfall forecast to generate ensemble flood forecasts.

3.5 Progress in big data and cloud computing

Evidence generated by data is crucial for early warning and planning of flood 
disaster mitigation strategies. We live in an era of big data where the massive 
amount of data is collected from various sources. Big data refers to data sets with 
particular sizes and types that traditional relational databases are unable to capture, 
manage, and process the data [54]. The increasing prevalence of digital and mobile 
devices has increased the interconnectedness of society [55], as well as the rise 
of AI and IoT, which has contributed to newer and more complex forms of data 
available for FEWSs. For instance, big data can come from satellite-based sensors, 
UAVs, video/audio streams, networks, log files, transactional applications, web, 
and social media monitoring the water bodies and flows at various spatiotemporal 
resolutions [54]. The big data for FEWSs can be acknowledged through properties 
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called the 5 Vs; volume, velocity, variety, veracity, and value. The volume of data 
might range from tens of terabytes of data to hundreds of petabytes and may be 
of unknown value. The velocity refers to the rate at which data are received in real 
time, and variety is attributed to the new semi- and unstructured data types such as 
text, audio, and video that need further processing to derive information. However, 
two more Vs have risen in case of FEWSs, which are value and veracity, respectively, 
which refer to the potential capital that may be exploited and the insight and knowl-
edge that will be gained from it to manage the floods [56]. Through big data acquisi-
tion of Twitter logs, Deltares and Floodtags were able to map floods in the real time 
during February 2015 floods in Jakarta, Indonesia, and subsequently provide early 
warnings. The organizations were able to develop a method of utilizing data from 
social media posts into information where approximately 900 tweets were posted 
during the flooding peak.

Through Twitter, census data, and hydrodynamic corrected digital elevation 
maps (DEM), real-time flood maps of Jakarta were created and provided adequate 
comparison when compared to photographs after Earth Engine Data Catalog [57]. 
SERVIR-Mekong, through its virtual rain gauge service, provides near real-time 
rainfall and stream height data from publicly available satellite measurements by 
the creation of a virtual network of rain gauges and stream gauges at points widely 
distributed over the entire Lower Mekong Region. This service is also used by the 
Mekong River Commission as part of their regional flood forecasting service [58]. 
The Google Earth Engine (GEE) cloud-based platform provides open access to 
40 years of historical imagery and scientific analysis ready dataset (ARD), which has 
a size of 10 PB [57]. The access to ARD has transformed how remote sensing is pro-
cessed for FEWSs. Chen and Han [59] developed a Flood Prevention and Emergency 
Response System (FPERS) based on GEE. In the preflood stage of the FPERS, a huge 
amount of geospatial data is integrated into the system and categorized as typhoon 
forecast and archive, disaster prevention and warning, disaster events, and analysis, 
or basic data and layers. This enabled the right data to be referred to at the right time 
during the flood prevention and emergency response [60].

In addition to GEE, various national-level big data repositories are being used as 
a data source for FEWSs. Australia has set up its own big data infrastructure called 
Australian Geoscience Data Cube (AGDC), which aims to realize the full potential 
of Earth observation data holding for Australia [61]. The Swiss Data Cube (SDC) 
has been set up in collaboration with various national and international agencies 
to support the Swiss government in environmental monitoring and reporting, as 
well as enable Swiss scientific institutions to fully benefit from EO data for research 
and innovation [62]. Other worth mentioning big data repositories include Africa 
Regional Data Cube (ARDC), launched in May 2018, and Mexican Geospatial Data 
Cube, which is under development. The Japanese Ministry of Education, Culture, 
Sports, Science, and Technology (MEXT) supported the development of the Data 
Integration and Analysis System (DIAS) as part of the Earth Observation and 
Ocean Exploration System. DIAS is a demonstrative data system that effectively 
and efficiently integrates global and local observation data and information. It has 
led to research breakthroughs in understanding, forecasting, and adapting to global 
environmental changes, particularly concerning changes in the water cycle and the 
effects on water management systems and societies across the globe [63].

3.6 Social media and social networking apps

Volunteered geographic information (VGI), a component of citizen science, 
is user-generated information that is crowdsourced, and it relies on collaborative 
and specific web platforms and/or mobile phone applications [64]. In terms of 
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synthetic aperture radar (SAR) is finding increasing applications in flood forecast-
ing since it yields high vertical accuracy [49]. Apart from the DHMs, data-driven 
models also have high potential to be operational in FCCs. Bayesian models and 
hybrid adaptive neural-based fuzzy inference systems (ANFIS) combined by ANN, 
and fuzzy theories are recent developments in data-driven models includes [49]. 
Visualization and geographic information system (GIS) software benefits the mod-
ern-day FEWSs by producing user-friendly and descriptive flood maps and flood 
propagation areas likely to be submerged [46]. More training and capacity building 
workshops need to be conducted to provide opportunities for the flood forecaster to 
understand and apply appropriate models for their particular catchments.

3.4 Progress in numerical weather prediction

Over the past 50 years, the advancements in science and technology, the 
proliferation of environmental observations, and improved scientific understand-
ing of the land, atmosphere, and oceanic processes and their modeling radically 
transformed weather forecasting into an effective, global, and regional environ-
mental prediction capability. Besides the remarkable developments, capturing and 
communicating the uncertainty in forecasting had always been a greater challenge 
for forecasters, who have to live with the possibility of uncertainties (i.e., misses 
and false alert). There are two main challenges faced by forecasters: (a) reduce 
uncertainty and (b) quantify the uncertainty. The increasing availability of ground 
and satellite observations and advancement of operational data assimilation (DA) 
methods and systems such as four-dimensional variational DA (4DVar), hybrid 
4DVar with a local ensemble transform Kalman filter (LETKF), and hybrid data 
assimilation to improve the knowledge of the initial state of the atmosphere are 
keeping on narrowing down the range of uncertainties in the quantitative precipi-
tation forecasting [50]. The ensemble forecasting has become a standard tool for 
quantifying the uncertainty in the forecast, recently. In this approach, instead of 
making a single forecast of precipitation, a set (or ensemble) of forecasts is pro-
duced with aims to indicate the most anticipated events, the range of possible future 
precipitation rates, and uncertainty information [51, 52]. As the multiple ensemble 
rainfall predictions can provide a better skill score than deterministic forecasts, 
the ensemble forecasting has become a standard in weather forecasting applica-
tions in the developed world. It is slowly being adopted in hydrological forecasting. 
Global ensemble prediction systems are now run by all major NWP centers [53] 
and available in their data portal. These data can be downloaded and downscaled 
at a national or local scale using mesoscale weather prediction models to produce 
ensemble quantitative rainfall forecast to generate ensemble flood forecasts.

3.5 Progress in big data and cloud computing

Evidence generated by data is crucial for early warning and planning of flood 
disaster mitigation strategies. We live in an era of big data where the massive 
amount of data is collected from various sources. Big data refers to data sets with 
particular sizes and types that traditional relational databases are unable to capture, 
manage, and process the data [54]. The increasing prevalence of digital and mobile 
devices has increased the interconnectedness of society [55], as well as the rise 
of AI and IoT, which has contributed to newer and more complex forms of data 
available for FEWSs. For instance, big data can come from satellite-based sensors, 
UAVs, video/audio streams, networks, log files, transactional applications, web, 
and social media monitoring the water bodies and flows at various spatiotemporal 
resolutions [54]. The big data for FEWSs can be acknowledged through properties 
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called the 5 Vs; volume, velocity, variety, veracity, and value. The volume of data 
might range from tens of terabytes of data to hundreds of petabytes and may be 
of unknown value. The velocity refers to the rate at which data are received in real 
time, and variety is attributed to the new semi- and unstructured data types such as 
text, audio, and video that need further processing to derive information. However, 
two more Vs have risen in case of FEWSs, which are value and veracity, respectively, 
which refer to the potential capital that may be exploited and the insight and knowl-
edge that will be gained from it to manage the floods [56]. Through big data acquisi-
tion of Twitter logs, Deltares and Floodtags were able to map floods in the real time 
during February 2015 floods in Jakarta, Indonesia, and subsequently provide early 
warnings. The organizations were able to develop a method of utilizing data from 
social media posts into information where approximately 900 tweets were posted 
during the flooding peak.

Through Twitter, census data, and hydrodynamic corrected digital elevation 
maps (DEM), real-time flood maps of Jakarta were created and provided adequate 
comparison when compared to photographs after Earth Engine Data Catalog [57]. 
SERVIR-Mekong, through its virtual rain gauge service, provides near real-time 
rainfall and stream height data from publicly available satellite measurements by 
the creation of a virtual network of rain gauges and stream gauges at points widely 
distributed over the entire Lower Mekong Region. This service is also used by the 
Mekong River Commission as part of their regional flood forecasting service [58]. 
The Google Earth Engine (GEE) cloud-based platform provides open access to 
40 years of historical imagery and scientific analysis ready dataset (ARD), which has 
a size of 10 PB [57]. The access to ARD has transformed how remote sensing is pro-
cessed for FEWSs. Chen and Han [59] developed a Flood Prevention and Emergency 
Response System (FPERS) based on GEE. In the preflood stage of the FPERS, a huge 
amount of geospatial data is integrated into the system and categorized as typhoon 
forecast and archive, disaster prevention and warning, disaster events, and analysis, 
or basic data and layers. This enabled the right data to be referred to at the right time 
during the flood prevention and emergency response [60].

In addition to GEE, various national-level big data repositories are being used as 
a data source for FEWSs. Australia has set up its own big data infrastructure called 
Australian Geoscience Data Cube (AGDC), which aims to realize the full potential 
of Earth observation data holding for Australia [61]. The Swiss Data Cube (SDC) 
has been set up in collaboration with various national and international agencies 
to support the Swiss government in environmental monitoring and reporting, as 
well as enable Swiss scientific institutions to fully benefit from EO data for research 
and innovation [62]. Other worth mentioning big data repositories include Africa 
Regional Data Cube (ARDC), launched in May 2018, and Mexican Geospatial Data 
Cube, which is under development. The Japanese Ministry of Education, Culture, 
Sports, Science, and Technology (MEXT) supported the development of the Data 
Integration and Analysis System (DIAS) as part of the Earth Observation and 
Ocean Exploration System. DIAS is a demonstrative data system that effectively 
and efficiently integrates global and local observation data and information. It has 
led to research breakthroughs in understanding, forecasting, and adapting to global 
environmental changes, particularly concerning changes in the water cycle and the 
effects on water management systems and societies across the globe [63].

3.6 Social media and social networking apps

Volunteered geographic information (VGI), a component of citizen science, 
is user-generated information that is crowdsourced, and it relies on collaborative 
and specific web platforms and/or mobile phone applications [64]. In terms of 
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FEWSs, VGI is citizen-generated data from various information sources: (i) social 
media, (ii) crowdsensing, and (iii) collaborative mapping [65]. Social media, as 
the name suggests, involves information sharing through platforms such as Twitter, 
Facebook, and Flickr. Crowdsensing is referred to as citizen observatories, where 
citizens on the web use different applications to register and share observations. 
Collaborative mapping is the mapping of geographic features to generate Internet-
based interactive maps.

One such effort of incorporating VGI to complement official sources of infor-
mation (such as static and mobile environmental sensors) and support FEWSs is 
A Geospatial Open collaboRative Architecture—AGORA [66]. It is a conceptual 
architecture that uses information from VGI and traditional information sources 
into three layers: acquisition, integration, and application. Currently, it aims to 
improve flood disaster resilience in Brazil and works in close collaboration with 
the National Center for Monitoring and Early Warning of Natural Disasters 
(CEMADEN), Brazil [67].

Social network analysis (SNA) is a broad general term that is used for represent-
ing connections among people and using graph analytic techniques to explore 
characteristics of that network [68]. Recently, there has been a surge in the applica-
tion of SNA in flood disaster risk management [69].

Restrepo-Estrada et al. [70] developed a methodology to use geosocial media 
messages such as Twitter data as a proxy variable for rainfall estimates using 
transformation function to force hydrologic models and predict streamflow. This is 
particularly important for ungauged or poorly gauged sites to cover the spatial and 
temporal variability of ever-changing river basins. They have developed a historical 
and real-time global flood detecting database using 88 million tweets with 90% 
accuracy in reporting flood events. While the data from existing flood re-insurance 
sectors are not always freely accessible, Bruijn et al. [71] have made real-time data 
publicly available at www.globalfloodmonitor.org.

Tkachenko et al. [72] used Yahoo! Flickr tags to learn its forecasting potential 
for floods without the use of complementary environmental sensors using a buf-
fer period of 5 days before flood peak and different neutral and risk signaling 
semantic elements. They found that alternative social sensors such as Yahoo! Flickr 
can be used as a potential flood disaster predictor, especially in the areas where 
environmental sensors are absent. The study results are impressive. However, 
much research is needed in the area to be used as a sole potential indicator of flood 
disasters in ungauged sites.

It is expected that in the future, there will be a shift toward a much broader 
concept of “extreme citizen science” rather than volunteered participatory monitor-
ing merely as “citizen sensors” [73]. This will lead to involving citizens in all stages 
of the project life cycle, such as flood data analysis and its interpretation rather than 
only data collection.

3.7 Other upcoming technologies

There are some upcoming technologies such as 5G networks and Blockchain 
technology that are likely to affect all systems that have a telecommunication 
component, hence FEWSs. 5G, also known as fifth-generation mobile network, 
is an emerging technology; it improved on many features from the previous 4G 
network, such as the increase in the speed of transfer rate, connections, and 
efficiency of frequency and the decrease in latency time [74]. The low latency time 
is essential for activities that require real-time updates for FEWSs. 5G will also allow 
FEWS experts to increase coverage and network capacity of smart data collection 
devices by enabling the assimilation of heterogeneous networks that possess various 
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wireless access technologies, coverage area sizes, and topologies. Blockchain is an 
emerging data structure that is a collection of records or an open, public infrastruc-
ture environment of transactions or digital events that has been conducted between 
agencies and/or individuals [75]. Blockchain allows for increased trust in the system 
as the mechanisms are transparent and resistant to alterations, which is critical for 
the data to be used in FEWSs. In the future, it is expected that more and more data 
from smart sensors to be used in FEWSs will be stored on the blockchains; this will 
ensure the ownership of the data producers and accuracy of FEWSs.

4. Conclusion

FEWSs are recognized as a crucial tool to estimate the flood disaster risks and 
to mitigate the impacts of floods. As their core functions include data acquisition, 
processing, visualization, and transmission, they are expected to collect neces-
sary data from various platforms such as ground, satellite, and NWP models and 
integrate them to produce superior products with lesser biases, use hydrological/
hydrodynamic models to covert those data into useful risk-related products such as 
water levels and inundation distributions, and transfer these products to end-users 
through various communication channels.

This chapter discusses various identified challenges in operational FEWSs 
worldwide. It highlights the recent progress in data collection and integration, 
numerical weather forecasting, hydrological/hydraulic modeling, as well as 
computing and information technologies that have great potential to enhance the 
performance of FEWSs. These scientific, technical, and technological advance-
ments allow the integration, generation, and exploitation of large repositories of 
environmental and hydroclimatic information to produce valuable information 
for reducing flood-related risks and damages to reach the policymakers and public 
to collect information about flood occurrence, exposure, and vulnerabilities. 
These advancements are becoming available worldwide, and they can be utilized 
effectively to diminish the gaps between developing and developed countries in 
terms of FEWSs capabilities. Especially in forecast dissemination and access to 
nonconventional data sources such as satellite imagery, volunteered geographic 
information and social network analysis are possible venues where such technolo-
gies can address immediately. More and more, those technologies are becoming 
open-source platforms and tools which can be used by economically less privileged 
countries freely. However, more capacity development and training programs have 
to become frequent to grab the skills needed to utilize these technologies in such 
countries.
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FEWSs, VGI is citizen-generated data from various information sources: (i) social 
media, (ii) crowdsensing, and (iii) collaborative mapping [65]. Social media, as 
the name suggests, involves information sharing through platforms such as Twitter, 
Facebook, and Flickr. Crowdsensing is referred to as citizen observatories, where 
citizens on the web use different applications to register and share observations. 
Collaborative mapping is the mapping of geographic features to generate Internet-
based interactive maps.

One such effort of incorporating VGI to complement official sources of infor-
mation (such as static and mobile environmental sensors) and support FEWSs is 
A Geospatial Open collaboRative Architecture—AGORA [66]. It is a conceptual 
architecture that uses information from VGI and traditional information sources 
into three layers: acquisition, integration, and application. Currently, it aims to 
improve flood disaster resilience in Brazil and works in close collaboration with 
the National Center for Monitoring and Early Warning of Natural Disasters 
(CEMADEN), Brazil [67].

Social network analysis (SNA) is a broad general term that is used for represent-
ing connections among people and using graph analytic techniques to explore 
characteristics of that network [68]. Recently, there has been a surge in the applica-
tion of SNA in flood disaster risk management [69].

Restrepo-Estrada et al. [70] developed a methodology to use geosocial media 
messages such as Twitter data as a proxy variable for rainfall estimates using 
transformation function to force hydrologic models and predict streamflow. This is 
particularly important for ungauged or poorly gauged sites to cover the spatial and 
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and real-time global flood detecting database using 88 million tweets with 90% 
accuracy in reporting flood events. While the data from existing flood re-insurance 
sectors are not always freely accessible, Bruijn et al. [71] have made real-time data 
publicly available at www.globalfloodmonitor.org.

Tkachenko et al. [72] used Yahoo! Flickr tags to learn its forecasting potential 
for floods without the use of complementary environmental sensors using a buf-
fer period of 5 days before flood peak and different neutral and risk signaling 
semantic elements. They found that alternative social sensors such as Yahoo! Flickr 
can be used as a potential flood disaster predictor, especially in the areas where 
environmental sensors are absent. The study results are impressive. However, 
much research is needed in the area to be used as a sole potential indicator of flood 
disasters in ungauged sites.

It is expected that in the future, there will be a shift toward a much broader 
concept of “extreme citizen science” rather than volunteered participatory monitor-
ing merely as “citizen sensors” [73]. This will lead to involving citizens in all stages 
of the project life cycle, such as flood data analysis and its interpretation rather than 
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technology that are likely to affect all systems that have a telecommunication 
component, hence FEWSs. 5G, also known as fifth-generation mobile network, 
is an emerging technology; it improved on many features from the previous 4G 
network, such as the increase in the speed of transfer rate, connections, and 
efficiency of frequency and the decrease in latency time [74]. The low latency time 
is essential for activities that require real-time updates for FEWSs. 5G will also allow 
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wireless access technologies, coverage area sizes, and topologies. Blockchain is an 
emerging data structure that is a collection of records or an open, public infrastruc-
ture environment of transactions or digital events that has been conducted between 
agencies and/or individuals [75]. Blockchain allows for increased trust in the system 
as the mechanisms are transparent and resistant to alterations, which is critical for 
the data to be used in FEWSs. In the future, it is expected that more and more data 
from smart sensors to be used in FEWSs will be stored on the blockchains; this will 
ensure the ownership of the data producers and accuracy of FEWSs.

4. Conclusion

FEWSs are recognized as a crucial tool to estimate the flood disaster risks and 
to mitigate the impacts of floods. As their core functions include data acquisition, 
processing, visualization, and transmission, they are expected to collect neces-
sary data from various platforms such as ground, satellite, and NWP models and 
integrate them to produce superior products with lesser biases, use hydrological/
hydrodynamic models to covert those data into useful risk-related products such as 
water levels and inundation distributions, and transfer these products to end-users 
through various communication channels.

This chapter discusses various identified challenges in operational FEWSs 
worldwide. It highlights the recent progress in data collection and integration, 
numerical weather forecasting, hydrological/hydraulic modeling, as well as 
computing and information technologies that have great potential to enhance the 
performance of FEWSs. These scientific, technical, and technological advance-
ments allow the integration, generation, and exploitation of large repositories of 
environmental and hydroclimatic information to produce valuable information 
for reducing flood-related risks and damages to reach the policymakers and public 
to collect information about flood occurrence, exposure, and vulnerabilities. 
These advancements are becoming available worldwide, and they can be utilized 
effectively to diminish the gaps between developing and developed countries in 
terms of FEWSs capabilities. Especially in forecast dissemination and access to 
nonconventional data sources such as satellite imagery, volunteered geographic 
information and social network analysis are possible venues where such technolo-
gies can address immediately. More and more, those technologies are becoming 
open-source platforms and tools which can be used by economically less privileged 
countries freely. However, more capacity development and training programs have 
to become frequent to grab the skills needed to utilize these technologies in such 
countries.
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Overcoming Barriers to Urban 
Flood Resilience: A Case of 
Hyderabad, India
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Abstract

Cities are increasingly faced with frequent floods disrupting everyday lives. 
Adapting to flood risks and conserving eco-sensitive sites are central to social 
ecological resilience. Rapidly expanding cities are found short of mitigating the 
adverse environmental impacts. For enhancing flood resilience, it is important to 
understand the interaction of the key stakeholders and its impact on governance 
and land use in the cities. Land use change in urban space is constantly influenced 
by negotiations among various interest groups. The urban governance structures are 
increasingly dominated by neoliberal approaches of profit maximization. Following 
a heuristic framework for policy analysis of land use change and governance, the 
present study assesses the barriers in building flood resilient cities. We apply the 
framework to Hyderabad city of Telangana, India, which has faced the recurring 
challenge of flooding. Results demonstrate the lack of urgency in implementing 
disaster management initiatives and contradictions in existing policies. This study 
points out the redundancy of elected municipal bodies for taking flood resilience 
measures, due to increasing proliferation of nondemocratic administrative bodies 
and underlines the need to bridge the gap through agendas cutting across sectors 
and institutions.

Keywords: urbanization, flood resilience, policy analysis, disaster management

1. Introduction

Increasingly, cities are faced with various natural hazards. Urban flooding has 
increased in frequency and caused loss of life and infrastructure all over the world. 
Rapid urbanization and increased anthropogenic activities have led to haphazard 
development on eco-sensitive areas. Changing climate scenario has put livelihood of 
many vulnerable people at risk. Hyderabad has also faced increasing flooding event 
over the years. While flooding in 2000 was most destructive for the city in recent 
times, it has also faced the disruptive floods in 2008 and more recently in 2016 and 
2017. Urban governance plays a key role in shaping various processes of disaster risk 
reduction (DRR) and flood resilience. Primarily, flood mitigation measures can be 
approached as structural and nonstructural measures. Structural measures include 
flood defense construction, and nonstructural measures include policy changes, 
flood awareness programs, and so on. Increasingly, the focus has been shifting from 
structural to nonstructural measures, which have more long-term impact on flood 
preparedness and mitigation.
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Rapid urbanization and increased anthropogenic activities have led to haphazard 
development on eco-sensitive areas. Changing climate scenario has put livelihood of 
many vulnerable people at risk. Hyderabad has also faced increasing flooding event 
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2017. Urban governance plays a key role in shaping various processes of disaster risk 
reduction (DRR) and flood resilience. Primarily, flood mitigation measures can be 
approached as structural and nonstructural measures. Structural measures include 
flood defense construction, and nonstructural measures include policy changes, 
flood awareness programs, and so on. Increasingly, the focus has been shifting from 
structural to nonstructural measures, which have more long-term impact on flood 
preparedness and mitigation.
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For effective nonstructural measures, we need to strengthen our understanding 
of root causes behind the urban flooding, for which along with technical knowledge 
of urban growth, we need deeper understanding of urbanization processes and land 
use changes. Such an endeavor requires deciphering of power relations between 
various stakeholders. Urban space is laden with constant negotiations and power 
conflicts. Sociopolitical tensions and socioeconomic conditions of city dwellers are 
reflected in socionatural changes in land use. Urban environmental change is the 
result of deliberate efforts of appropriation of resources by the dominant vested 
interests, which maintain status quo through fragmented role of institutions and 
agencies [1]. Hence, governance of socioecological changes cannot be looked in silos 
but occurs in the highly politicized urban space [2].

‘The prevalent flood governance strategies rely on hybrid forms of neoliberal 
governance, where technological risk prevention is linked to programs that promote 
social resilience and cultural adaptation’ [3]. Neoliberalism has a powerful influence 
on current urban governance and development by defining policy formulations, 
limiting democratic participation, and managing dissent and counter narratives 
by proclaiming new futuristic visions of the city [4]. Neoliberalism anchored in 
supralocal forces of capital accumulation, and there collaborations with state power 
have managed to engulf cities in market-driven governance regimes.

The neoliberal ideology gives primacy to market forces and motivation to 
maximize material benefits over the government’s role as a responsible representa-
tive of people [5]. The emerging neoliberal self is driven by individualism and 
consumerism, which comes in conflict with sustainable development [6]. In Indian 
cities, neoliberal policies had most debilitating effects on economically weaker 
sections such as forced eviction or displacement of slum dwellers for urban mega 
projects [7]. The supralocal forces and parastatal agencies behind such mega 
projects interact with native sociopolitical narratives to produce a complex urban 
space. Scholars have investigated urban flooding to reveal contradictory nature of 
neoliberal urban policies such as (see [8]) the study on storm drainage network in 
Bangalore to bring the socionature intricacies of flow and fixity of water and storm 
drains, respectively. Another study on Surat highlighted the overlapping nature of 
risks in the city [9].

In context of Hyderabad, there are few studies examining urban flooding. Most 
studies are technical in nature, which use GIS tools for presenting land use change, 
vulnerability, and flood prone areas. Theoretical studies analyzing the policy 
changes and its implementation are scarce. Among policy-oriented studies, some 
have explored the increasing pollution and vanishing of the water bodies. And oth-
ers have looked at urbanization processes, broad governance issues at the municipal 
level, and financing of various government projects in the city. While investigating 
the urban flooding, the present study is also an attempt to integrate the relevant 
literature in informing urban flood resilience in Hyderabad.

Following above theoretical framework, the next section elaborates the method-
ology, Section 3 describes the way urban development activities have contributed 
to flooding. Section 4 presents an analysis of policy, implementation, and exist-
ing barriers. Section 5 discusses the ways to overcome the barriers to urban flood 
resilience. And final section gives the concluding remarks.

2. Methodology

Unplanned development and growth of the city pose not only the ecological 
risk but also risks the sustainability of city itself. Policy framing and implementa-
tion give a more organized platform for a restrictive and planned process for city 

39

Overcoming Barriers to Urban Flood Resilience: A Case of Hyderabad, India
DOI: http://dx.doi.org/10.5772/intechopen.93195

growth. It plays an important role in the regulation of land use change, building 
resilience and mitigation of hazards as urban flooding. Environmental acts, build-
ing regulations, and realizing the ground implementation of policy documents 
have a key role in flood management in the city. Hence, in cities frequently faced 
with hazards, it becomes essential to critical analyze both the policy framing and its 
implementation. Therefore, in the present study, various official documents such 
as government orders, municipal laws, environmental policies, court orders, civil 
society engagement, and existing research literature are analyzed to understand 
the present flood vulnerability in Hyderabad (Figure 1). Also, the focus has been to 
look at policy gaps in two ways. One is the gap in terms of conception of the policy 
whereby policy documents itself fail to recognize the complexity of the challenges 
of environmental hazard faced by the city. And second is the gap in policy concep-
tion and implementation whereby policy documents may be ideal to follow, but 
implementation has lag behind in releasing the vision of such policies.

First, digital elevation model (DEM) of the area under Greater Hyderabad 
Municipal Corporation (GHMC) was prepared to have better understanding of 
the topography of the study area. DEM represents the land surface and helps to 
visualize the terrain of an area. DEM for Hyderabad city was obtained from Bhuvan 
Cartosat. It was clipped using mask layer of shape file of the city and processed 
in QGIS. Second, to analyze the policy and implementation, this study employs 
heuristic framework of reflexive governance. This framework analyzes in terms 

Figure 1. 
Location of study area.
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of policy, polity, and politics with three levels of governance at macro, meso, and 
micro. In adapting the framework for the current study, the policy aspect high-
lights the problem at hand. Polity aspects elaborate on formal instruments and key 
institutions such as master plans, disaster management acts, and so on. Finally, the 
political aspects focus on barriers in improved governance and interaction among 
various stakeholders.

Heuristic framework can be applied to understand the interaction among the 
key interest groups and its impact on land use change and flood management [1]. 
Framework is useful in discerning blind spots and prevailing narratives to address 
shortcomings in governance. It draws attention to the power relations among 
various actors influencing the urban change to fulfill particular interests [10]. The 
main documents that have referred in the present study at macro level are disaster 
management act 2005, disaster management policy 2016, role of national disaster 
management authority (NDMA), and its plans/guidelines. At meso level, role of 
state disaster management authority (SDMA), Telangana climate change plan, state 
level urban policies, and urban mega projects have been analyzed. Lastly, at micro 
level, the main focus was on the master plans, building by laws, municipal gover-
nance, and their impact on the city sustainability and flood vulnerability.

3. Results and discussion

3.1 Impact of anthropogenic activities on urban floods

Role of anthropogenic activities that have been responsible for increased flood 
vulnerability in Hyderabad is discussed in this section. An attempt was made to 
bring the entire study area into a DEM for better understanding and evaluation 
(Figure 2). Thus, from the terrain elevation model, it can be observed that the 
maximum elevation is in the western part, whereas the minimum elevation is seen 
towards south east of the city. The low lying areas particularly surrounding water 
bodies as lakes and rivers are not favorable for habitation. And any extension of 
built up area around these sites must be with some precautionary measures and at 
best avoided. But most of such areas have already been covered by dense population. 
As per the census, population of Hyderabad increased rapidly from 3.05 million in 
1991 to 3.64 million in 2001. And after creation of GHMC in 2007, it reached to 6.81 
million on 2011. Most vulnerable to urban flooding is the population with minimum 
socioeconomic resources to cope with disasters. As per the last census 2011, there 
were 2.29 million people residing in slum and squatter settlements in Hyderabad. 
As per GHMC’s own estimation, there are 13,509 families directly vulnerable to 
flooding in the city.

The maximum mean monthly rainfall in last decade has been recorded 544 mm 
in August 2000. The lowest rainfall is mostly in the months from December 
to March. Highest average rainfall for 100 years (1908–2008) in Hyderabad is 
observed in the month of July (192 mm) followed closely by August (182 mm) 
and September (180 mm), that is, during southwest monsoon. In August 2000, 
Hyderabad recorded a rainfall of 240 mm in a day, consequent flooding affected 
35,693 homes and 26 people lost their lives along with estimated property loss of 
Rs. 13.5 million. In August 2008, 237 mm rainfall in 36 hours resulted in property 
loss of Rs. 4.9 million [11]. But even small rainfall presents the challenges in the 
city such as with just 50–60 mm rainfall in July 2005, transport came to standstill, 
and there were deaths from being swept into the manholes. In recent flooding in 
2016 and 2017, there were many reports of death due to collapse of walls, roofs, 
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and buildings after rainfall. In some localities, National Disaster Response Force 
(NDRF) has to be called in for rescue and relief operations.

Concretization cover has increased rapidly over the year’s throughput the city. 
Total build up was 17,092 ha in 1964, which increased to 26,312 ha in 1974 and 
45,550 ha in 1990. Area under the river/streams changed from 762 ha in 1964 to 
512 ha in 1974 and further to 312 ha in 1990 [12]. It is the low-density area that 
has continuously contributed to high-density urban area growth in the city. Total 
urban built up area of low- and high-density area has grown by 43,607 ha between 
1989 and 2011 [13]. Total built up area in 2015 for Hyderabad urban agglomeration 
increased to 86,535 ha.

Water bodies have been worst affected by such rapid haphazard urbanization. 
Construction activities on lake and river bed have pushed more people toward high 
vulnerability to floods. Water bodies in the area are reduced from 2.28 to 1.64% 
from 2001 to 2016 [14]. Area under water bodies reduced from 5949.28 ha in 2001 
to 4764.73 ha in 2015, that is, area of 84.61 ha/year of water bodies has vanished 
[15]. The expansion in peri-urban has also been at the cost of vanishing water 
bodies. Urban sprawl has consumed water bodies and open lands to accommodate 
housing and other economic activities. Even the floodwaters carrying channels 

Figure 2. 
Digital elevation model of Hyderabad.
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of policy, polity, and politics with three levels of governance at macro, meso, and 
micro. In adapting the framework for the current study, the policy aspect high-
lights the problem at hand. Polity aspects elaborate on formal instruments and key 
institutions such as master plans, disaster management acts, and so on. Finally, the 
political aspects focus on barriers in improved governance and interaction among 
various stakeholders.

Heuristic framework can be applied to understand the interaction among the 
key interest groups and its impact on land use change and flood management [1]. 
Framework is useful in discerning blind spots and prevailing narratives to address 
shortcomings in governance. It draws attention to the power relations among 
various actors influencing the urban change to fulfill particular interests [10]. The 
main documents that have referred in the present study at macro level are disaster 
management act 2005, disaster management policy 2016, role of national disaster 
management authority (NDMA), and its plans/guidelines. At meso level, role of 
state disaster management authority (SDMA), Telangana climate change plan, state 
level urban policies, and urban mega projects have been analyzed. Lastly, at micro 
level, the main focus was on the master plans, building by laws, municipal gover-
nance, and their impact on the city sustainability and flood vulnerability.

3. Results and discussion

3.1 Impact of anthropogenic activities on urban floods

Role of anthropogenic activities that have been responsible for increased flood 
vulnerability in Hyderabad is discussed in this section. An attempt was made to 
bring the entire study area into a DEM for better understanding and evaluation 
(Figure 2). Thus, from the terrain elevation model, it can be observed that the 
maximum elevation is in the western part, whereas the minimum elevation is seen 
towards south east of the city. The low lying areas particularly surrounding water 
bodies as lakes and rivers are not favorable for habitation. And any extension of 
built up area around these sites must be with some precautionary measures and at 
best avoided. But most of such areas have already been covered by dense population. 
As per the census, population of Hyderabad increased rapidly from 3.05 million in 
1991 to 3.64 million in 2001. And after creation of GHMC in 2007, it reached to 6.81 
million on 2011. Most vulnerable to urban flooding is the population with minimum 
socioeconomic resources to cope with disasters. As per the last census 2011, there 
were 2.29 million people residing in slum and squatter settlements in Hyderabad. 
As per GHMC’s own estimation, there are 13,509 families directly vulnerable to 
flooding in the city.

The maximum mean monthly rainfall in last decade has been recorded 544 mm 
in August 2000. The lowest rainfall is mostly in the months from December 
to March. Highest average rainfall for 100 years (1908–2008) in Hyderabad is 
observed in the month of July (192 mm) followed closely by August (182 mm) 
and September (180 mm), that is, during southwest monsoon. In August 2000, 
Hyderabad recorded a rainfall of 240 mm in a day, consequent flooding affected 
35,693 homes and 26 people lost their lives along with estimated property loss of 
Rs. 13.5 million. In August 2008, 237 mm rainfall in 36 hours resulted in property 
loss of Rs. 4.9 million [11]. But even small rainfall presents the challenges in the 
city such as with just 50–60 mm rainfall in July 2005, transport came to standstill, 
and there were deaths from being swept into the manholes. In recent flooding in 
2016 and 2017, there were many reports of death due to collapse of walls, roofs, 
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and buildings after rainfall. In some localities, National Disaster Response Force 
(NDRF) has to be called in for rescue and relief operations.

Concretization cover has increased rapidly over the year’s throughput the city. 
Total build up was 17,092 ha in 1964, which increased to 26,312 ha in 1974 and 
45,550 ha in 1990. Area under the river/streams changed from 762 ha in 1964 to 
512 ha in 1974 and further to 312 ha in 1990 [12]. It is the low-density area that 
has continuously contributed to high-density urban area growth in the city. Total 
urban built up area of low- and high-density area has grown by 43,607 ha between 
1989 and 2011 [13]. Total built up area in 2015 for Hyderabad urban agglomeration 
increased to 86,535 ha.

Water bodies have been worst affected by such rapid haphazard urbanization. 
Construction activities on lake and river bed have pushed more people toward high 
vulnerability to floods. Water bodies in the area are reduced from 2.28 to 1.64% 
from 2001 to 2016 [14]. Area under water bodies reduced from 5949.28 ha in 2001 
to 4764.73 ha in 2015, that is, area of 84.61 ha/year of water bodies has vanished 
[15]. The expansion in peri-urban has also been at the cost of vanishing water 
bodies. Urban sprawl has consumed water bodies and open lands to accommodate 
housing and other economic activities. Even the floodwaters carrying channels 

Figure 2. 
Digital elevation model of Hyderabad.
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connecting one water body to the other have been encroached by private, govern-
ment agencies, and their coalitions [16].

Pollution and waste disposal have further aggravated the flood vulnerability by 
clogging the drainage system and degrading the water bodies with toxic industrial 
chemical waste. The black-colored sewage of untreated toxic effluents from many 
industries is discharged into Hussain Sagar Lake through Kukatpally nala [17]. 
Further during Ganesh festival, many idols made of plaster of Paris (PoP), iron, 
and other chemicals are immersed in Hussain Sagar Lake. After dissolving, these 
idols not only alter the water quality but also accumulate in the lake bed causing 
serious damage to the lake [15]. Solid waste disposal is another concern as unsorted 
waste ends up in the water bodies, which clogs the drainage system and results in 
flooding of nearby areas. The uncontrolled disposal of solid waste will also worsen 
the condition with increasing pace of urbanization. The projected per capita solid 
waste generation by 2021 in GHMC is likely to be 803 g/cap/day [18].

Peri-urban expansion in the city has even affected the agriculture land. 
Open cultivated lands act as sponge for excess water during heavy rainfall, but 
with increasing concretization, agriculture land use has reduced in Hyderabad 
over the years. In the city’s periphery, in Medak, of 66,055 ha that has been put 
to nonagricultural use, nearly half have been consumed by the real estate [19]. 
The Rangareddy area has witnessed such conversion even at more rapid pace. 
Development projects such as SEZs, outer ring road (ORR), and IT parks have come 
at the cost of decreasing open and farm land.

Forest areas are essential for maintaining environmental sustainability in the 
city and help to absorb/slow down excessive runoff water. According to EPTRI [15] 
report, area under scrub and forest land has decreased from 8189.51 ha in 2003 to 
8177.75 ha in 2014. Area under parks and recreational playground has increased 
from 21.68 ha in 2003 to 50.92 ha in 2014, and urban vegetation has increased 
from 11.31 ha in 2003 to 27.73 ha in 2014. This can be misleading as many parks 
and urban vegetation have come up on the lake beds to attract tourism and recre-
ational activities. As often lakes are encroached, dried up, and converted into parks 
such as Chacha Nehru Park came up on site of Masab Tank, similar is the case for 
Yousufguda cheruvu.

Hyderabad has even been affected by legal and illegal mining in the city, which 
has degraded land. Other than sand mining, there is active mining of feldspar, 
limestone, and granite in the city and its periphery. Most of the laterite and granite 
mines are in the Rangareddy district. High Court issued guidelines under which 
the mines were not allowed to function inside the ORR, and court observed that 
such mining in the city is threat to residential colonies and environment. Deccan 
chronicle has reported frequent mining explosions in Manikonda, Puppalaguda, 
and Vattinagulapally localities in complete disregard of the norms [20]. Such land 
use pattern will only add to the woes of flood vulnerability in the city.

The multiple processes of land use for economic growth have severely degraded 
and concretized the land in the city. This has resulted in increased flow of water 
even after moderate amount of rainfall. Disappearance of water bodies has reduced 
the aquifers and capacity of land to act as absorbent for rain water. In the next sec-
tion, the policies and acts have been analyzed to understand the process that leads 
to such dismal conditions in the city.

3.2 Policy gaps and flood risks

Following the heuristic framework of reflexive governance, analysis is organized 
in terms of policy, polity, and politics with three levels of governance at macro, 
meso, and micro (Table 1).
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connecting one water body to the other have been encroached by private, govern-
ment agencies, and their coalitions [16].

Pollution and waste disposal have further aggravated the flood vulnerability by 
clogging the drainage system and degrading the water bodies with toxic industrial 
chemical waste. The black-colored sewage of untreated toxic effluents from many 
industries is discharged into Hussain Sagar Lake through Kukatpally nala [17]. 
Further during Ganesh festival, many idols made of plaster of Paris (PoP), iron, 
and other chemicals are immersed in Hussain Sagar Lake. After dissolving, these 
idols not only alter the water quality but also accumulate in the lake bed causing 
serious damage to the lake [15]. Solid waste disposal is another concern as unsorted 
waste ends up in the water bodies, which clogs the drainage system and results in 
flooding of nearby areas. The uncontrolled disposal of solid waste will also worsen 
the condition with increasing pace of urbanization. The projected per capita solid 
waste generation by 2021 in GHMC is likely to be 803 g/cap/day [18].

Peri-urban expansion in the city has even affected the agriculture land. 
Open cultivated lands act as sponge for excess water during heavy rainfall, but 
with increasing concretization, agriculture land use has reduced in Hyderabad 
over the years. In the city’s periphery, in Medak, of 66,055 ha that has been put 
to nonagricultural use, nearly half have been consumed by the real estate [19]. 
The Rangareddy area has witnessed such conversion even at more rapid pace. 
Development projects such as SEZs, outer ring road (ORR), and IT parks have come 
at the cost of decreasing open and farm land.

Forest areas are essential for maintaining environmental sustainability in the 
city and help to absorb/slow down excessive runoff water. According to EPTRI [15] 
report, area under scrub and forest land has decreased from 8189.51 ha in 2003 to 
8177.75 ha in 2014. Area under parks and recreational playground has increased 
from 21.68 ha in 2003 to 50.92 ha in 2014, and urban vegetation has increased 
from 11.31 ha in 2003 to 27.73 ha in 2014. This can be misleading as many parks 
and urban vegetation have come up on the lake beds to attract tourism and recre-
ational activities. As often lakes are encroached, dried up, and converted into parks 
such as Chacha Nehru Park came up on site of Masab Tank, similar is the case for 
Yousufguda cheruvu.

Hyderabad has even been affected by legal and illegal mining in the city, which 
has degraded land. Other than sand mining, there is active mining of feldspar, 
limestone, and granite in the city and its periphery. Most of the laterite and granite 
mines are in the Rangareddy district. High Court issued guidelines under which 
the mines were not allowed to function inside the ORR, and court observed that 
such mining in the city is threat to residential colonies and environment. Deccan 
chronicle has reported frequent mining explosions in Manikonda, Puppalaguda, 
and Vattinagulapally localities in complete disregard of the norms [20]. Such land 
use pattern will only add to the woes of flood vulnerability in the city.

The multiple processes of land use for economic growth have severely degraded 
and concretized the land in the city. This has resulted in increased flow of water 
even after moderate amount of rainfall. Disappearance of water bodies has reduced 
the aquifers and capacity of land to act as absorbent for rain water. In the next sec-
tion, the policies and acts have been analyzed to understand the process that leads 
to such dismal conditions in the city.

3.2 Policy gaps and flood risks

Following the heuristic framework of reflexive governance, analysis is organized 
in terms of policy, polity, and politics with three levels of governance at macro, 
meso, and micro (Table 1).
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Article 51A (g) of the Indian constitution states that “it shall be the duty of 
every citizen of India to protect and improve the natural environment including 
forests, lakes, rivers and wildlife and to have compassion for living creatures.” But 
over the years, these natural endowments have been degraded, at much accelerated 
rate in the cities. For realizing the spirit of Article 51A (g) at grass root level, it was 
essential to empower the local bodies. Seventy-fourth amendment provided for the 
decentralization of power at the municipal level, which has remained an unrealized 
dream. Hyogo and Sendai frameworks also stress on national and local level mobi-
lization for disaster risk management. But even these international frameworks not 
consider how global structural factors, which are out of bounds of local controls, 
influence the status of disaster risks.

NDMA is topmost organization for disaster management in India. It has fallen 
short of successfully coordinating with state and district authorities. Rather many 
times, other government bodies are found to be filling the shoes. This is because of 
dispersed responsibilities for different disaster and no mandatory power to enforce 
its guidelines. NDMA guidelines provide for city disaster management committee, 
formation of community-based disaster management plans, and urban citizens’ 
forum for disaster risk reduction in the cities [21]. But none of such active bodies or 
plans can be found in Telangana with national and state level coordination.

NDMA is more occupied with rescue, relief, and rehabilitation. There is no insti-
tutionally centered mechanism for collecting the disaster risk data and archiving 
the disaster lived experiences of population, rather agencies mostly function on 
ad-hoc generation of data [22]. Another area of concern is the identification of 
victims, which becomes more challenging in case of mass fatalities in disaster, 
and NDMA plans/guidelines do not address victim identification process [23]. In 
terms of financing DRR, there is still no clarity on disaster mitigation fund even 
though supreme court has also urged for its creation as per Section 47 of Disaster 
Management Act 2005 [24]. Rather, its absence is justified by the presence of many 
existing social sector schemes [25].

Further, more than decade after disaster management act 2005, center has failed 
to convince and convey the urgency for the need of independent disaster manage-
ment bodies and their coordination with various departments across sectors. Many 
states still do not have full-fledged disaster management plan to imbibe the Sendai 
Framework for Disaster Risk Reduction 2015–2030. At national level, recently 
National Disaster Management Policy 2016 was prepared.

At meso level, there are serious gaps in policy framing and implementation. 
Disaster Management Act 2005 under Section 14 asserts for the formation of 
SDMAs for effective disaster management. Telangana has formed State Disaster 
Management Response and Fire Services. But it is more concerned with fire safety, 
even training and evacuation procedures are also limited to fire incidents. There 
are no concrete guidelines, procedures, and mock drills for flood evacuation. As 
seen in floods during 2016, it heavily relies on the response of NDRF for evacuation 
and rescue operations. In Section 22, mandates for drawing state disaster manage-
ment plan as per national plan, and under Section 28, SDMA is to ensure a disaster 
management plan for all departments. The Telangana State Action Plan for Climate 
Change only briefly mentions the floods and does not even address urban flooding 
as the particular challenge facing the cities in the state. In City of Hyderabad, only 
administrative structure to be found is the disaster management cell under GHMC. 
Absence of proper administrative structures and comprehensive plans results in 
conflict and poor accountability in disaster management.

Another concern at meso level is urban policy, which directly influences the 
land use change in the city. Socioeconomically, vulnerable populations inhabiting 
the low lying river and lake bed areas are most affected during flooding in the city. 
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Specifically, in Hyderabad, there is continuous inhabitation along the Musi River, 
which at many places such as Chaderghat, Shankar Nagar Colony, and so on get 
inundated, and overflowing sewage/wastewater frequently enters into the houses. 
Poor provisions of basic amenities as proper closed drainage for wastewater 
further worsen the situation. Not surprisingly, drinking water many times may get 
mixed with wastewater. The weak regulation of land use provision in the urban 
policy is the primary reason for diversion of eco-sensitive areas for fulfilling the 
real-estate aspirations. Hence, a state level urban policy sensitive toward the needs 
of vulnerable population will inspire municipal bodies for proactive flood resilient 
outlook for the city.

Urban mega projects such as outer ring road and Hyderabad Metro project 
have also compromised urban flood resilience. Metro project has been very 
contentious with questions on land acquisition in eco-sensitive sites in the city, 
lack of public engagement, and sidelining of municipal body [26]. In case of 
outer ring road (ORR), supposedly a road-cum-area development project was 
in violation of Government Order (GO) (see [27]), and nearly half of the land 
required was under agriculture. The erstwhile Government of Andhra Pradesh has 
been directly involved in encroachments of lakes by omitting full tank level (FTL) 
markings and particularly in case of Hussain Sagar Lake by building the memo-
rial parks [28]. Such diversion of large agriculture tracts, vegetation, lake/river 
beds, and their rapid concretization has been one of the primary reasons behind 
the increased surface runoff resulting in flooding. State government initiatives 
for riverfront development as Nandanavanam project in 1997 and Save Musi 
Campaign in 2005 were ill conceived, which led to eviction and public interest 
litigations. Latest attempt of grander project was announced in 2017, which was 
put on hold, while Musi River continues to be polluted, encroached, and prone to 
flooding [29].

Analysis at micro city level in Hyderabad further reveals the existing policy gaps; 
particularly, it is helpful in discerning gaps in implementation of policy at ground 
level. Municipal planning process can be traced to the formation of Hyderabad 
Urban Development Authority (HUDA) in 1975. It is in the wake of liberalization 
and decentralization in the 1990s that a new phase of urban process followed, which 
completely changed the city. Urban flooding is geographically local phenomenon, 
and municipal bodies are at forefront in facing the immediate challenges of urban 
flooding. Even then, since the 1990s, Hyderabad municipal governance body has 
either been sidelined or downgraded as the city has seen long periods of democratic 
deficits and administrative vacuum [30].

This has coincided with the proliferation of state supported parastatal bodies, 
which were out of the preview of municipal bodies but had large role to play in the 
development of city infrastructure. Hyderabad municipal bodies had no involve-
ment whatsoever in their formation or working of these bodies. These parastatal 
bodies were created for specific purposes to turn Hyderabad into a global city and 
favorite destination of investments. But this has compromised the city’s flood 
resilience not only in terms of infrastructure but also putting more vulnerable 
people at risk of flooding. Some of such bodies are Hyderabad Airport Development 
Authority (HADA), Cyberabad Development Authority (CDA), and many other 
Industrial Area Local Authorities (IALAs).

HADA acquired land in the catchment area of Himayatsagar Lake, threating the 
existence of the water body. Development of Cyberabad and nearby Serilingampally 
ward saw influx rural migrants sheltering in slums. As per the Census 2011, 
the ward of Serilingampally has one of poorest provision of basic amenities in 
Hyderabad. The above concretization of city has been because of flouting of build-
ing bylaws resulting in vanishing agricultural land, vegetation, and water bodies. 
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This has reduced the capacity of the land to absorb rain water and increased the 
runoff flow. The whole process of parastatal bodies for the creation of world class 
enclaves has put greater number of people at risk of urban flooding.

The creation of parastatal bodies has also been the reason for limited financial 
capacity of Hyderabad Municipal Corporation to take up effective flood manage-
ment and preparedness. As per provisions for governing IALAs, significant part 
of building fees and property taxes is kept internally; hence, collected revenue is 
barely shared with GHMC [31]. Creation of such bodies also surpasses democratic 
process as the decision-making process does not involve the elected member of 
municipality. Rather that is the primary reason, such bodies are created to cut 
through the scrutiny and achieve faster implementation of the plans by the state. 
This has only undermined the city’s flood resilience as in pursuit of global city 
imaginary, basic urban challenges of provision of efficient drainage and protection 
of urban commons have been neglected.

Such pursuits of seeing city as engines of growth by creating parastatal bod-
ies and bypassing democratic institutions have its origin in neoliberal supra local 
forces. The imagination of Chief minister Chandrababu Naidu of transforming 
Hyderabad as information city was influenced by Malaysia’s technological corridors, 
which in turn are based on silicon valley imaginations. To persuade for invest-
ment of funds in Hyderabad, under the aegis of World Bank and IMF, Naidu hired 
McKinsey for preparing a model development plan that resulted in AP vision 2020, 
which guided the transformation of the city in the next decades [32]. The effort to 
project the city as technological hub was successful, and the following concretiza-
tion left the landscape flood prone with accentuated disparities.

Influence of supra local forces, which are independent of municipal body 
engagement and bypass democratic institutors, has also seen development of many 
special economic zones (SEZs). And as mentioned earlier even though the high 
court had initially prohibited any mining activities inside the ORR, it was exempted 
for some to supply of raw material for developing SEZs. One can only imagine the 
two folded damage of quarrying, and increased pace of concretization would have 
done to city’s flood resilience.

Other than above forces, role of GHMC has not been encouraging in city’s 
increased vulnerability to floods. Areas near the drains in several localities such as 
Malkajgiri, Alwal, and Ashoknagar were completely inundated during floods in 
2016 and 2017. There is only 1200 km of storm water drains with carrying capac-
ity of only 2 cm of rain/hour [33]. The Kirloskar report had suggested demolition 
of many structures and widening of drains, which has been long pending. As in 
case of other urban agglomeration, major development activities in Hyderabad are 
guided by Master Plans. Fragmentary nature of process can be seen in master plans 
for the city. Surpassing the existing institutional structures and master plan for the 
city, new agencies like CDA were provided with special master plan with separate 
building rules, land use, and financial instruments [34]. This has only exacerbated 
the tendency to see the planning area in isolation from its broader socioecological 
context. Poor implementation and lack of harmonization between the master plans 
have left it more vulnerable to floods over the years.

The HUDA’s 2003 draft master plan proposed to increase area under water 
bodies to 95.44 sq.km by 2020. But, the area has shrunk by over 10 sq.km, and there 
were no modalities in plan for reclaiming the lost area [16]. The zoning regulation 
in the latest Development Plan 2031 (Master Plan) for the Hyderabad Metropolitan 
Region also has no priorities for the protection of areas such as farm and scrub 
land, which act as sponge for absorbing rain for the city [35], thus leaving the land 
vulnerable for real estate aspirations and urban flooding in the coming years.
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3.3 Toward urban flood resilience

Resilience requires attention toward transformative attributes and long-term 
process that help system absorb shocks and stressors. Focus for building resilience 
to urban flooding can range from strengthening specific resilience at local level 
to general resilience at national and global levels. For rapidly growing cities, this 
involves efficient coordination and collaboration at various administrative levels for 
assisting gradual changes while being attentive of indirect impacts [36].

Resilience strategies are embedded in sociopolitical power structures; hence at 
international and national policy levels, an impact assessment of global structural 
factors’ influence on local disaster risks is much needed. Accordingly, strengthening 
and guiding of local bodies by coordination of national and state level bodies are an 
essential step in giving responsive governance and building resilience to disasters. 
This may be achieved by giving mandatory power to NDMA to enforce the guide-
lines. Disaster risk mapping, data collection, and archiving are increasingly central 
to efficient response, which can be institutionalized in NDMA or with National 
Institute of Disaster Management (NIDM). NDRF has been shining armor in times 
of crisis and can mentor State Disaster Response Force (SDRF). For identification of 
disaster, victim’s Interpol’s DVI process may be followed [23].

Objectives of 74th amendment can be achieved by actively engaging district 
disaster management authority (DDMA) through community participation in 
making local level plans, forums, and committees for disaster management. 
Engagement with civil society groups is another area where lot may be achieved 
as in Hyderabad, there are many active organizations such as Hyderabad Greens, 
Forum for a Better Hyderabad, and so on, which can contribute immensely to 
resilience building.

National Disaster Management Policy 2016 places lot of emphasis on flood 
early warning systems and generating awareness through various mechanisms. It 
advocates for ward level risk mapping and vulnerability assessment and setting up 
of urban flooding cell for integrated urban flood management at municipal level. 
In New Brunswick, Canada, the land use controls were even linked with flood 
risk mapping with different restrictions for high- and low-risk zones [37]. NDMA 
guidelines on management of urban flood offer many practical and innovative 
solutions such as rain gardens, detention ponds, and lined channels [38]. Emphasis 
is much needed for interagency and interstate coordination through NDMA and 
SDMAs. For financing DRR, there is robust institutional mechanism of National 
and State Disaster Response Funds. There is a need for more targeted financing for 
mitigation measures, which can be achieved by the creation of disaster mitigation 
fund and by encouraging micro insurance cover to low-income groups as high-
lighted in Prime Minister’s Ten-Point Agenda on DRR [39].

Telangana State has taken proactive steps by strengthening the disaster response 
force and deploying the monsoon teams during heavy rainfall. An independent 
SDMA nodal body along with SDRF involved in integrated plans, evacuations 
strategies, frequent mock drills, and generating awareness can go long way in 
streamlining the fragmented nature of disaster planning. Comprehensive state and 
district disaster plan well aligned with national plan following the vision of Sendai 
framework will mainstream disaster with development processes for specifically 
integrating flood mitigation and preparedness at all levels. For early warning, 
Telangana planning development society (TPDS) has been involved in weather 
monitoring on real-time basis through automated station and sensors. Central 
water commission also assists in early warning with its network of river gauge and 
rainfall stations. Further, Telangana state remote sensing application center actively 
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involved in modeling, forecasting, and giving assessment reports for decision mak-
ing. Presently, in environmental clearance/impact assessment, pollution control 
board and state environmental impact assessment bodies are responsible. A greater 
involvement of SDMAs in developmental decisions will catalyze streamlining and 
mainstreaming of disaster preparedness.

Urban policies are not only mere top down instrument for stimulating economic 
growth but also opportunity for bottom up engagement of residents, municipality, 
and civil society for steering toward sustainable disaster resilient cities. Hyderabad 
has many lakes, and their protection following the GO 111 and demarcation of 
FTL boundaries will be helpful in protecting them. Planning for catchment area 
for Musi River along with water treatment and segregation of solid waste disposal 
will not only revive the river but also reduce the runoff water during the heavy 
rainfall. Implementation of land use and zoning regulations in execution of mega 
urban projects will be instrumental in protecting eco-sensitive sites and restricting 
mindless concretization of city. The government of Germany and England adopted 
the concept of “room for rivers” and “making space for water,” respectively, which 
makes land use regulation central to flood management. Germany has ensured 
flood mitigation with more restrictive approach of land use policy based on the 
return period of 100-year floods [40].

Political decentralization at the municipal level is central to building disaster 
resilience in the cities. Active engagement of local institution in developmental 
decisions instead of leaving them in vacuum will give them greater administrative 
exposure, which has direct impact on land use change and flood resilience in the 
city. It will also further the much needed public oversight on the supra local forces 
of urbanization along with fair sharing of revenue with parastatal bodies or sub-
suming them to strengthen flood preparedness capacity. Provision of basic ameni-
ties empowers people to cope with disruption caused by urban flooding. Many 
wards such as Serilingampally, Rajendra nagar, and Hafeezpet have poor provision 
of basic amenities as closed drainage and treated drinking water [41]. Weak housing 
structure and poor basic amenities particularly in old city area have to be addressed 
through ward level targeted approach.

Building bylaws in the city encourage rain water harvesting, which help in 
reduction of run off and flood hazards. They also provide for not sanctioning build-
ing permits to floodable areas with nonpercolating soils or more than 45 degrees 
of slopes or for not taking proper measures of drainage [42]. Floor space index is 
another instrument through which sustainable urban form in the city can be pro-
moted. No building or development activity is allowed in bed of water bodies and 
FTL of lake, ponds, and so on [43]. Implementation of model building bylaws and 
provisions of open spaces will assist in sustainable urban development and flood 
resilience. Regular inspection and impact assessment of industries/constructions 
for compliance and protection of water bodies as per water and waste management 
acts/rules will accelerate the flood resilience in the city [44–46].

Sewage and storm water drains have to be delinked to avoid congestion and 
mixing of runoff water. By taking into consideration, the natural contours of flow, 
existing drainage pattern and neighborhood catchment area, maintenance of an 
integrated storm water system are essential for long-term flood resilience in the 
city. Kirloskar & later Voyants report had already provided recommendations, and 
its implementation will strengthen the storm drainage. Master plan should focus 
more on socioenvironmental factors, restoring urban water bodies, vegetation, 
and creating a network of multifunctional open spaces. Master plan of Auroville 
adopted the concept of bioregion where part of area is designated for green growth 
for environmental restoration, regeneration, and biodiversity. Mandi planning area 
adopted the zone of “no construction” in the land below the high flood level and 
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“green zone” in a belt of 25 m buffer along the banks of river [47]. A convergence of 
hierarchy of plans may be developed as regional plan, town plan, and neighborhood 
plan along with master plan. These measures will essentially require coming out of 
silos and periodical review of planning processes.

4. Conclusion

There still exists gap between Sendai framework, national, and provincial level 
disaster management. Particularly highlighting is the seemingly lack of urgency 
and poor integration with developmental plans. Policy frameworks at state level 
influence land use decisions and distribution of public services. Weak land use 
regulations transpire into degrading natural resources and creating multilevel 
vulnerabilities. At micro-city level, the development activities are framed under 
broad master plans and subjected to building bylaws. But, flouting of these laws has 
led to mushrooming of settlements in the low lying flood prone areas. Particularly 
noticeable is the influence of parastatal bodies and supra local market forces which 
often bypass regulations and democratic processes. In this scenario, water bodies, 
forest, agricultural land, and open spaces are being consumed at accelerated rate 
to produce real estate products. Current policy approaches being clouded by the 
neoliberal self and technocratic narratives still see disasters management as separate 
from developmental processes. The resulting poor multi-institutional coordination 
can only be overcome by empowering key institutions with agenda cutting across 
sectors and departments both horizontally and vertically. Focus on green growth 
and flood proofing with engagement of all stakeholders will play a central role in 
mainstreaming DRR.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Chapter 4

Global and Regional Aspects for
Genesis of Catastrophic Floods:
The Problems of Forecasting and
Estimation for Mass and Water
Balance (Surface Water and
Groundwater Contribution)
Tatiana Trifonova, Dmitriy Trifonov, Dmitry Bukharov,
Sergei Abrakhin, Mileta Arakelian and Sergei Arakelian

Abstract

Traditionally torrential rains are considered to be the main factor of flood
emergence. But with some examples of disastrous floods in absolutely different
parts of the world, the rough estimation of the water balance results in the necessity
to suggest a correct alternative hypothesis. Our simplest model (taking into account
precipitation, evaporation, and soil permeability) clearly points out the significant
discrepancy in several events between potentially accumulated and observed water
masses. This observation puts forward the idea that precipitation is necessary, but
it is not often a sufficient factor for disastrous flood emergence and for the water
flow budget. Thus, another available water source, i.e., groundwater, should not
be ignored. We consider the reasons and conditions for such phenomena. In this
chapter, we will focus only on the causes and forecast of dangerous dynamic
phenomena in rock masses. Of particular interest here are water flows through
various granite massifs and geological rocks of magmatic origin using nonlinear
dynamics approaches.

Keywords: catastrophic floods, groundwater contribution, seismic factors,
hydrodynamic pressures, modeling of the topology cracknel fractal structure

1. Introduction

The principal goal of the present chapter is to consider the existing uncertainty
and discrepancy for floodwater balance estimation in the area under heavy rain. The
problem arises because of, on the one hand, the theoretical approach and reasonable
database about the rainfall going from atmosphere and, on the other hand, the real
observable surface water flow parameters measured by some methods and/or fixed
by some eye-witness [1]. We do not take into consideration the spring runoff and
seasonal patterns [2].
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Balance (Surface Water and
Groundwater Contribution)
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Abstract

Traditionally torrential rains are considered to be the main factor of flood
emergence. But with some examples of disastrous floods in absolutely different
parts of the world, the rough estimation of the water balance results in the necessity
to suggest a correct alternative hypothesis. Our simplest model (taking into account
precipitation, evaporation, and soil permeability) clearly points out the significant
discrepancy in several events between potentially accumulated and observed water
masses. This observation puts forward the idea that precipitation is necessary, but
it is not often a sufficient factor for disastrous flood emergence and for the water
flow budget. Thus, another available water source, i.e., groundwater, should not
be ignored. We consider the reasons and conditions for such phenomena. In this
chapter, we will focus only on the causes and forecast of dangerous dynamic
phenomena in rock masses. Of particular interest here are water flows through
various granite massifs and geological rocks of magmatic origin using nonlinear
dynamics approaches.

Keywords: catastrophic floods, groundwater contribution, seismic factors,
hydrodynamic pressures, modeling of the topology cracknel fractal structure

1. Introduction

The principal goal of the present chapter is to consider the existing uncertainty
and discrepancy for floodwater balance estimation in the area under heavy rain. The
problem arises because of, on the one hand, the theoretical approach and reasonable
database about the rainfall going from atmosphere and, on the other hand, the real
observable surface water flow parameters measured by some methods and/or fixed
by some eye-witness [1]. We do not take into consideration the spring runoff and
seasonal patterns [2].
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The key item of our discussion is that the last characteristics may sometimes be
noticeably greater than the first ones [3]. We carried out such analysis, mostly, for
torrential rain and catastrophic floods in Louisiana (USA) on June 16–20, 2015. Our
estimations show a greater (up to 75%) water mass discharge observation during the
event than it could be expected from the rainfall process estimation only in the area
under study. The fact gives us grounds for taking into account a possible ground-
water contribution to the event [4]. This is especially true for long-standing water
on the land surface during the events. In this aspect the principal item of the present
chapter is to discuss the reasons of the existing uncertainty and discrepancy for the
flood/debris water balance estimation in the area under heavy rain and recognize
the impact of different phenomena, providing some meaning for such.

Groundwater flood of a river terrace is also considered in many works. In [5],
e.g., the subject was discussed in respect to when the rise of the water table above
the land surface occurs due to the intensive rainfall (and being as a relatively rare
phenomenon). Many fundamental results have been obtained from the problem,
e.g., the contribution of groundwater to surface runoff is very well known in any
field of hydrology. But in general, a steady-state behavior is often under study.

In fact, the processes of interaction of groundwater and surface water through
the systems of deep karst caves, artesian basins, etc. were widely discussed by
specialists in various publications. However, we focus on sudden violations of such
stable states when a sudden catastrophic release of large masses of groundwater to
the surface occurs, which, in our opinion, can be caused by endogenous transfor-
mations of the underground space. Violation of the underground regime stability
can occur, in particular, as a result of increased seismic activity, which can lead to
the restructuring of the crack organization, to the redistribution of internal pressure
and water masses. Meanwhile, the availability of karst rocks is not a prerequisite. It
is these possible factors that are the subject of our analysis.

In this chapter, we will focus only on the causes and forecast of dangerous
dynamic phenomena in rock masses. Of particular interest here are water flows
through various granite massifs and geological rocks of magmatic origin by using
nonlinear dynamics approaches [6, 7]. We are speaking about universal, induced by
external influences, topological/fractal features of structures for any rock (granites
and other types/subtypes of water-bearing rocks). Rather, we are considering
nonlinear solid-state physics in terms of strength/fracture and breaking of the
continuous structure of underground monolithic blocks and/or their modification
under the influence of changing external conditions, including seismic processes.

But the problem is that physics-basedmodeling of karst systems remains almost
impossible without sufficient accurate information about the inner physical character-
istics. Usually, the only available hydrodynamic information is the spring discharge at
the karst outlet. Numerous works in the past decades have used and proven the useful-
ness of the time-series analysis applied to spring discharge, precipitations, or even
physicochemical parameters, for interpreting karst hydrological functioning [2, 8].

In [9] complementaries of karst hydrology and hydrogeology, the results are
indicating a fast passage of a flood wave along a well-developed conduit system.

In our hypothesis, the principal part of a possible groundwater exit to the land
surface is related to the crack-net system state in the Earth’s crust (including deep
layers) being a natural water transportation system. The reasons for that are, first,
the pressure field variation for groundwater basin and, second, the modification of
the crack-net itself by different factors occurring both suddenly (e.g., may be
probably associated with the Krymsk city flash flood event, July 6–7, 2012, Russia)
and smoothly (e.g., is hypothetically associated with the Amur River flood event,
August to September 2013, Russia/China)) [4, 10, 11]. Such reconstruction of a 3D
crack-net water system under different external influences, significant even in any
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local crack section and resulting consequently in variation of the water flow pres-
sure distribution, is a principal item for the presented approach.

A separate area of research tackles on the impact of external fields on the
properties of rocks with different/variable structures and compositions of minerals
in different combinations that determine the classification of rocks by physical
properties, in particular, their hydraulic properties under the action of elastic
vibrations in the massif. Underground runoff/discharge is determined by the type/
subtype of water-bearing rocks, classified on different territories [7].

We believe that in some cases, the interconnection of floods (due to triggering
restructuration of the crack-net system as a transportation system for groundwater
exit to the land surface) and preceding earthquakes may occur. We discussed such
problem in certain event such as the September 2013 Colorado flood (USA)) [10].

Thus, we think it is time to make a transition from the “surface view,” i.e.,
observation of the beholders and consequences of the water events, to “fundamental
approach,” i.e., measured physical parameters during the continuous monitoring of
water budget and possible mechanisms of their variation, especially for a flash process.

In the chapter we discuss the existing problems and basic principles of the con-
cept, the evaluation of the sources and amounts for catastrophic floods, and compar-
ison and analysis of flood characteristics being observed and measured, the disastrous
flood in Louisiana, USA, in 2015 being taken as an example. The key part of the
concept is related to the impact of fractured bedrock (as the natural transport ways
for groundwater contribution) on the water balance in the 3D system of the river
basin. Finally, we consider a possible role of tectonic stresses in the Earth’s crust in the
dynamics of the groundwater basin functioning. The analysis of its state for identify-
ing significant factors in the formation of the water balance inmountain ranges shows
that there are some controversial issues and policy challenges in forecasting.

More precisely, we are speaking about the fundamentals of rock physics, as
physical-technical properties and physical processes in the rocks depend on a great
number of random factors.

It is practically impossible to take these factors into consideration within the
framework of a single model. Therefore, it is necessary to develop some hierarchy
of models, where each of them describes certain laws and correlation dependences
for various physical processes and vibrational phenomena of changes in the physical
properties of rocks, which include the influence of seismic waves and the occurring
deformations and tensions in the rocks and their destruction [12].

We present our concept as a whole by its sequential functional blocks. This is our
hypothesis, which, in our opinion, is original and based on sufficient factual/
numerical materials we have applied within the framework of the relevant
approaches and models that we have developed.

2. Existing problems and basic principles of the concept

In general, the important circumstance emphasizing the role of groundwater in
the river basin system is that its volume is comparable to the whole surface water
volume and greatly exceeds the total volume of annual precipitation on the Earth
[5, 7]. According to the World-wide Hydrogeological Mapping and Assessment
Programme, the worldwide resources of groundwater are assessed at 1.1�1016 m3.
And this is true for free liquid water only. It is supposed that the resources of water
contained in hydrated minerals playing the most important role in the Earth water
balance might be much bigger [7, 10].

Usually, when the water balance of the river basin is estimated, the soil perme-
ability and its percolation component are considered as the key characteristics [13].
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istics. Usually, the only available hydrodynamic information is the spring discharge at
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ness of the time-series analysis applied to spring discharge, precipitations, or even
physicochemical parameters, for interpreting karst hydrological functioning [2, 8].

In [9] complementaries of karst hydrology and hydrogeology, the results are
indicating a fast passage of a flood wave along a well-developed conduit system.

In our hypothesis, the principal part of a possible groundwater exit to the land
surface is related to the crack-net system state in the Earth’s crust (including deep
layers) being a natural water transportation system. The reasons for that are, first,
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54

Flood Impact Mitigation and Resilience Enhancement

local crack section and resulting consequently in variation of the water flow pres-
sure distribution, is a principal item for the presented approach.

A separate area of research tackles on the impact of external fields on the
properties of rocks with different/variable structures and compositions of minerals
in different combinations that determine the classification of rocks by physical
properties, in particular, their hydraulic properties under the action of elastic
vibrations in the massif. Underground runoff/discharge is determined by the type/
subtype of water-bearing rocks, classified on different territories [7].

We believe that in some cases, the interconnection of floods (due to triggering
restructuration of the crack-net system as a transportation system for groundwater
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It is practically impossible to take these factors into consideration within the
framework of a single model. Therefore, it is necessary to develop some hierarchy
of models, where each of them describes certain laws and correlation dependences
for various physical processes and vibrational phenomena of changes in the physical
properties of rocks, which include the influence of seismic waves and the occurring
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We present our concept as a whole by its sequential functional blocks. This is our
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numerical materials we have applied within the framework of the relevant
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In general, the important circumstance emphasizing the role of groundwater in
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Percolation processes of different scales are considered. On the one hand, it is a small-
scale percolation, defined by the properties of specific soils, prevailing in the consid-
ered river basin. On the other hand, it is a large-scale percolation, defined by the
fracturing of the Earth’s crust. Without going into details of the forming of a river
basin’s geological structure [11, 14], we highlight the fracturing of the Earth’s crust
which makes the intense interaction of surface water and groundwater possible. The
infiltration component of the soil permeability (and deeper rock layers) is character-
ized by a significantly slower vertical and lateral movement of water masses.

The commonly recognized concept of the river water balance and a hydrological
dynamic model during the disastrous floods are based on the simple principle that
the river regime development is only associated with runoff due to rainfall [13, 14].
Moreover, a heavy rainfall spatial distribution in watersheds is practically
completely determined by some ensemble of selected functions (both regular and
stochastic) [14]. The units are being adjustable for the measured discharge of the
water flow in such complex system with different orographies, slopes, land covers,
soil types, and some meteorological factors during wet and dry periods [1, 3].

Although karst aquifers constitute some of the most important water resources
worldwide, generally accepted methods for reliably characterizing their hydraulic
properties are still elusive [15].

Usually, the karst hydrological processes are the response of karst groundwater
system to precipitation. The precipitation penetrates through the vadose zone. The
subsequent groundwater pressure wave propagates to a spring outlet, and then, the
spring discharge changes [16]. But sometimes in this case the uncertainty arises
specifically as a consequence of variable water routing through the overlying soil,
epikarst, and karst aquifer [15]. As it is shown in [17], poljes can be defined as
depressions in limestone karst. They commonly occur as large-scale landforms in
tectonically active karst areas. Their origin is generally polygenetic. From the
hydrologic-hydrogeologic perspective, a polje is to be considered as part of a wider
system. It cannot be treated as an independent system but only as a subsystem in
the process of surface and groundwater flow through the karst massif.

But there are many questions about the adequate description under the above
mentioned approach, and the subject is still not well understood especially for the
debris flow-triggering and rainfall events in general [4].

If we are looking for the hypotheses about possible extra water contribution to
the surface water flow, the groundwater is a good candidate for that as a driving
factor. But the majority of hydrodynamic models are based on a stable and homo-
geneous shallower subsurface configuration (shallow groundwater table) with a
maximum vertical depth of 5 m only [18].

It seems that a deeper groundwater with its long-term spatiotemporal responses
makes much more contribution and is more predictable as a permanent process
(less independent directly on precipitation) according to morphology of the Earth
bowels/bedrock [19].

It is true, especially for a generalized extreme value of observable surface water
flow in mountain river basin, when it is difficult to have a daily grid-point numerical
data evaluation for correct absolute precipitation amounts (in particular, because a
few hundreds of stations are required on a small territory of a few km length) [20].
Obviously, we can carry out a statistical performance evaluation for many years, but
each used numerical algorithm is not universal and should be chosen as an appropri-
ate one in accordance with the other complementary models for the study areas [10].

The principal fact is that in some cases, particularly, for stony soils (composed of
fractions of rock fragments and fine soil with different hydrophysical characteris-
tics), the infiltration process of rainfall at a lower rate is weaker than infiltration
capacity acting in an opposite way. Thus, the highest vertical outflow occurs from
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the bottom of the profile in soils (in contrast with the case without rock fragments)
under the ponding infiltration condition [21].

Both interaction and water exchange between the groundwater and surface
water are very important for flood forecasting and flood detection. But even using
many hydrological gauging stations for database and global early flood warning
(taking into account the space and/or radar monitoring), there is a big discrepancy
between different models and real events, especially for a historical flash flood [22].
In fact, for real water events, were obtained by hydrograph, that a peak flow of the
flood (coming from the river basin including many tributaries) occurs sometimes
earlier than rainfall fields become maximum. The possible reason is due to vertical
hydraulic gradients resulting in groundwater upwelling into stream value [23]. On
average, the correspondence between the rainfall peak and debris flow location
causes a systematic discordance underestimation for triggering rainfall whenever
rainfall is measured away from the debris flow location [24].

3. Dynamic processes and the surface and groundwater coupling

The key question is how groundwater dynamics affects the stream flow in the
unified system of the hillslope-riparian interface of a mountain catchment. Even in
the case of high-resolution monitoring of hydrometric components on a 10-min
daily basis, taking into account a precipitation level discharge process and ground-
water state (controlled usually by both the shallower (not more than 1 m) and
deeper (up to a few meters and as an exception—several tens of meters) wells),
there has not been observed a direct correlation between precipitation and the
groundwater dynamics during the storm events for both dry and wet periods
[24, 25]. Therefore, the response of surface water and groundwater to meteorolog-
ical factors is often not obvious in correlation aspect.

In [26] it was reported that the hydrological regime of the spring had a strong
natural variability, and it was recommended that detailed interdisciplinary investi-
gations of the spring water should be carried out to ensure its sustainable use and
facilitate further development. Moreover, in a unique hydrological analysis of over-
flow discharges measured in the Rječina spring, the available data included average
daily overflow discharges measured in the period from January 1, 1948, to Decem-
ber 31, 2015. In addition, numerous studies have been carried out in [27] in karst
aiming at the investigation of groundwater regime. The karst spring hydrograph can
reflect the groundwater regime, and consequently the analysis is based on them. A
simple conceptual rainfall-runoff model is used for the estimation of groundwater
balance components including the influences of time invariant catchment bound-
aries. The proposed parameter estimation procedure merges the soil moisture bal-
ance and the groundwater balance approaches to obtain the complete groundwater
budget. The effective rainfall is calculated by using a mathematical model based on
soil moisture balance equations, i.e., Palmer’s fluid mass balance method.

The problem is that the driving factors for water events (and especially to
estimate the water balance in dynamics on the land surface) are more complicated,
and the essentially deeper groundwater levels (up to few km) have to be taken into
account. As to determination of soil structure in groundwater areas for
abovementioned depths, the data are not enough, and we need to analyze a deeper
crust structure in respect of a water capacity budget.

In fact, a global unit is based on the unique superdeep well drilled in Kola
(USSR/Russia) up to 12, 262 m (1990). In a well-developed crack tress-like system,
they observed a granitic layer with high porosity saturated by mineralized ground-
water under the temperature of more than 2000°C and pressure of about 1000 atm.

57

Global and Regional Aspects for Genesis of Catastrophic Floods: The Problems of Forecasting…
DOI: http://dx.doi.org/10.5772/intechopen.91623



Percolation processes of different scales are considered. On the one hand, it is a small-
scale percolation, defined by the properties of specific soils, prevailing in the consid-
ered river basin. On the other hand, it is a large-scale percolation, defined by the
fracturing of the Earth’s crust. Without going into details of the forming of a river
basin’s geological structure [11, 14], we highlight the fracturing of the Earth’s crust
which makes the intense interaction of surface water and groundwater possible. The
infiltration component of the soil permeability (and deeper rock layers) is character-
ized by a significantly slower vertical and lateral movement of water masses.

The commonly recognized concept of the river water balance and a hydrological
dynamic model during the disastrous floods are based on the simple principle that
the river regime development is only associated with runoff due to rainfall [13, 14].
Moreover, a heavy rainfall spatial distribution in watersheds is practically
completely determined by some ensemble of selected functions (both regular and
stochastic) [14]. The units are being adjustable for the measured discharge of the
water flow in such complex system with different orographies, slopes, land covers,
soil types, and some meteorological factors during wet and dry periods [1, 3].

Although karst aquifers constitute some of the most important water resources
worldwide, generally accepted methods for reliably characterizing their hydraulic
properties are still elusive [15].

Usually, the karst hydrological processes are the response of karst groundwater
system to precipitation. The precipitation penetrates through the vadose zone. The
subsequent groundwater pressure wave propagates to a spring outlet, and then, the
spring discharge changes [16]. But sometimes in this case the uncertainty arises
specifically as a consequence of variable water routing through the overlying soil,
epikarst, and karst aquifer [15]. As it is shown in [17], poljes can be defined as
depressions in limestone karst. They commonly occur as large-scale landforms in
tectonically active karst areas. Their origin is generally polygenetic. From the
hydrologic-hydrogeologic perspective, a polje is to be considered as part of a wider
system. It cannot be treated as an independent system but only as a subsystem in
the process of surface and groundwater flow through the karst massif.

But there are many questions about the adequate description under the above
mentioned approach, and the subject is still not well understood especially for the
debris flow-triggering and rainfall events in general [4].

If we are looking for the hypotheses about possible extra water contribution to
the surface water flow, the groundwater is a good candidate for that as a driving
factor. But the majority of hydrodynamic models are based on a stable and homo-
geneous shallower subsurface configuration (shallow groundwater table) with a
maximum vertical depth of 5 m only [18].

It seems that a deeper groundwater with its long-term spatiotemporal responses
makes much more contribution and is more predictable as a permanent process
(less independent directly on precipitation) according to morphology of the Earth
bowels/bedrock [19].

It is true, especially for a generalized extreme value of observable surface water
flow in mountain river basin, when it is difficult to have a daily grid-point numerical
data evaluation for correct absolute precipitation amounts (in particular, because a
few hundreds of stations are required on a small territory of a few km length) [20].
Obviously, we can carry out a statistical performance evaluation for many years, but
each used numerical algorithm is not universal and should be chosen as an appropri-
ate one in accordance with the other complementary models for the study areas [10].

The principal fact is that in some cases, particularly, for stony soils (composed of
fractions of rock fragments and fine soil with different hydrophysical characteris-
tics), the infiltration process of rainfall at a lower rate is weaker than infiltration
capacity acting in an opposite way. Thus, the highest vertical outflow occurs from

56

Flood Impact Mitigation and Resilience Enhancement
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(taking into account the space and/or radar monitoring), there is a big discrepancy
between different models and real events, especially for a historical flash flood [22].
In fact, for real water events, were obtained by hydrograph, that a peak flow of the
flood (coming from the river basin including many tributaries) occurs sometimes
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hydraulic gradients resulting in groundwater upwelling into stream value [23]. On
average, the correspondence between the rainfall peak and debris flow location
causes a systematic discordance underestimation for triggering rainfall whenever
rainfall is measured away from the debris flow location [24].

3. Dynamic processes and the surface and groundwater coupling

The key question is how groundwater dynamics affects the stream flow in the
unified system of the hillslope-riparian interface of a mountain catchment. Even in
the case of high-resolution monitoring of hydrometric components on a 10-min
daily basis, taking into account a precipitation level discharge process and ground-
water state (controlled usually by both the shallower (not more than 1 m) and
deeper (up to a few meters and as an exception—several tens of meters) wells),
there has not been observed a direct correlation between precipitation and the
groundwater dynamics during the storm events for both dry and wet periods
[24, 25]. Therefore, the response of surface water and groundwater to meteorolog-
ical factors is often not obvious in correlation aspect.

In [26] it was reported that the hydrological regime of the spring had a strong
natural variability, and it was recommended that detailed interdisciplinary investi-
gations of the spring water should be carried out to ensure its sustainable use and
facilitate further development. Moreover, in a unique hydrological analysis of over-
flow discharges measured in the Rječina spring, the available data included average
daily overflow discharges measured in the period from January 1, 1948, to Decem-
ber 31, 2015. In addition, numerous studies have been carried out in [27] in karst
aiming at the investigation of groundwater regime. The karst spring hydrograph can
reflect the groundwater regime, and consequently the analysis is based on them. A
simple conceptual rainfall-runoff model is used for the estimation of groundwater
balance components including the influences of time invariant catchment bound-
aries. The proposed parameter estimation procedure merges the soil moisture bal-
ance and the groundwater balance approaches to obtain the complete groundwater
budget. The effective rainfall is calculated by using a mathematical model based on
soil moisture balance equations, i.e., Palmer’s fluid mass balance method.

The problem is that the driving factors for water events (and especially to
estimate the water balance in dynamics on the land surface) are more complicated,
and the essentially deeper groundwater levels (up to few km) have to be taken into
account. As to determination of soil structure in groundwater areas for
abovementioned depths, the data are not enough, and we need to analyze a deeper
crust structure in respect of a water capacity budget.

In fact, a global unit is based on the unique superdeep well drilled in Kola
(USSR/Russia) up to 12, 262 m (1990). In a well-developed crack tress-like system,
they observed a granitic layer with high porosity saturated by mineralized ground-
water under the temperature of more than 2000°C and pressure of about 1000 atm.
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The picture is not typical for the Earth’s crust of continental type due to the earlier
and standard presentations because the basaltic layer, being a much more strong
rock, was not even reached [28].

Our goal is to develop a reasonable rainfall-runoff model for the prediction (if
only qualitatively) of dynamic processes in ungauged river basin to discuss some
approach to realize the assessment of water balance and forecast catastrophic
floods. The model realism is based on the groundwater principal impact in some
specific cases on the water events on the Earth’s surface. Such key factor, intro-
duced in the model and using a specific knowledge of the river basin, may explain
the water balance in the cases when it is still uncertain [29, 30]. Now many
researchers have already recognized that the assessment of the water budget should
be based on realistic corrections of precipitations, temperature, potential evapora-
tion, and a hydrologic area state in order to form the runoff balance [31]. The
validation of our approach is tested on some past flood events discussed below.

The basic idea is that groundwater participates in a cycle process within the catch-
ment, when discharge and recharge of the water balance in different areas occur, and a
restoration process in time ofwater budget as awhole is caused by these factors. But the
problem is not a question of moisture recycling only. The precipitation rainfall uncer-
tainty hasmany sources, both spatial and temporal, and even under a detailed control, a
grid spacing of surface water exhibits a great difference. It cannot result in a reasonable
pattern for the surface water distribution and representation for rain gauges network
(especially for different landscape discretizations and seasons) [24].

Moreover, a correct flood map for surface water flood events cannot be designed
without the groundwater spatiotemporal state analysis being necessary for return
periods, especially for early warning of hypothetical surface water flood scenario, in
particular, to estimate the threshold for debris flows [5, 32, 33].

In addition, for a different structured model plane split of the solid state with
porosity (balls, capillary tubes) associated in different geometrical structures and
distributed periodically and/or randomly and anisotropically in general, the Darcy
law for water flow does not work [34]. The problem becomes more complicated for
a high speed of infiltration and for non-Newtonian liquid, especially in stony soil
under complex topology of the boundaries and nonlinear process of infiltration. In
fact, even for turbulent flow in open channels, many problems in hydraulics picture
still exist [35]. But in reality for the texture of rock, we have a crack-net system with
a macro-openness (up to tens of mm) and micro-openness (up to 100 μm) of cracks
overlapping with a pore structure and some macrodepression zones. The system is,
in principle, dynamic under some impacts of both intrinsic and external processes.

Thus, to estimate numerically the permeability and water discharge through
natural rocks and/or a layer of soil in such complicated stochastic system, the
condition of nonstationary dynamic flow is a practically unsolved problem, even
when we know the pressure distribution (by concrete piezometric data located in
different areas) in spatially decomposed sections of the system with the integrated
length of the cracks being up to a few tens of meters in different stratums. Note that
even under the simple Darcy law approximation, the increase of a channel diameter
from 1 mm to 2 mm being a routine process, but the water discharge grows dra-
matically—in the value of approximately one order [36]. Some estimations of pres-
sures in the water channels and different regimes of flow are presented in Appendix
A.1 (both by direct calculation and computer simulation technique).

But necessary and preliminary stages to study the groundwater-surface water
interaction are connected with the mapping procedure and recognition of dynamic
processes in the system based on a big data collection over many (about hundred for
each regional area) monitoring and groundwater level time series and also their
analysis (e.g., by a cluster analysis technique) [37, 38].

58

Flood Impact Mitigation and Resilience Enhancement

Therefore, it is necessary to fulfill the comparison of measured and theoretical
data, based on the advantages of both methods of calculated hydrodynamics for
liquid flows (in system with complicated topology) and subsurface mechanics of
porous and fractures media (for transient flow of non-Newtonian highly viscous
fluids in porous media). This procedure seems not to be realized, especially while
taking into account the timing of the water table response [39, 40].

In fact, the existing problems in the field under a traditional groundwater
hydrology approach resulting in a fundamental knowledge gap between the mod-
ern/stochastic groundwater theory and its application to real events are being
discussed in recent published monograph [5] (see also [36]).

It is important that the groundwater lying in theEarth’s crust is directly subject to any
impact occurring in the crust. In its turn groundwater being an elastic and incompress-
iblemedium reacts to these impacts in differentways, including passing them to surface
water. The following processes in the Earth’s crust are considered: frommicroseismic
and local seismic shocks of variousmagnitudes to globalmovement of the tectonic plates.
The Earth’s crust (and/or its particular parts) is not considered as stable and immutable
today—in this case we cannot speak about stable behavior of the groundwater.

Thus, to study the subject, we need some new ideas and concepts. In this respect
a possible influence of tectonic stresses on the occurrence of catastrophic floods by
the mechanism of modification of the 3D crack-net (as a transit system for ground-
water) may be discussed based on this natural transport ways in the conditions of
functioning of the river catchment basin [4, 41–43].

As a result, a new map of pressures arises in the underground hydrosphere, and
consequently groundwater masses burst out through extra open water transport
channels due to fracturing of rocks, with a short discharge time (like mudflow) and/
or a smooth long flow that was not previously available in stationary operating
conditions of the mountain river basin.

The key point of the proposed approach is the identification of the conditions of
earthquake influence on the river basin functioning. The possible role of the pre-
ceding seismic activity for some certain disastrous floods of 2013–2017 is analyzed
in [10, 11]. These issues have not been paid enough attention to so far. However,
taking them into account may help forecast disastrous floods accurately and
promptly considering the combination of many factors.

That is why the geological structure of the Earth’s crust in dynamics (where
groundwater is located) is also an important element of the river basin system or at
least one of the key factors significantly influencing the river basin functioning.
Unlike precipitation it is almost not considered when analyzing the reasons of the
flood emergence.

Several floods, which took place in 2012–2015, are under our consideration and
probably could be associated with corresponding seismic processes in the Earth’s
crust. In the practical aspect, a proposed hypothesis can be useful while defining
potentially dangerous areas for catastrophic water events taking into account the
interference of the state of the underground hydrosphere and the tectonic structure
of the rheological section of bowels for the Earth on concrete territories.

4. Analysis for 2015 disastrous flood in Louisiana, USA. Figures and
tables

4.1 Used methods

The disastrous flood took place in the state of Louisiana, the USA, in the period
of June 7–20, 2015. It affected four parishes of the state: Caddo Parish, Bossier
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law for water flow does not work [34]. The problem becomes more complicated for
a high speed of infiltration and for non-Newtonian liquid, especially in stony soil
under complex topology of the boundaries and nonlinear process of infiltration. In
fact, even for turbulent flow in open channels, many problems in hydraulics picture
still exist [35]. But in reality for the texture of rock, we have a crack-net system with
a macro-openness (up to tens of mm) and micro-openness (up to 100 μm) of cracks
overlapping with a pore structure and some macrodepression zones. The system is,
in principle, dynamic under some impacts of both intrinsic and external processes.

Thus, to estimate numerically the permeability and water discharge through
natural rocks and/or a layer of soil in such complicated stochastic system, the
condition of nonstationary dynamic flow is a practically unsolved problem, even
when we know the pressure distribution (by concrete piezometric data located in
different areas) in spatially decomposed sections of the system with the integrated
length of the cracks being up to a few tens of meters in different stratums. Note that
even under the simple Darcy law approximation, the increase of a channel diameter
from 1 mm to 2 mm being a routine process, but the water discharge grows dra-
matically—in the value of approximately one order [36]. Some estimations of pres-
sures in the water channels and different regimes of flow are presented in Appendix
A.1 (both by direct calculation and computer simulation technique).

But necessary and preliminary stages to study the groundwater-surface water
interaction are connected with the mapping procedure and recognition of dynamic
processes in the system based on a big data collection over many (about hundred for
each regional area) monitoring and groundwater level time series and also their
analysis (e.g., by a cluster analysis technique) [37, 38].
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hydrology approach resulting in a fundamental knowledge gap between the mod-
ern/stochastic groundwater theory and its application to real events are being
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water. The following processes in the Earth’s crust are considered: frommicroseismic
and local seismic shocks of variousmagnitudes to globalmovement of the tectonic plates.
The Earth’s crust (and/or its particular parts) is not considered as stable and immutable
today—in this case we cannot speak about stable behavior of the groundwater.

Thus, to study the subject, we need some new ideas and concepts. In this respect
a possible influence of tectonic stresses on the occurrence of catastrophic floods by
the mechanism of modification of the 3D crack-net (as a transit system for ground-
water) may be discussed based on this natural transport ways in the conditions of
functioning of the river catchment basin [4, 41–43].

As a result, a new map of pressures arises in the underground hydrosphere, and
consequently groundwater masses burst out through extra open water transport
channels due to fracturing of rocks, with a short discharge time (like mudflow) and/
or a smooth long flow that was not previously available in stationary operating
conditions of the mountain river basin.

The key point of the proposed approach is the identification of the conditions of
earthquake influence on the river basin functioning. The possible role of the pre-
ceding seismic activity for some certain disastrous floods of 2013–2017 is analyzed
in [10, 11]. These issues have not been paid enough attention to so far. However,
taking them into account may help forecast disastrous floods accurately and
promptly considering the combination of many factors.

That is why the geological structure of the Earth’s crust in dynamics (where
groundwater is located) is also an important element of the river basin system or at
least one of the key factors significantly influencing the river basin functioning.
Unlike precipitation it is almost not considered when analyzing the reasons of the
flood emergence.

Several floods, which took place in 2012–2015, are under our consideration and
probably could be associated with corresponding seismic processes in the Earth’s
crust. In the practical aspect, a proposed hypothesis can be useful while defining
potentially dangerous areas for catastrophic water events taking into account the
interference of the state of the underground hydrosphere and the tectonic structure
of the rheological section of bowels for the Earth on concrete territories.

4. Analysis for 2015 disastrous flood in Louisiana, USA. Figures and
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4.1 Used methods

The disastrous flood took place in the state of Louisiana, the USA, in the period
of June 7–20, 2015. It affected four parishes of the state: Caddo Parish, Bossier
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Parish, Natchitoches Parish, and Rapides Parish. The flood-generating river was the
Red River of the South with a catchment area of 169,890 km2 including some areas
of Texas, Oklahoma, and Arkansas states of the USA.

The simplest model for water balance estimation inevitably includes such main
elements as precipitation, evaporation, soil permeability, calculated water mass,
and observed water mass [5, 36].

While the goal of exact estimation with the defined precision is not set in this
study, some aspects are purposefully simplified. For example, accumulated water
mass on a certain day is calculated simply:

Vi ¼
X
n
Vin, (1)

Vin ¼ Vi�1,n þ Pin � ein � pn
� � � Sn, (2)

where Vi is the volume of the accumulated water mass in the whole catchment
area on day i, Vin is the volume of the accumulated water mass in region n on day i,
Pin is the precipitation intensity in a region n on day i, ein is the evaporation rate in
region n on day i, pn is the soil permeability of a region n, and Sn is the area of a
region n. In this case the region means a specific part of the river catchment area
with similar weather conditions. Region-to-region transfer of water mass is
neglected; hence there is no index (n � 1) in the formulae (1), (2).

Certain temporal and spatial simplification parameters of the used arguments as
well as the sources of data are given in Table 1.

In addition, there are some significant remarks. Firstly, the evaporation rate
does not include transpiration because of its negligible role in the process of evapo-
transpiration. Put directly, evaporation is meant as Class A pan evaporation. Sec-
ondly, we do not use Darcy’s law describing the process of percolation. We suppose
that the tabular values of permeability of different soil types are quite enough for
our consideration. So, soil permeability of the specific region is calculated using the
formula:

pn ¼
X
j

kjpj, (3)

where kj is the approximate percentage of soil type j in the total area of the
region, and pj is the minimal tabular value of permeability of soil type j. Soil
permeability in the context of the present work is measured not in m2, as is fixed in

Argument Temporal
simplification

Spatial simplification Source

Evaporation
rate, ein

Monthly
average data

USA states: evaporation at a certain
region is defined as one at a Class A
pan station nearest to the center of
a region

USA states: US Department of
Commerce, Springfield, the
USA [44]

Soil
permeability,
pn

No temporal
dependence

Different soil types of the region
surface are distinguished; resulting
soil permeability of a region is
calculated as weighted average

Soil types: FAO/UNESCO [45];
soil permeability, tabular
values [46]

The area of
region, Sn

No temporal
dependence

— Google Maps service [47]

Table 1.
Sources and simplification parameters of data.
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Darcy’s law, but in mm/day that means how much water daily permeates through
the one square unit of the surface.

Thus, we have calculated water mass that potentially could be observed during
the floods. And the last thing, we need to compare the calculations and real obser-
vations. Obviously, the most exact data would be a really measured volume of water
mass, but the problem is that there is no such data. We used the following approx-
imate approach to estimate a really observed water mass [48].

In the case of the Louisiana flood, being under our consideration, a more com-
plex and precise approach is used. We take the information about the Red River
levels at Shreveport, Coushatta, Grand Ecore, and Alexandria (the most affected
cities of the Louisiana state) [49] and combine this data with the topographic map
of Louisiana provided by TopoZone service [50]. Then we multiply the area and the
depth with the remark that we do not take the whole flooded area but that part of it
that accords to one of the four selected cities. After all we sum four calculated values
to get the resulting volume of observed water mass. This approach allows us to get a
quite exact value.

4.2 The results

In the case of the Louisiana flood, the flood-generating river was the Red River
of the South. All initial data presented below were taken from [47–50] and orga-
nized in a convenient way by corresponding data processing. The whole basin has
been divided into seven regions (see examples in Figure 1). In Table 2 some
parameters of the distinguished regions are presented.

As it is been mentioned above, the approach of calculating observed water mass
in the case of the Louisiana flood is a little bit more complex than a usual one, and in
Table 3 the parameters of calculation are presented for a better understanding of
the used approach. The final total result is the value: 11.0�109 m3.

Figure 2 shows the result of applying the formula for calculating accumulated
water mass (see Section 4.1) to given parameters. The legend is the same as in
Figure 1.

In order to emphasize the important role of groundwater in the flood event, for
illustration purposes, we will take the limiting case when the permeability of the soil
dramatically decreases (1000 times). In practice, it really can fall dozens of times

Figure 1.
The distinguished regions of the Red River basin.
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Darcy’s law, but in mm/day that means how much water daily permeates through
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Thus, we have calculated water mass that potentially could be observed during
the floods. And the last thing, we need to compare the calculations and real obser-
vations. Obviously, the most exact data would be a really measured volume of water
mass, but the problem is that there is no such data. We used the following approx-
imate approach to estimate a really observed water mass [48].

In the case of the Louisiana flood, being under our consideration, a more com-
plex and precise approach is used. We take the information about the Red River
levels at Shreveport, Coushatta, Grand Ecore, and Alexandria (the most affected
cities of the Louisiana state) [49] and combine this data with the topographic map
of Louisiana provided by TopoZone service [50]. Then we multiply the area and the
depth with the remark that we do not take the whole flooded area but that part of it
that accords to one of the four selected cities. After all we sum four calculated values
to get the resulting volume of observed water mass. This approach allows us to get a
quite exact value.

4.2 The results

In the case of the Louisiana flood, the flood-generating river was the Red River
of the South. All initial data presented below were taken from [47–50] and orga-
nized in a convenient way by corresponding data processing. The whole basin has
been divided into seven regions (see examples in Figure 1). In Table 2 some
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As it is been mentioned above, the approach of calculating observed water mass
in the case of the Louisiana flood is a little bit more complex than a usual one, and in
Table 3 the parameters of calculation are presented for a better understanding of
the used approach. The final total result is the value: 11.0�109 m3.

Figure 2 shows the result of applying the formula for calculating accumulated
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over several hours due to saturation process, i.e., we assume that all rainfall goes to
runoff of the river.

Even having the low estimates of the evaporation process (from web resource
[51]), we obtain that the maximum level of water during the flood should have been
on June 15, 2015, and should have been in the order of 5�109 m3. The observed peak
corresponds to the flooding 11�109 m3. Moreover, if we take into account the
presence of surface runoff only (web resource [52]), our estimates in the frame-
work of a simple hydrodynamic model (based, first, on actual terrain and, second,
the coverage of the surface by precipitation area) lead to the duration of the floods
for a few hours, which is not a real event occurred. Thus, the presence of an
additional (except precipitation) source of water masses appear to be real, and
groundwater might play a more dominant role.

4.3 Correlation of groundwater level and surface water for catastrophic floods

We now introduce the monitoring data on the well artesian level during the
flood time in two sectors of the Red River in Arizona in respect of timing of
groundwater recharge and discharge and their impact on the flood event.

Precipitation data by months were obtained at https://water.weather.gov/precip/.
Downloading maps with precipitation was carried out from the same source:

https://water.weather.gov/precip/download.php.

Region
name

Area,
103 km2

Evaporation rate,
mm/day for 2 months

Prevailing soils Estimated soil
permeability,

mm/day

Amarillo 24.4 May: 6.7; June: 8.0 Kastanozems, luvisols 800.2

Lawton 34.4 May: 8.2; June: 10.5 Kastanozems, luvisols, cambisols 900.1

Sherman 33.3 May: 5.9; June: 8.7 Acrisols, cambisols, phaeozems,
luvisols

1450.1

Camden 35.5 May: 5.0; June: 5.7 Kastanozems, acrisols, gleysols 0.1

Shreveport 16.8 May: 5.6; June: 6.3 Acrisols, phaeozems, planosols,
gleysols

3000.1

Monroe 13.1 May: 5.6; June: 6.3 Acrisols, gleysols, luvisols 0.7

Alexandria 12.5 May: 4.8; June: 5.2 Acrisols, gleysols, phaeozems,
luvisols

500.2

Total: 11.0�109 m3.

Table 2.
The parameters of the Red River basin regions.

Affected city Flood stage, m Red River level on
11.06.2015, m

Estimated observed
water mass, 109 m3

Shreveport 9.1 11.2 2.9

Coushatta 9.4 11.8 3.3

Grand Ecore 10.1 12.6 3.6

Alexandria 9.8 10.6 1.2

Table 3.
The Louisiana flood observed water mass calculation.
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At the same time, the official conditions for the use of this information data are
justified on the specified site as follows.

The precipitation data are quality-controlled, multi-sensor (radar and rain
gauge) precipitation estimates obtained from the National Weather Service (NWS)
River Forecast Centers (RFCs) and mosaicked by the National Centers for
Environmental Prediction (NCEP). The original data from NCEP is in Gridded
Binary or General Regularly distributed Information in Binary form (GRIB) format
(files pre-March 22, 2017, are in XMRG format) and projected in the Hydrologic
Rainfall Analysis Project (HRAP) grid coordinate system, a polar stereographic
projection true at 60°N/105°W.

Use the form above to download these files. To automate or download multiple
datasets, you can download a program called wget. Due to increased web security,
the anonymous FTP server is no longer available but can be still used by https://
water.weather.gov/precip/archive/.

First (Figure 3), we show the upper part of a river drainage system (near
Shrevport city) [53].

Second (Figure 4), we display the lower part of a river with the greatest water-
bearing capacity and the smallest inclinations of water surface (near Alexandria
city) being the area of the most intensive collection of atmospheric and surface
waters on the Earth’s surface for the replenishment of groundwater [54].

The dependences in these two cases demonstrate a sufficiently different behavior.
The concept traditionally accepted by people is that the water table intersects the

surface of the Earth (in accordance, as an example, with Figure 3). This contradicts
the concept we discussed, which is based on the possible local exit area of the
groundwater. In fact, a temporary accumulation of groundwater in the zone of
aeration is formed due to the percolation of rainwaters (Figure 4). The effect can
probably occur above the normal/stable water table, which is separated from the
surface by an impermeable rock, but with a well-developed system of cracks.

Figure 2.
Water balance of the Louisiana flood (Shreveport city): (a) over days; (b) more detailed dependence (over
days).
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over several hours due to saturation process, i.e., we assume that all rainfall goes to
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[51]), we obtain that the maximum level of water during the flood should have been
on June 15, 2015, and should have been in the order of 5�109 m3. The observed peak
corresponds to the flooding 11�109 m3. Moreover, if we take into account the
presence of surface runoff only (web resource [52]), our estimates in the frame-
work of a simple hydrodynamic model (based, first, on actual terrain and, second,
the coverage of the surface by precipitation area) lead to the duration of the floods
for a few hours, which is not a real event occurred. Thus, the presence of an
additional (except precipitation) source of water masses appear to be real, and
groundwater might play a more dominant role.

4.3 Correlation of groundwater level and surface water for catastrophic floods

We now introduce the monitoring data on the well artesian level during the
flood time in two sectors of the Red River in Arizona in respect of timing of
groundwater recharge and discharge and their impact on the flood event.

Precipitation data by months were obtained at https://water.weather.gov/precip/.
Downloading maps with precipitation was carried out from the same source:

https://water.weather.gov/precip/download.php.
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Sherman 33.3 May: 5.9; June: 8.7 Acrisols, cambisols, phaeozems,
luvisols

1450.1

Camden 35.5 May: 5.0; June: 5.7 Kastanozems, acrisols, gleysols 0.1

Shreveport 16.8 May: 5.6; June: 6.3 Acrisols, phaeozems, planosols,
gleysols

3000.1

Monroe 13.1 May: 5.6; June: 6.3 Acrisols, gleysols, luvisols 0.7

Alexandria 12.5 May: 4.8; June: 5.2 Acrisols, gleysols, phaeozems,
luvisols

500.2

Total: 11.0�109 m3.

Table 2.
The parameters of the Red River basin regions.

Affected city Flood stage, m Red River level on
11.06.2015, m

Estimated observed
water mass, 109 m3

Shreveport 9.1 11.2 2.9

Coushatta 9.4 11.8 3.3

Grand Ecore 10.1 12.6 3.6

Alexandria 9.8 10.6 1.2

Table 3.
The Louisiana flood observed water mass calculation.
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At the same time, the official conditions for the use of this information data are
justified on the specified site as follows.

The precipitation data are quality-controlled, multi-sensor (radar and rain
gauge) precipitation estimates obtained from the National Weather Service (NWS)
River Forecast Centers (RFCs) and mosaicked by the National Centers for
Environmental Prediction (NCEP). The original data from NCEP is in Gridded
Binary or General Regularly distributed Information in Binary form (GRIB) format
(files pre-March 22, 2017, are in XMRG format) and projected in the Hydrologic
Rainfall Analysis Project (HRAP) grid coordinate system, a polar stereographic
projection true at 60°N/105°W.

Use the form above to download these files. To automate or download multiple
datasets, you can download a program called wget. Due to increased web security,
the anonymous FTP server is no longer available but can be still used by https://
water.weather.gov/precip/archive/.

First (Figure 3), we show the upper part of a river drainage system (near
Shrevport city) [53].

Second (Figure 4), we display the lower part of a river with the greatest water-
bearing capacity and the smallest inclinations of water surface (near Alexandria
city) being the area of the most intensive collection of atmospheric and surface
waters on the Earth’s surface for the replenishment of groundwater [54].

The dependences in these two cases demonstrate a sufficiently different behavior.
The concept traditionally accepted by people is that the water table intersects the

surface of the Earth (in accordance, as an example, with Figure 3). This contradicts
the concept we discussed, which is based on the possible local exit area of the
groundwater. In fact, a temporary accumulation of groundwater in the zone of
aeration is formed due to the percolation of rainwaters (Figure 4). The effect can
probably occur above the normal/stable water table, which is separated from the
surface by an impermeable rock, but with a well-developed system of cracks.

Figure 2.
Water balance of the Louisiana flood (Shreveport city): (a) over days; (b) more detailed dependence (over
days).
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The coupling of groundwater and flood event is evident very well from
Figures 3 and 4. In fact, we can see a correlation between the level of water in
artesian wells and the flood period development in Louisiana, Shrevport city, over
the days: maximal water levels both in Red River on June 9, 2015, and in well
practically coincide (Figure 3). A principal fact is that the well water level is
increased from the middle of May 2015. In the same time period, the well water
level near Alexandria city (being lower on the Red River bed than that with
Shreveport city) decreases (Figure 4).

The last nonobvious correlation fact (“anticorrelation effect”) may be explained
by the pressure aspect: backwater due to the rise of surface water mass in the stream

Figure 3.
Daily depth to water level and groundwater level for upper part of river drainage system.

Figure 4.
The same as in Figure 3 but for a lower part of a river.
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channel near Alexandria city accompanied by the decrease of the ground horizon
level in a lower sector of the channel (see Appendix A.1).

Then, in both cases the artesian well level decreases and goes to the equilibrium
state when the flood event is over, and the self-throwing out process has stopped.

The misbalance of the calculated and observed water masses is quite large for the
considered cases. In the case of Louisiana flood, the difference is about 7�109 m3,
and a relative difference becomes ≈60%. Thus, while we predict the potential area
of flooding relying solely on the precipitation intensity, there is a high risk of
underestimation of the possible outcome. And, if no other water source except
groundwater is available, we have to more carefully estimate the role of groundwa-
ter in the flood development.

Also note that the prevailing soil type in the most affected regions of the Louisi-
ana state is gleysols. This soil type is characterized by the close interconnection with
groundwater [55]. That means that groundwater aquifers are very close to the
surface in those regions. We suggest it should really be of importance, and this fact
is not worth underestimating while we see such a great relative difference between
calculation and observation.

The given analysis of water balance on the example of the 2015 Louisiana
disastrous flood does not pretend to the exhaustiveness. The only aim was to show
the possible discrepancy between potentially accumulated and observed water
masses. The idea is not to downplay the role of precipitation in the flood emergence
and development, but to consider the whole system of river basin in the close
interconnection of its parts, where groundwater is an important part as precipita-
tion, especially while we consider disastrous floods. Obviously, we also have to take
into account the processes of evaporation in different seasons [56].

5. The mechanism of the 3D riverbed formation

In a number of previously published works [57–63], a mechanism was proposed
for the formation and functioning of the mountain river bed and the catchment
basin. The fundamental position of this concept is that river channel cracks are laid
in the rock as a result of relaxation of accumulating stresses and begin their devel-
opment, namely, from the water intake (mouth) to the source but not in the
opposite way. The mechanism of forming the channel branching (formation of
future tributaries) occurs in accordance with the laws of mechanics for the rock
destruction. At the end of the channel, i.e., the cracks, a stress zone forms, where
rock destruction processes intensify, and a round-shaped drainage funnel is formed
(the source zone of the river).

The crack, formed in the rock, extends not only along the surface but can reach
great depths (hundreds and more meters). Thus, groundwaters are pulled together
here (under the influence of capillary forces in a stable state) and can rise to the
surface under the influence of the pressure map developed by different reasons. The
processes are “basic and permanent” in a functioning river but occur with variable
intensities due to external factors. The surface runoff, because of precipitation,
represents another unstable component of the water balance and depends mainly
on the climatic/season conditions. If a channel crack core is not deep and has not
reached a groundwater source, it can still develop in the anhydrous regime of the
“dry channel” and/or during the action of a temporary surface runoff. Thus, the
first conclusion can be made: it is not enough to consider rivers from the point of
view of only surface hydrological objects, where only a surface runoff and seepage
occur. It should be presented as a river basin functioning as a 3D dynamic object
under impact on many factors, including geological states/seismic processes.
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channel near Alexandria city accompanied by the decrease of the ground horizon
level in a lower sector of the channel (see Appendix A.1).
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and a relative difference becomes ≈60%. Thus, while we predict the potential area
of flooding relying solely on the precipitation intensity, there is a high risk of
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ter in the flood development.
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surface in those regions. We suggest it should really be of importance, and this fact
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basin. The fundamental position of this concept is that river channel cracks are laid
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opposite way. The mechanism of forming the channel branching (formation of
future tributaries) occurs in accordance with the laws of mechanics for the rock
destruction. At the end of the channel, i.e., the cracks, a stress zone forms, where
rock destruction processes intensify, and a round-shaped drainage funnel is formed
(the source zone of the river).

The crack, formed in the rock, extends not only along the surface but can reach
great depths (hundreds and more meters). Thus, groundwaters are pulled together
here (under the influence of capillary forces in a stable state) and can rise to the
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processes are “basic and permanent” in a functioning river but occur with variable
intensities due to external factors. The surface runoff, because of precipitation,
represents another unstable component of the water balance and depends mainly
on the climatic/season conditions. If a channel crack core is not deep and has not
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first conclusion can be made: it is not enough to consider rivers from the point of
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occur. It should be presented as a river basin functioning as a 3D dynamic object
under impact on many factors, including geological states/seismic processes.
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In fact, the river channels are deep formations through which a coupling of
surface water with groundwater is carried out. Thereby, on the one hand, the
process of global crack formation relieves internal pressure, and, on the other
hands, the water cycle is carried out due to the emerging structure of cracks.

We present the details of a possible crack topology in Appendix 2.

6. Nonlinear hydrodynamics approach and modeling

Now we shortly focus on the mathematical modeling of catastrophic water
flows on the land surface in the frame of the concepts of nonlinear hydrodynamics
of the wave process development with the formation of solitons (within the differ-
ent classes of solutions for the Korteweg-deVries (KdV) equation) [35]. According
to the soliton ideology, there is a competition between two phenomena, the first, in
time t, i.e., dispersion (decay of the process), and, the second, due to nonlinearity
(amplification of the process). The key parameter for the problem is coefficient
k(t), where k(t) � ?(t)disp/?(t)nonl is a ratio of characteristic values for two com-
peting processes: dispersion (?) and nonlinear interaction (?). The mechanism
of such processes should be considered separately, and the amplification can be
introduced by not only a heavy rain but also by a groundwater exit.

Different classes of the KdV equation and well-known solutions in modeling
have been under our study. But as to the natural water event we are going from the
inverse problem: to find the class of solution being associated with the items of
observable phenomena on the land surface.

In principle, different regimes can occur and should be under analysis in respect
to the detailed states of the water systems:

• Soliton (particle-like) self-organization solutions

• An inverse scattering solution and spectral representation

• Many-body exact N-soliton collective solution

• A vortex motion

• Many dimensional problems

• Perturbation theory approach (reaction on any perturbation)

• High nonlinearity and self-trapping and instability regimes

• Overturn regime

• A solitary long stationary wave

• Nonlinear periodic wave envelopes with shelf track

The regimes, marked by bold type above, are principal for catastrophic floods in
observable real events [64].

As an example, let us consider two regimes of the surface wave propagation
(amplitude u) with velocity v for the groundwater recharge behavior,
depending on the channel depth λ: λ�h(x) as a function of traveling coordinate x
(cf. [4, 5]).
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1.Fast (flash�/jump-like) enhancement variation. And therefore, a multiple-
soliton process occurs vs. traveling coordinate x when we have two
magnitudes for sharp variation of (t):

λ tð Þ ¼
λ1, t<0

λ2, t>0

(
λ2 > λ1 >0 which is shown in Figure 5.

2.Slow increasing variation for λ(t) � smooth transition from λ1 to λ2 (0 < λ1
< λ(t) < λ2): see Figure 6.

This general approach and practical verification were applied to some cata-
strophic water events including the conditions for a solitary destructive wave

Figure 5.
The jump mechanism (trigger-like) for the recharge enhancement of the water body by flash groundwater
process for the space variation of the channel depth λ.

Figure 6.
Flash process modeling for a sudden water discharge (the debris/flood event): (a) - under the depth decreasing
(λ2 < λ1); (b) - under the depth increasing (λ2 > λ1). The amplitude of soliton is increased and decreased,
accordingly, vs. x; (c) more detailed analysis results in the shelftype dependence; (d) when the dissipation takes
place (i.e., bottom friction), the decreasing of the wave amplitude u occurs (u � 1/h).
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propagation, e.g., for Colorado flood (USA, September 2013) and Krymsk city
(Krasnodar region, Russia) fast event (July 6–7, 2012) which occurred over the land
surface under the trigger mechanism (see Appendix A.1.2.).

7. Impact of tectonic stresses in the Earth’s crust on the dynamics of
groundwater basin functioning

We discussed above the status of groundwater in terms of its possible role in the
catastrophic water events on the Earth’s surface. But now let us consider a simple
concept of tectonics for the complex mutually influencing processes in heterogeneous
environment with different phase states in bowels of the Earth. In the case, topogra-
phy is a reflection of the tectonic and geodynamic processes that act to uplift the
Earth’s surface and the erosional processes that work to return it to base level.
Numerous studies have shown that topography is a sensitive recorder of tectonic
signals [8].

7.1 The proposed approach

From the practical point of view, the monitoring of dynamics in the develop-
ment of hydrostatic/hydrodynamic pressures in underground aquifers in compari-
son with the database before and after the events (e.g., by measurements in some
network artesian wells) is an important factor in assessing the acceptable risk for
the territories under these events. Its combination with the monitoring of seismic
activity will allow making a more detailed analysis of these interactions for a natural
disaster forecasting in both fundamental aspect and in the aspect of applying
modern information technology (e.g., GIS technology).

The artesian well water state as the precursors of earthquakes of different
natures have been widely discussed for many years, and a comprehensive research
for earthquake prediction has been carried out [4, 33, 36, 61]. But the interconnec-
tion of tectonic stresses in the Earth’s crust, in the aspect of dynamics of the
groundwater basin functioning, is practically out of consideration.

These nonstationary and nonlinear groundwater transport processes under the
earthquakes impact (resulting in the great hydrostatic/hydrodynamic pressure
enhancement in hydrosphere) are rapidly developing phenomena. The influence of
the Bernoulli effect, i.e., a sharp drop in pressure (water hammer) in a high-speed
liquid flow in the expanding cavity, explains the strange fact (at first glance), when
a great local pressure (from the very beginning in the deep underground layers)
does not always result in the bowels of the Earth to the expected strong (in the
including height) water emissions on the Earth’s surface (see Appendix A.1 and
Appendix A.2).

The proposed concept of the tectonic regime for the territories is based on
several factors: layering crustal layer of the Earth, its lateral heterogeneity, and
internal mobility of the 3D deep rock masses. Such violation of monolithic rocks and
their fragmentation granularity are associated with the environment (both on the
micro- and macroscale), i.e., with the presence of free space between the discrete
solid particles [5]. The stability of such systems is provided, including void fill with
water from its own underground sources, and due to the infiltration of surface
water. Typical maximum depth for these two mechanisms could be estimated by
the values of 10–15 km and up to tens to hundreds of meters, respectively [32].
This granularity, which is the result of degradation processes (leading to block-
hierarchical structure), is a characteristic parameter even for the set of lithospheric
plates [42]. This results in the possible vertical transition between different
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breeds of shell lithosphere (vertical accretion), accompanied by a shift of their
boundaries, i.e., a “shimmering border.” Such geodynamic process, apparently, is
important to determine the vertical lift and underground deep water during
earthquakes.

If we talk about the inverse problem, i.e., about the impact of groundwater on
the modification of the tectonic stress, this process has an independent tectonic
significance for the preparation of earthquakes, including the aspect of stress trans-
fer in the underground water basin over long distances due to the weak compress-
ibility of water [33]. Such transfer tension should be considered in conjunction with
the effect of heavy rains, which leads to the release of both transport paths of the
drainage mechanism and to the increase of the surface water masses (lakes, reser-
voirs, etc.). Thus, the pressure increase in a single hydraulically connected 3D
system of the river basin may occur and result in the groundwater exit to land
surface [65, 66]. We analyzed some hypothetic considerations under the concept by
the database presented in [67–70].

There are at least two obvious mechanisms explaining how the occurred earth-
quakes can influence the river basin functioning. The basis of both is the impact of
the earthquake seismic waves, which can propagate over huge distances in the
Earth’s crust (up to several thousands of km). Now we are interested in their
influence and possible mechanisms of the topology variation of the existing
groundwater transport ways.

On the one hand, some parts of the transport net may suddenly change during
the topology restructuring. When the cracks are blocked, there happens a dramatic
growth of pressure in the other parts of the net. Herewith the cardinal effect is a
water breakout on the surface when water gushes, being a water hammer mecha-
nism of the breakout manifestation. Possibly the flash floods of destructive power
are implemented by this mechanism. It is important that after this breakout (which
has opened a new channel). The groundwater can flow continuously for a long time
defining the long water staying on the surface (until the local groundwater resource
is exhausted). Moreover, the crack topology restructuring can cause the connection
of the initially unconnected groundwater basins and/or disconnection of the
connected ones. Such events may also significantly influence the water balance of
the river basin system.

Manifestation of all these changes requires a long time period for different
geographical conditions. This defines a temporal lag which may be observed
between the considered seismic events and the floods in specific areas. Thus, slowly
developing and long-lasting (large-scaled by flooding area) floods are defined in
this case by the long process of the groundwater flow through newly opened
channels and/or even ancient/dry riverbeds which have been inactive in the aspect
of feeding from groundwater basins earlier.

The key part of the concept is determined by the impact of fractured bedrock in
the water budget for the river basin as a unified 3D system. The reasons for that are
a pressure field variation in a groundwater basin and the modification of the crack-
net system itself by different factors. They occur both suddenly and/or smoothly.
We consider a possible role of tectonic stresses in the Earth’s crust in the ground-
water basin functioning in dynamics. The observable phenomenon is a hydrology
state variation.

But sometimes questions of the subjects should still be discussed [71]. In fact, the
hydrological changes could be caused by inter-basin water transfer and the reser-
voir development on the hydrological regimes of different/two rivers. Moreover,
even when they are neighboring watercourses with similar climate, even topo-
graphic and geological characteristics, their hydrological characteristics extremely
differ [72].
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7.2 Definition of potentially dangerous areas in the aspect of the probability of
occurring floods under the influence of seismic factors

Our general consideration (over existing datable) in the concept shows that a
more significant impact of the groundwater exit on land surface occurs for the
earthquake hypocenter depth �10 km when the magnitude value is about M5.0
(�1012 J), which may be associated with seven points in earthquake epicenter on
the land surface.

Further, we carried out some correlation analysis on the subject. The most
accurate correlation (+)/anticorrelation (�) (the Pierson coefficient K) can be
estimated for two principal parameters: river discharge during the flood and
artesian water level in wells in some localized river basin areas. We had K≳ (�0.97)
but with some optimal day shift �10–20 days (for the distance �200 km) during
the Mississippi river catastrophic flood (April to June 2011; maximal level, on May).
Thus, we can tell about an anticorrelation event, i.e., it means that the river dis-
charge increase/decrease is due to the decrease/increase of the artesian water level.
As to other correlations—between the precipitation level and both the river
discharge and the groundwater level during the event—the maximal value of K was
less: K ≲ +0.7. Thus, in fact, the groundwater plays a dominant role for the case.

In addition, the presence of large water objects (on the route of seismic waves)
weakens their amplitudes; the availability of the tectonic plates borders results in
the reflection and refraction effects for propagating seismic waves. Let us consider
in more details the earthquake which occurred in Kansas, USA, in May 2015, which
may be recognized as a disastrous flood in Louisiana, USA. For understanding the
reasons why the flood occurred exactly in Louisiana, we should pay attention to the
geological structure of the Red River basin where the disaster occurred. The thing is
the Red River basin is located over the Southern Oklahoma Aulacogen, which, as
any geological rift, is a kind of wedge in homogeneous medium. It is well known
that at the boundary between homogeneous mediums, Stoneley waves have their
maximal amplitudes [36]. Because of this, the location of the Red River basin over
the Southern Oklahoma Aulacogen could play a crucial role in the disastrous flood
emergence. Local geological structure could amplify the seismic influence of the
earthquake occurred in Kansas.

In this case the most important forecasting for the floods is that the procedure
helps to solve the problem of flood localization when a group of earthquake epicen-
ters is located in one area. If the position of such group of the earthquake epicenters
does not localize in the hazard area by itself, then the analysis of local geological
structure allows making some conclusions: more distinct borders of homogeneous
rocks cause higher risk of seismic wave amplification, and then the disastrous flood
is provoked by them.

Another important aspect of such groundwater resource depletion is connected
with the strange factor of increasing the risk of wildfire emergence on the area in
the near future. In fact, the flood in California, USA, in February to June 2017
(Figure 7), lasted for half a year, and then large wildfires occupied in the state and
lasted for two following months [73]. It is possibly connected with the fact that the
soil is not really moisturized after the flood because the water goes to the balance
recovery of deeper aquifers.

Similar events also took place after the historical flood in the Amur basin (2013)
where large wildfires were raging after several months almost over the same area [74].

And the final feature concerning the hydrostatic pressure map in the 3D net of
the river basins may be introduced by analogy with the system of communicating
vessels (see Appendix A.1.2.). For example, when the flood in the Amur river basin
(2013) occurred, the neighboring surface river basins of the Amur and the Lena
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rivers can be considered as connected because of the possible common underground
basin (Figure 8). The phenomena are the regular events in some time period (our
analysis shows, approximately in 5–7 years; for the abovementioned case, it hap-
pens in 2019 again).

In fact, simultaneously with the disastrous Amur flood, the water level in the
Lena river dropped below the navigable level. That is why the connection of
underground basins for different (great) rivers may be global in geological scales.

Thus, for the future forecast, the definition of potentially dangerous areas
should be presented by the following procedure in the frame of the concept—all
data for the analysis made have been taken from [67–70].

Figure 7.
The disastrous flood and wildfires in California, USA: (a) white hexagons, earthquakes epicenters; black oval,
flooding area; and (b) wildfire seats.

Figure 8.
Presumably connected river basins (a long-distance impact): (a) the Amur and the Lena rivers and (b) the Ob
and the Yenisei rivers. White hexagons, earthquakes epicenters; black ovals (1), flooding areas; black oval (2),
areas of wildfire propagation.
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Step 1. Marking the epicenters of strong earthquakes (e.g., with the magnitude
over M 5) on the geographical map with the designated boundaries of
lithospheric plates.

Step 2. Schematic depiction of the fronts of the seismic waves propagating from
the earthquake epicenters.

Step 3. Defining potentially dangerous areas.
Step 4. Monitoring the flood occurrence in potentially dangerous areas in
comparison with the state of groundwater/artesian wells.

8. Conclusion

The chapter suggests an original approach to explain and predict the process of a
flood and/or mudflow (debris) formation and spreading out over the river beds in
mountain conditions. The phenomenon is under the flash increase of water masses
involved (being strongly above the precipitation intensity budget) due to the
groundwater impact. The 3D crack-net in the frame of the unified rivershed in a
mountain massif is a natural transportation system (varied by some dynamic stress
factors) for the groundwater in accordance with the hydrostatic/hydrodynamic
pressure redistribution due to different reasons (e.g., earthquakes). The process has
a nonlinear wave character with obvious signs of self-organization, and it can be
described within the soliton model of nonlinear hydrodynamics. The approach can
result in a more reasonable forecast and early warning for the natural water hazard/
disaster taking into account the groundwater flow contribution over the land sur-
face as a dominant factor under some conditions.
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Appendix

The materials given in the Appendices are our original calculations, including
the picture of the pressure map in underground and surface objects for computer
analysis.

A.1 Numerical estimations for hydrostatic/hydrodynamic pressures in
groundwater channels

As a rule we consider the stable regime of the river basin functioning in practice.
The system describing its dynamics has many parameters, two of which are mostly
important for us here: the precipitation intensity and the volume of the surface
runoff fed by groundwater. Evidently the stable regime is characterized by the
insignificant variations of these parameters that do not cause the unstable regimes
of the whole system.

The classical laws of hydraulics were considered, as an example, in [75]
concerning the features that allow their application to subsurface flow in general and,
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particularly, to karst hydrology. Whether the movement of groundwater in karst can
be defined as flow through individual channels or whether it can be considered as a
continuous medium with saturated holes in a solid matrix is pondered over.

However, the volume of the surface runoff fed by groundwater is not constant—
it is a complex function, depending on both the pressure distribution in the system
of the groundwater transport ways (defined by the 3D topology of cracks) and the
state of surface water. The intense precipitation during the disastrous floods can not
only directly increase the volume of the surface runoff but can contribute to the
creation of the low pressure area at high speed of water flow (due to the Bernoulli
principle) [36]. This defines the kind of groundwater attractor initiating its flowing.

The distribution of hydraulic pressures in the system of groundwater transport
ways is not constant and depends on many factors: topological (the quantity of
cracks and their geometry, the channel size, the border roughness, the branching at
the exit on the surface) and geohydrodynamical (the pressure formation, the water
sedimentation, the Earth’s crust local deformations, tectonic processes). Herewith,
even the insignificant change of numerical characteristics of some of these factors
can cause the disastrous consequences for the groundwater exit on the surface.

In fact for the simplest case of a laminar flow in a smooth bordered channel, the
total water discharge Q through number of N thin cracks is described by the
following relations [9]:

Q ¼
XN
i¼1

Qi;Qi ¼
m
12μ

rið Þ3I, (A1)

wherem is the volume weight of water, μ is the viscosity index, ri is the radius of the
ith crack, Q i is the local discharge, and I is the pressure gradient defined by the ratio of
the difference between hydrostatic pressures on a definite part to the length of this part.

Thus, when a crack discloses two times (the routine process for ri � 1 mm), the
water discharge grows by almost an order. At the same time, the increase of the
pressure during the crack contraction is even more significant �1/ri

4, which causes
the increase of the water breakout possibility. All these factors are even subject to
the microseismic influence and not necessarily to the serious tectonic processes.

On theotherhand, intenseprecipitationcanalso influence thebedrock fracturingand
directly change the hydraulic pressure distribution in the 3D system of the river basin.

Therefore the analysis of the water events should be complex in every case.

A.1.1 Numerical assessment of groundwater involvement

Let us consider how pressure arises in a wellbore. We will consider the case
when water comes from an artesian well on the surface by itself. The main param-
eter is the discharge of the well, i.e., the cubic meters of liquid per a time unit come
out of the hole (Q). Flow rate Q and pressure P1 at the exit of water from a vertical
well (easily measured/observed values) determine both the dynamic pressure Pd in
the underground (horizontal) channel and also an integral pressure P2 at the outlet
pipe of the water drive horizon, being the parameters under analysis (Figure A.1).
The above parameters can be connected by the relations given below:

For the dynamic pressure in a vertical borehole:

P1 ¼ ρv2

2
(A2)

where v is the speed of water flow and ρ is the density of the liquid.
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2
(A2)

where v is the speed of water flow and ρ is the density of the liquid.
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For the flow rate in a vertical borehole:

Q ¼ πR2 � v (A3)

where R is the radius of vertical borehole.
Thus, the relationship with P1 and Q is given by:

P1 ¼ ρQ2

2π2R4 : (A4)

When water leaves aquifers for the Earth’s surface, the pressure is lost due to the
actual process of water lifting from the depth horizon (Figure A.1) and due to
atmospheric pressure, i.e., we have:

P1 ¼ ρgh� Patm

P2 ¼ Pd

�
(A5)

where h is the borehole depth and P1 is the water pressure at the outlet on the
surface, P2 can be considered equal to Pd, and Patm is the atmospheric pressure
(which, in the case of our interest, is usually small compared to P2).

With (A4), (A5) for pressure Pd in the aquifer, we finally have:

Pd ¼ Patm þ ρQ2

2π2R4 þ ρgh (A6)

Thus, relying on the parameters of a borehole, we can measure the pressure in
the aquifer. The model is an approximation because it does not take into account
many factors, i.e., friction, topology of the borehole, compressibility of the liquid/
fluid, and the possibility of turbulent motion. However, it can explain the mecha-
nism and trend/tendency in general and can be used for calculating the order of
magnitude of the desired pressure.

Figure A.1.
Model of the fluid system and the conditions of influence of deep (underground/ground) water on the formation
of surface water flows: Simple hydrodynamic (1) and hydraulic (2) equivalent schemes for potentially
dangerous areas; (3) shows the key parameters for calculation procedure to have a water exit (as a soliton object
(S)) on the land surface. The existence of the water reservoirs/lakes both above and below the localization of the
groundwater exit on the surface can change the pressure map in underground water layers.
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To calculate the pressure, we can use the data typical to a borehole (see, e.g., [58]):
the information of this type horizon lies at the depths of 150–300 m; the mode of a
well is a spouting; well productivity at a full self-flowing reaches 480 m3 day�1;
R = 0.54 m; h = 150m (in the area of localization/well perforation); Q = 0.0056 m3 s�1.

From Eq. (A5) we have:

Pd ¼ Patm þ 0:06 Paþ 14:7 � 105Pa≈ 16 atm, (A7)

where it is assumed that Patm = 1 atm.
It can be seen that the pressure in the underground horizon Pd is big enough, but

it is “wasted” during the rise of water from the depth (�ρgh). Therefore, a water
flow at the exit to the surface is a standard spring in fact.

Thus, for a powerful release of water to the surface in case of a sudden water/
debris ejection, there should be the situation when a high-pressure zone
(Pd> > 16 atm) is formed in the water aquifers. In the next item, we will do the
necessary estimations.

A.1.2 Conditions for the release of a water flow in the river channel

As indicated above, the pressure in subterranean horizon is calculated on the
basis of its observable flow rate on the surface. Now we define the average flow
rate, which is necessary for the formation of the surface emission in the form of a
solitary wave of the given amplitude corresponding to the observations of the
events under a certain catastrophic phenomenon, i.e., we determine the required
amount of water pressure in aquifers for this phenomenon being manifested on the
Earth’s surface

Let us assume a riverbed as a channel with high walls along the z-axis (so that
the resulting wave object has a constant shape across the width—y-axis—of the
channel). Then, knowing the bandwidth, one can calculate the amount of the water
mass at a predetermined amplitude u(x,t). Indeed, the ratio will be based on
u x, tð Þ ¼ A sech x�vt

Δ

� �� �2, i.e., we use the description of a wave process in time t and
distance x in the form of a soliton solution of the Korteweg-deVries equation as a
flash process modeling, where A is the initial wave amplitude (underground blow-
out on surface, for example, in our model), v ¼ A

3 is the wave velocity, and Δ � 1ffiffi
v

p is
the parameter characterizing the effective size of the perturbation (i.e., soliton
width) (see [35]). We do not consider the relationship between water balance and
the KdV equation. Here the subject of our interest is the question, when a sudden
release of water masses for some reason has already occurred and how it will spread
along the mountain slope in the future in terms of causing possible damage to the
surface. Detailed equations and their solutions are presented [4], but the priority
basis of the article is to discuss the modification of the pressure map due to external
factors precisely in the underground horizons. Therefore, we give only the neces-
sary standard hydrodynamic formulas [5] to illustrate the key parameters that are
required in the comparative calculation of pressures in the underground and surface
segments of water basins for the conditions of their emergence to the surface.
Taking into account the expected initial (for t = 0) wave height, for example, 7 m
(maximum height of such a wave was observed in the case of catastrophic flooding
in Krymsk city (Russia) on July 7, 2012), and when the effective size of the pertur-
bation Δ is assumed to be equal to 2.93 m [66], we have: u xð Þ ¼ 7ch�2 x 1

2:93

� �
:

Summing up we find the area S of the soliton in one section across the river

channel: S ¼ Ðþ∞

�∞
u xð Þⅆx ¼ 40:9m2.
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it is “wasted” during the rise of water from the depth (�ρgh). Therefore, a water
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u x, tð Þ ¼ A sech x�vt

Δ

� �� �2, i.e., we use the description of a wave process in time t and
distance x in the form of a soliton solution of the Korteweg-deVries equation as a
flash process modeling, where A is the initial wave amplitude (underground blow-
out on surface, for example, in our model), v ¼ A

3 is the wave velocity, and Δ � 1ffiffi
v

p is
the parameter characterizing the effective size of the perturbation (i.e., soliton
width) (see [35]). We do not consider the relationship between water balance and
the KdV equation. Here the subject of our interest is the question, when a sudden
release of water masses for some reason has already occurred and how it will spread
along the mountain slope in the future in terms of causing possible damage to the
surface. Detailed equations and their solutions are presented [4], but the priority
basis of the article is to discuss the modification of the pressure map due to external
factors precisely in the underground horizons. Therefore, we give only the neces-
sary standard hydrodynamic formulas [5] to illustrate the key parameters that are
required in the comparative calculation of pressures in the underground and surface
segments of water basins for the conditions of their emergence to the surface.
Taking into account the expected initial (for t = 0) wave height, for example, 7 m
(maximum height of such a wave was observed in the case of catastrophic flooding
in Krymsk city (Russia) on July 7, 2012), and when the effective size of the pertur-
bation Δ is assumed to be equal to 2.93 m [66], we have: u xð Þ ¼ 7ch�2 x 1

2:93

� �
:

Summing up we find the area S of the soliton in one section across the river

channel: S ¼ Ðþ∞

�∞
u xð Þⅆx ¼ 40:9m2.
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Assuming that the same soliton existing in each section of the channel (along the
y-axis) have the width of 10m,we have the estimation of the volume of water mass in
this model of catastrophic wave, which is about �409 m3 for the whole cross section.

Taking the time required for the formation of thewave occurring during the release
within 15 s, we have Q = 27 m3s�1 for the average flow rate1. Soliton formation time of
the ejected onto the surface of the water mass is estimated roughly enough, since a
small amount of real data is taken into account. But the refinement of time ultimately
affects only on the concrete figures of the calculated pressure vs. an observable water
flow on the surface. So, the mechanism described in the model is not changed.

Evaluative analysis of groundwater discharge into the river channel can be
considered as the first approximation in analogy with the artesian well. In fact, if we
consider the simplest case of a crack through which water rises as through a vertical
pipe of fixed radius, then the problem becomes analogous to the problem of finding
pressure P2 in the horizon of the well (see Figure A.1).

But in the case when a spout water going along the crack does not immediately
come to the surface but goes to the river bottom first, then a static pressure of the
water layer in the river depth should also be taken into account (in addition to Patm)
to estimate the pressure at the outlet of the system. Then, using the relations (A4)
and (A5), we can estimate the amount of a required pressure, first, in the horizon
from which water flows (P20) and, second, under river flow pressure (P10), when
spouting water from aquifers goes to the riverbed.

For this model, we have [29]:

P1 ¼ Pd � ρghcrack � ρghriver � Patm (A8)

Pd ¼ P0
2

Thus:

P0
2 ¼

ρQ2

2π2R4 þ ρghcrack þ ρghriver þ Patm (A9)

where flow rate Q = 27 m3s�1 has been estimated above in accordance with the
observable water flash in the Krymsk city event [66].

When hriver � h0 = 5 m, R = 0.54 m, and for two values for the definition of
aquifer depth (crack) hcrack = 12 m (groundwater) and hcrack = 150 m (deep
horizon/artesian of groundwater), we have the values P20 = 64 and 79 atm for the
depths hcrack = 12 and 150 m, respectively (Patm taken as 1 atm).

Although these estimates are quite rough, because they contain many assump-
tions and idealizations, they allow to establish the procedure of estimating the
required pressure in the aquifer for the expected/observable volume of water/debris
flow with the chosen parameters. As can be seen from the results in a given ejection
time, the visible difference between the values of pressure required to release from
small and large depths is quite big.

In case when the release from groundwater horizon takes place over a shorter
period of time, the depth of water will play a minor role in evaluating the pressure.
It should be also taken into account that the flow resistance is always available (for
various reasons, including “the debris” contribution) in the channel output. So, the
output pressure P1 should be smaller (as well as Q). Another principal factor for the
correction of the numbers is determined by nonstationary process of the water dis-
chargewhen the initial value of pressure in a closed reservoir (P20 in our case) is rapidly
decreased due to exit to free space on the surface (“hydraulic shock”) [5, 35, 36, 62].

However, the approach results in a reasonable model for a nonlinear trigger
process of catastrophic water event with some principal aspects, e.g., development
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in time of the catastrophic water traveling front over the surface. We carried out
some computer simulation for the process. The picture gives a reasonable result for
a solitary destructive wave propagation during the catastrophic event under real
conditions of the event described in [66].

Thus, the trigger mechanism (scenario 1) of a catastrophic event (occurred in
the designated conditions) is realized at the values Pflash ≥ Pd0 � 65 atm or 79 atm.

As to spreading flood in terms of smooth replenishment of groundwater (sce-
nario 2), for already formed high water (after its release and/or due to the accumu-
lation of water masses from other sources such as rainwater into the channel/river
bed), the dynamics of its development can also be determined by additional
recharge of groundwater (as localized in certain areas and/or spatially distributed as
the water mass on the riverbed).

Finally, even if the flood was originally formed in the localized area for other
reasons (because of the intensive/heavy rains), the presence on the flow way over
riverbed sectors, the water masses from various sources, including groundwater,
can greatly enhance the event. Apparently, this scenario can be considered in the
analogy with a long-term catastrophic flooding, e.g., in the basin of the Amur River
(August to September 2013, Russia/China) [40].

A.1.3 The water flow diagram modeling in a channel

In the system of fractal cracks (connectedwith themain channel for groundwater),
the formation of extreme flow is possible, i.e., a devastating case is caused by instanta-
neous flashmechanism. The development of such process is related to two factors

First, within the main channel of propagation of the groundwater, a motion is
turbulent. In accordance with the theory of Kolmogorov [35], we assume that such a
turbulence is isotropic. The fact means that both velocity and pressure fields in the
water flow have pulsations related to the nonlinear energy transfer between the
vortices. This approach allows us to determine both the maximum possible size of
the vortices defined by characteristic/fractal dimensions of the underground chan-
nel and, another factor, the minimum size of vortices due to the process of dissipa-
tion. Energy transfer in the eddies formed near a border is a complex nonlinear
process, which we described by using a modernized Prandtl semi-empirical model.

Second, the mechanism of groundwater propagation in the system of cracks
extending from the main underground channel is described in the frames of the
fractal geometry methods [62]. The approach allows determining the degree of
similarity in the crack system, i.e., the ratio of mean diameters and lengths of
cracks/faults for each step of decomposition. The fact results in the integrated
quantitative characteristics of 3D network, as a whole, by fractal dimension. The
formation of fractal cracks (in the coupling of fragment length and the number of
fragments) ensures an optimal traveling network for propagating water, but
changes in external conditions can lead to the formation of hydroblow with the
extreme water flow formation on the surface, i.e., a flash event arises.

The proposed approach allows carrying out the modeling in different spatial
scales, to determine the features of hydrodynamic processes for generating an
extreme water flow, when it is going out on the land surface, and results in the
catastrophic water phenomenon.

A computer simulation of the water transit in different types of the crack model
has been carried out. We used a simple formula in the frame of the Prandtl model
[24] for a turbulent flow to calculate a velocity u distribution:

v
vmax

¼ r� yð Þ=r½ Þ�0:84
ffiffi
λ

p
(A10)
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First, within the main channel of propagation of the groundwater, a motion is
turbulent. In accordance with the theory of Kolmogorov [35], we assume that such a
turbulence is isotropic. The fact means that both velocity and pressure fields in the
water flow have pulsations related to the nonlinear energy transfer between the
vortices. This approach allows us to determine both the maximum possible size of
the vortices defined by characteristic/fractal dimensions of the underground chan-
nel and, another factor, the minimum size of vortices due to the process of dissipa-
tion. Energy transfer in the eddies formed near a border is a complex nonlinear
process, which we described by using a modernized Prandtl semi-empirical model.
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extending from the main underground channel is described in the frames of the
fractal geometry methods [62]. The approach allows determining the degree of
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formation of fractal cracks (in the coupling of fragment length and the number of
fragments) ensures an optimal traveling network for propagating water, but
changes in external conditions can lead to the formation of hydroblow with the
extreme water flow formation on the surface, i.e., a flash event arises.

The proposed approach allows carrying out the modeling in different spatial
scales, to determine the features of hydrodynamic processes for generating an
extreme water flow, when it is going out on the land surface, and results in the
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A computer simulation of the water transit in different types of the crack model
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v
vmax

¼ r� yð Þ=r½ Þ�0:84
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λ

p
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where λ = 64/Re is the hydraulic friction coefficient depending on the Reynolds
number Re, r is the cross section, and y is the cross-section coordinate (y = 0 in the
center of a channel); and for a maximal velocity umax:

vmax ¼ P1 � P2

4ηL
r2 (A11)

where P1 � P2 � ΔP is a pressure difference, η is dynamic viscosity, and L is
crack fragment length.

Calculation for the water flow velocity profile in the central part of a channel
and the stream function is presented in Figures A.2 and A.3, consequently.

But we have to take into account both the specific landscape of the territory and the
precipitation regime. In [72] they present the characteristics of 17 intermittent karst
lakes of Upper Pivka. During the extended precipitation in November 2000, when the
amount of precipitation was more than three times the average, all the lakes were
flooded for the first time in several decades. Also several additional small karst depres-
sions were flooded, where overflowing had never been recorded before. By combining
the field observations with the interpretation of aerial photographs of the water level,
the extent of the lakes and the volumes of containing water were calculated.

In [71] a special attention is paid to studying the relation between the waters of
the Krčić River basin and the waters surfacing in the three Krka River sources.

Figure A.2.
Water flow velocity profile V (y) in the central part of the fluid movement channel. Flow diagram (on the top)
and the dependence of the function V (y), for the different Reynolds numbers (Re) being the parameters for
turbulence: (1) Re = 300; (2) Re = 2300; (3) Re = 3000.
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It was determined that the process of water flow of the Krčić waters consists of a
controllable surface component and a subsurface flow consisting of a diffuse lami-
nar segment and a concentrated turbulent segment.

Thus, the groundwater contribution can be predicted due to different configu-
rations of topologies of the crack-net system, and comparison of observed measured
and forecast flood characteristics on the land surface becomes possible.

A.2 Modeling of the cracknel fractal structure

More complicated/real topology of the groundwater transportation system and
flow regimes is connected with a detailed fractal structure. Our geometric models
for some channels, in the frames of two cases, i.e., deterministic and “fractal trees,”
are shown in Figures A.4 and A.5. The results of our calculation show that for

Figure A.3.
The fluid flow function Ψ values for Re = 1000 with different types of depressions/roughness on the top edge of
the tube for passing water: (1) border zones with four rectangular recesses zones; (2) border zones with three
triangular recesses. The roughness of the configuration may be presented as a crackness model.

Figure A.4.
Model of extensive channel system in the deterministic approach “fractal tree”: (1) zone “the Christmas
branch”; (2) the “top” structure; (3) the “Ф-type top” structure; (4) complex the “V-tree”; (5) unloaded the
“V-tree”; (6) the “V-tree” single-sided structure.
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different models of the underground crack-net structure, we have many locations
of the groundwater exit.

The construction of various types of “trees” in the simulation system of the
channels and their projection on the surface borders with the pressure map (identi-
fication water exit points on the surface) are shown in Figure A.6. We take into
account the calculated dynamic pressures at which the water spouts from the
channel system at a suitable pressure in the main channel/trunk system.

The problem should be associated with other hydrodynamic processes. In fact, in
[13] they discussed that water infiltration and recharge processes even in karst
systems are complex and difficult to measure with conventional hydrological
methods [15]. In particular, temporarily saturated groundwater reservoirs hosted in
the vadose zone can play a buffering role in water infiltration. This results from the
pronounced porosity and permeability contrasts created by local karstification

Figure A.5.
The channel model in stochastic approximation of the “fractal tree.” various options for topology views/degree of
complexity of the system of channels and the corresponding angles of rotation of the elements: (1) the rotation
angle of π/10 with 5 iterations by computer simulation (at which the stable configuration is reached); (2) the
dominant main channel, rotation angle of π /3 for 5 iterations; (3) the angle of π/3, 10 iterations.

Figure A.6.
Interface computer simulation network of fracture rock/transport water system (cf. Figures A.4 and A.5): The
result is the calculation of the required pressure in the system trunk (main channel) to enter groundwater
through branched/bifurcation channels on the surface (the required pressure value on the basis of the observed/
recorded water emissions) taking into account the hydrodynamic pressure in the system (in accordance with the
concept of Figure A.1).
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processes of carbonate rocks. This study provides detailed images of the sources of
drip discharge spots traditionally monitored in caves and aims to support modeling
approaches of karst hydrological processes. In addition, in [26] they present poten-
tial and actual sources of groundwater contamination on the Kras plateau, which is
the recharge area of the Klarici karst water source that provides drinking water for
the Kras plateau and Koprsko primorje.
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Chapter 5

Current Issues in Early Warning 
and Development Initiatives 
Towards Enhanced Flood-Related 
Resilience in Nigeria
Ugonna C. Nkwunonwo

Abstract

More than 4 years since the UNISDR Sendai framework replaced its predecessor, 
Hyogo, communities’ resilience to flooding is still a major issue for especially the 
developing countries (DCs) such as Nigeria where there are unresolved limitations 
with early warning systems. The recent increase in human and economic damages 
caused by floods and the inability of communities to recover from the effects, 
despite years after the disaster, indicate that the global concept of resilience has not 
been fully grasped. Nigeria, which is the subject of this chapter, typifies this situ-
ation. Evidently, the historic flooding of 2012 and its predecessors affected many 
communities and individual victims most of whom are still struggling with disaster 
recovery and reconstruction. This raises important research questions. What is not 
understood in the present context is that government institutions have made a lot 
of politicizing various interventions and local initiative, but the present reality is 
a “pathetic travesty of disaster recovery.” This chapter elucidates on these issues 
through theoretical discussions on community participation, risk-informed invest-
ment, and rural adaptation, all of which can be advocated to facilitate community 
resilience and coping capacity to all variants of flood hazards in Nigeria.

Keywords: flooding, resilience, Nigeria, climate change, disaster management,  
early warning, community participation, sustainable development

1. Introduction

Flooding has caused, and is still responsible for, most of the world’s biggest 
humanitarian crises. It affects a large number of people through displacement from 
their homes, physical drowning, psychological trauma, and, in extreme cases, death. 
It is responsible for some of the largest economic and environmental losses in different 
places around the world. Recent data from the United Nations Office for Disaster Risk 
Reduction show that, on average, 250 million people globally are affected by flooding 
each year. Disaster modeling team at Aon Benfield estimates the global economic cost 
of flooding at over USD 90 billion and predicts an increase that will exceed USD 500 
billion by 2030. Although flooding is a global phenomenon, the experience in the 
developing countries (DCs) is an important research issue, which reflects particularly 
the need to bolster action toward mitigating the human and environmental impacts.
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The attribution of flooding largely reflects a variety of factors, which includes 
at least, rapid urban growth, the development of coastal cities, sea level rises, and 
poor planning ideology to accommodate fast-paced urban development. Climate 
change is also high on the chain of attribution of flood risk. Extant research (e.g., 
[1–3]) reveals that climate change is escalating the frequency of low- to high-
duration high intensity rainfall events, which is the main trigger of pluvial urban 
flooding in recent times. Within a global context, the poorest and least-prepared 
communities are subject to large-scale impacts of these events, which also under-
mine their potential to develop economically while they aim to mitigate the loss of 
human lives and development efforts. In case of sea level rises, climate change has 
over time forced a cumulative rise in the global sea level that now compromises the 
usual structural defenses up to 1 in 1000-year flooding.

Simple techniques based on appropriate flood risk management concepts can 
save lives and reduce losses. This includes the use of modern technology, which 
utilizes geospatial infrastructure to identify and map areas prone to flooding and to 
inform appropriate action toward disaster preparedness, rescue, and recovery. This 
is more of a United Nations International strategy on Disaster reduction (UNISDR) 
concept of living with floods rather than fighting them. The principles underlying 
this concept are the importance of building communities’ resilience to recurrent 
flooding events. Evidence from best practices in flood risk and disaster manage-
ment reveals that building communities’ resilience to flooding reflects two main 
factors: the establishment of timely warning systems and adequate investment in 
key infrastructure, with sustainable development initiatives [4–6].

Early warning systems, through communication of flood risk assessment and 
uncertainties, are important to improve the communities’ preparedness and to help 
them make better decisions for their safety [7, 8]. This is a good step toward reduc-
ing human and economic impacts of flooding. However, the studies of Fakhruddin 
et al. [9] and Smith et al. [10], which both focused on community-based flood 
of early warning systems in Asia, suggest that the implementation early warning 
systems and communication of flood assessment in the DCs raise vital research 
discussions. This is now more crucial than ever with the increasing human devel-
opment on the coastal areas of these DCs, along with the rate of investments in 
risk management and public infrastructure, which does not resonate well with a 
formidable sustainable development initiatives. Of course, sustainable development 
can build-up the emergency response and rescue currency and assist in meeting 
the challenges that occur much later, such as epidemics, loss of infrastructure and 
displacement of people from their homes. It is obvious that real development of 
urban centers makes significant and dominant contributions toward building com-
munities’ resilience to flooding. However, Cohen [11] underlined a major issue that 
is often overlooked in this regard, which relates particularly to how to give commu-
nities in the DCs the needed capacities to thrive amidst the formidable sustainable 
development challenges.

The experience of flooding in Nigeria provides some interesting insights into 
these challenges, the limitations in early warning systems, and how communities’ 
lack of capacities to thrive amidst formidable sustainable development affects their 
resilience to flooding. Sadly, more than 4 years since the Sendai framework replaced 
its predecessor, Hyogo, the resilience of many communities in Nigeria to flooding 
is still a major issue. Of course, there are success stories here and there; however, 
the increase in human and economic damages caused by floods and the inability of 
communities to recover from the effects of floods, despite years after the disaster, 
indicate some asymmetries in the concept of resilience. This chapter aims to address 
these issues which offer significant insights into the current debates in flood disaster 
management. It outlined a number of specific challenges to building communities’ 
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resilience to flood disasters in Nigeria. The experiences of communities in Lokoja, 
Kogi state, which were affected during the 2012 flood in Nigeria, are explored to 
provide useful insights into the shortcomings in early warning systems and develop-
ment processes in Nigeria and how they affect communities’ resilience to flooding. 
The chapter raised issues related to community participation, risk-based invest-
ment, and rural adaptation programs, all of which can be advocated to facilitate 
community resilience and coping capacity to all variants of flood hazards in Nigeria.

2. The global concept of resilience in flood disaster management

The idea of flood-related resilience was initially the core argument of De Bruijn 
[12], who proposed a system approach as a new perspective whose prospect was 
to evolve a flood risk management that fits well with the socioeconomic context in 
which the management of flood disasters occurs. Within the system approach, the 
author contrasted resistance strategies—which aim at flood prevention—with resil-
ience strategies, which aim at minimizing flood impacts and enhancing the recovery 
from those impacts. Resistance measures such as the primitive engineering structures 
to hold back the surges of water can be illustrated as a dredge of the old wineskin. 
However, the new paradigm in disaster management subject to UNISDR has intro-
duced a fresh insight into the weakness of resistance measures and thus paves the way 
for resilience strategies. Although those engineering structures are still being used 
today, their main ideology is to build the resilience of communities to flood disaster.

Resilience thinking provides new beachheads for a comprehensive flood disaster 
management for both rural and urban communities. Cutter et al. [13] were of the 
opinion that resilience is a set of capacities that can be mediated through initiatives 
and policies, which help build and enhance communities’ capacities to respond to 
and recover from disasters. Communities that employ resilience strategy, rather than 
resistance measures, are able to better cope with the uncertainties of flood disaster. 
Norris et al. [14] perceived community resilience as a process that relates a range of 
adaptive capacities to responses and changes after adverse events. Speaking of this 
capacity, core flood-related resilience research based their arguments on how to solve 
mostly disturbance and disasters induced by climate change (e.g., [13, 15]). However, 
there is a different view of flood-related resilience in which resilient houses and 
critical infrastructure are emphasized with different engineering parameters such as 
robustness and flexibility. Using pluvial flooding in the DCs as the exemplar, Jiang 
et al. [16] presented the China’s sponge city initiative in relation to contemporary 
understanding of sustainable urban stormwater management. This is a novel flood-
related resilience framework with an emphasis on structural design in which the 
efficiency of the stormwater management system is related to community’s flood-
related resilience. Kahan et al. [13, 17] reported more recent research on resilience 
from a homeland security perspective, which is aimed primarily at protecting critical 
infrastructure from terrorism. Resilience from the point of view of homeland’s 
security of critical infrastructure assumes that resilience is an outcome measure with 
an end goal of damage and loss mitigation, as well as recovery from a distorted state.

A useful approach to the discussion of what constitutes flood-related resilience is 
to understand its foundations. Alexander [18] made etymological statements on the 
concept of resilience. The study attempted to link current perspectives of resilience to 
its original ideas explored by the author in the field of science, humanities, law, and 
politics. The study revealed that the concept of resilience benefits from a good his-
tory of meaning and application, although defining resilience from a continuum of 
ideas can lead to complex theories and to define a particular problem area, say flood 
disaster management can be slightly ambiguous. However, with the understanding 
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that flood risk in DC is associated with a complex range of attributions, the concept 
of resilience may be useful to poll a multidisciplinary interest, towards overcoming 
limitations in improving flood risk management strategies. It is for this reason that 
in order to mitigate the current problems with flooding crisis in Nigeria, research 
should try to understand how the history and background of resilience affect build-
ing a bespoke flood-related resilience in Nigeria. Further, from a more political point 
of view, it is instructive to elucidate the extent to which different actors are involved, 
drawing from a variety of training, career orientations, and management practices in 
Nigeria that can contribute to the prospect of building a flood-related resilience for 
Nigerians. This is an important discussion to the extent in which this chapter makes 
the case for investing in flood risk and community participation, which endow a 
somewhat statutory responsibility on both the public and private organizations in 
Nigeria and the need to integrate flood resilience into urban planning as proposed by 
Bertilsson et al. [19].

Beyond the historical underpinnings of resilience and its implications for man-
aging flood disaster, other important areas of current discussion that are crucial for 
building Nigeria’s flood-related resilience are (1) the metrics and standards to mea-
sure resilience that remain challenging according to Cutter et al. [13] and (2) the 
issue of “resourcing,” which is the central theme in the discourse of resilience that it 
has been seen to restore life at the foundation of a community’s capacity to recover 
from disasters [20]. These aspects of resilience are not common in many studies that 
have considered flood resilience and vulnerability in Nigeria, for example, Ajibade 
et al. [21] and Nkwunonwo [22], and these are issues that need to be addressed. In 
the world of resilience research, the indicators of resilience construct are often dif-
ficult to determine, and this is an important issue for Nigeria. Quasin et al. [23] and 
Shah et al. [24] in a flood resilience study for Pakistan selected a number of indica-
tors of flooding from the literature search and found their proxies from preliminary 
data collected from a questionnaire. This gives a significant motivation as much as 
provides an insight into how this chapter intends to bridge the knowledge gaps in 
resilience studies in Nigeria.

3.  Early warning systems and development initiatives in relation to  
flood disaster management

Early warning systems (EWSs) and a general developmental initiative are 
crucial in the success of disaster risk mitigation [25]. Various studies and extensive 
literature have shown that EWS in particular contributes to the resilience of societ-
ies to disaster and is therefore supported by various disaster management strategies 
[7]. Similarly, initiative toward developmental infrastructure, which includes public 
health facilities, microfinance institutions and insurance companies, effective com-
munications systems and good traffic networks for easy connectivity, safe drinking 
water, public housing scheme, proper waste management and sanitation facili-
ties, public recreation facilities, green spaces, community centers, geospatial data 
platforms, quality internet-of-things (IoT), sustainable drainage systems (SUDS), 
resilient houses, etc., can facilitate preparedness, emergency response, rescue, and 
recovery—relating to a disaster management framework—as well as enhance the 
resilience of communities toward disaster reduction. Speaking of floods, evidence 
from a growing body of scientific research indicates that the frequency of occur-
rence of extreme events, which possess potential for large-scale impacts, is much 
higher in recent times and likely to increase over the coming decades as a conse-
quence of global climate change [3, 26, 27]. This fact cannot be more obvious; due to 
the inexorable nature of these disasters which suggest that risk reduction concepts 
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are the only possible solution therefore, modern disaster mitigation techniques 
must take advantage of opportunities in meteorological forecasting as well as the 
development and implementation of EWS that targets vulnerable regions and 
populations. Much improvement in technical skill and conceptual understand-
ing of weather and climatic events including the phenomenal El Niño/Southern 
Oscillation, which has eased freely into advanced forecast and predictions, offers 
sentiments and impetus to early warning for disaster management [28]. However, 
a major developmental limitation still remains to be addressed in early warning for 
disaster prediction in developing countries such as Nigeria.

Various research opinions and empirical issues in global environmental change 
and science of the total environment reveal that flood risk and disaster scenarios 
of many urban conurbations and coastal areas have been predicted in advance, 
at least until 2050 [29, 30]. More than ever before in the history of man and the 
universe, knowledge of these predictions and their prospects to warn about future 
expectations is a crucial component of sustainability science. Rapid urbanization 
and population growth with the fast-growing coastal areas pose critical challenges, 
which must be addressed as part of disaster management strategy. Thus, there is a 
huge scientific undercurrent to the idea of resilience especially as it relates to floods 
that are often considered to be the worst hazard component within the human-
ecological systems. Interestingly, this issue is not limited to environmental and 
geophysical scientists. In fact, reading through the discussions from the work of 
Ebi and Schmier [28], since the last 15 years, public health professionals have taken 
the opportunities of EWS to integrate weather- and climate-related information 
into local and regional risk management plans to reduce the detrimental health 
effects of extreme weather events, particularly tropical cyclones, floods, wildfires, 
and droughts. It is also worth noting that financial experts have a long-standing 
commitment to financial crises on the knowledge of EWS using certain binomial 
discrete-dependent variable models [31].

4.  The 2012 flooding experience in Lokoja, Nigeria: implications 
for early warning systems, community participation, risk-based 
investment, and rural adaptation toward flood-related resilience in 
Nigeria

Nigeria’s 2012 flooding event has been the most devastating in over 40 years. 
The floods affected more than a third of the states of the federation and account 
for mass casualty and hundreds of thousands of internally displaced people (IDP). 
Its economic impact amounts to millions of US dollars in economic products and 
farmlands, which were either destroyed or rendered without any commercial 
values. There were epidemics of water-borne diseases in many states leading to 
declaration of “state of emergency” by the presidency. Since the event, with the 
exception of news reports and tabloid coverage, numerous local and international 
research groups have focused on the attribution, impacts, and implications of the 
flooding event as well as related disaster risk reduction and national development 
[32–34]. Figure 1 is a graphical representation of the experience and impacts of 
2012 flooding events in Kogi.

Although the flood disaster affected the whole of Nigeria, Kogi state is the most 
affected. The geography and the natural landscape of the state, which include the 
spectacular Niger-Benue confluence and the abundance of inland waterways and 
contiguous land-water boundaries, make the area prone to flooding. A geospatial-
assessment carried out by Aderoju et al. [35] revealed that the 2012 flood disaster 
in Kogi led to the displacement of about 300,000 people within 37 communities in 
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populations. Much improvement in technical skill and conceptual understand-
ing of weather and climatic events including the phenomenal El Niño/Southern 
Oscillation, which has eased freely into advanced forecast and predictions, offers 
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at least until 2050 [29, 30]. More than ever before in the history of man and the 
universe, knowledge of these predictions and their prospects to warn about future 
expectations is a crucial component of sustainability science. Rapid urbanization 
and population growth with the fast-growing coastal areas pose critical challenges, 
which must be addressed as part of disaster management strategy. Thus, there is a 
huge scientific undercurrent to the idea of resilience especially as it relates to floods 
that are often considered to be the worst hazard component within the human-
ecological systems. Interestingly, this issue is not limited to environmental and 
geophysical scientists. In fact, reading through the discussions from the work of 
Ebi and Schmier [28], since the last 15 years, public health professionals have taken 
the opportunities of EWS to integrate weather- and climate-related information 
into local and regional risk management plans to reduce the detrimental health 
effects of extreme weather events, particularly tropical cyclones, floods, wildfires, 
and droughts. It is also worth noting that financial experts have a long-standing 
commitment to financial crises on the knowledge of EWS using certain binomial 
discrete-dependent variable models [31].

4.  The 2012 flooding experience in Lokoja, Nigeria: implications 
for early warning systems, community participation, risk-based 
investment, and rural adaptation toward flood-related resilience in 
Nigeria

Nigeria’s 2012 flooding event has been the most devastating in over 40 years. 
The floods affected more than a third of the states of the federation and account 
for mass casualty and hundreds of thousands of internally displaced people (IDP). 
Its economic impact amounts to millions of US dollars in economic products and 
farmlands, which were either destroyed or rendered without any commercial 
values. There were epidemics of water-borne diseases in many states leading to 
declaration of “state of emergency” by the presidency. Since the event, with the 
exception of news reports and tabloid coverage, numerous local and international 
research groups have focused on the attribution, impacts, and implications of the 
flooding event as well as related disaster risk reduction and national development 
[32–34]. Figure 1 is a graphical representation of the experience and impacts of 
2012 flooding events in Kogi.

Although the flood disaster affected the whole of Nigeria, Kogi state is the most 
affected. The geography and the natural landscape of the state, which include the 
spectacular Niger-Benue confluence and the abundance of inland waterways and 
contiguous land-water boundaries, make the area prone to flooding. A geospatial-
assessment carried out by Aderoju et al. [35] revealed that the 2012 flood disaster 
in Kogi led to the displacement of about 300,000 people within 37 communities in 
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seven local government areas (LGAs). Many farmlands were washed away. Urban 
and rural settlements were devastated leaving dozens and dozens of residents in 
immediate needs of rehousing or resettlement. Despite the large-scale impacts of 
the event, evidence from especially Richard et al. [36], who examined the charac-
teristic pattern of the response of major stakeholders during the Kogi flood disaster, 
Danjibo Nathaniel et al. [37], who identified the issues with rehabilitation and 
post-disaster housing reconstruction, and Adaji et al. [38], who illustrated the fall 
out of the flooding event in Kogi, revealed that the majority of the victims are still 
in serious crises, and that there are significant issues of uncertainty regarding the 
overall recovery process from flood damage in Nigeria. There is no doubt that the 
very nature of this unfortunate situation raises a number of real and unambiguous 
questions and opinions about the state of disaster management in Nigeria. It stimu-
lates critical dialog on flood disaster resilience, which broadens into adaptation 
and coping capacity and overtly implicates early warning systems and the unique 
policies in Nigeria pertaining to disaster preparedness and recovery.

Speaking of preparedness in respect of Kogi’s experience of the 2012 flooding, 
Idowu and Zhou [39] argued that the devastating effects of the 2012 flooding for 
the whole of Nigeria have been due to limitations in flood monitoring and a lack 
of an effective early flood warning system in the country. Indeed, Nigeria has yet 
to evolve efficient flood monitoring and early warning techniques given that the 
current available data on rainfall are mostly “hourly amounts,” which underestimate 
the intensity-duration-frequency (IDF) parameter needed in flood monitoring 
[40]. This data sparse situation, which according to Nkwunonwo et al. [33] con-
strains the application of more scientific approaches to flood risk management 
such as flood modeling and vulnerability assessment, is a major technical barrier to 
establish efficient early warning system in Nigeria. Two other important technical 
barriers are the lack of accurate flood assessment models to communicate the risk 
of flooding to a general population and epistemic uncertainties surrounding the 
warning issued by flood management agencies in Nigeria. Through its mainstay 
hydrological and meteorological institutions, for example, the NIMET (Nigeria 
Meteorological Agency) and NIHSA (Nigeria Hydrological Services Agency), 
Nigeria has monitoring and early warning systems in place, but their effectiveness 

Figure 1. 
Images of the 2012 flooding in Kogi state, Nigeria. Source: Google images of Nigeria’s Kogi 2102 flooding.
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and robustness, as well as the uncertainty surrounding warnings given prior to 
extreme weather events, are vital issues. Early warning systems are often used to 
alert communities of an imminent flooding event or any other hazard as the case 
may be, but also served as positive and proactive instruments that foster the reduc-
tion of the impacts of flooding on a community through knowledge and awareness 
of the causes and impacts of flooding [38]. Arguably, how these objectives relate to 
Nigeria’s situations is still under investigation.

Ottah’s [41] study—with the main purpose being to identify the impact of early 
warning on the people of Ibaji—illustrates one of the crucial lessons from Kogi’s 
experience of flooding that will highlight the limitations of Nigeria’s EWS. Ottah 
[41] examined the warnings issued by Kogi radio before, during, and after the 
flood, which aims to raise awareness about floods and to urge residents of the River 
Niger bank to evacuate. Using a quantitative approach that sampled randomly 622 
respondents from the population (127,572), the study found that almost all (100%) 
the residents listened to Kogi radio. However, while the majority (86.7%) heard of 
flood warnings on Radio Kogi, about 60% of the residents did not take warnings in 
preparation for the flood. Some of the respondents (44.7%) stated that the impact 
of the message was only average, while a few others (25.7%) said that the message 
failed to inspire any instincts or flight. Few respondents (45.6%) felt that Kogi 
radio should follow a communication strategy that would change the residents’ 
behavior and attitude. In fact, the results of this study raise the question of why the 
2012 floods have had a major impact on residents, despite the fact that everyone 
has access to a source of warning information (namely the Kogi radio). So, what is 
the overall impact of EWS in the context of Nigeria’s flood-related resilience? How 
can EWS be developed to reflect on the cultural, social, and demographic profile of 
Nigerian communities? These are very important issues now being considered in 
the literature to improve on EWS for flood-related issues [42].

Adaji et al. [38] attributed the failure of flood early warnings in Nigeria to a 
number of social and technical barriers. First, the study argued that the failure 
was largely due to the fact that many of the flood disaster victims were unaware 
of floods. This is in addition to the general limitations in the adopted method of 
disaster response, rescue, and relief operations in Nigeria. This sheds light not only 
on the particular issues of social and demographic profile of residents and how 
it affects the effectiveness of early warning in Nigeria in terms of building com-
munities’ resilience to floods, but also on the technical aspects of warning system 
needed to establish accuracy, reliability, and trust. Alfa et al. [43] conducted a study 
to identify socioeconomic factors that may influence the effectiveness of early 
warning systems by using their relationships with knowledge about the causes of 
flooding in rural areas of Kogi State, Nigeria. Cross-sectional study was conducted 
in 325 households in Oforachi using quantitative data collection methods. The 
Pearson’s Chi Square Consortium of the Association and Student’s t test were used 
to assess the respective associations of the social factors with the 95% confidence 
level of knowledge. Results showed that 8.00% of respondents had fair knowledge, 
80.92% had good knowledge, while 11.08% had excellent knowledge of the causes 
of floods. Factors that affected participants’ knowledge of flooding in decreasing 
order of associations were age, education, employment, previous flood experience, 
and marital status. The knowledge of these interrelated components will help to 
overcome the social barriers to establishing early warning systems and to enhance 
the development of effective warning system that will be useful to building the 
communities’ resilience to flooding.

The success of early warning and preparedness in disaster management depends 
largely on the effectiveness of risk communication, and this is an area of concern 
with regard to Kogi’s experience of 2012 flooding but also explains the level of 
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alert communities of an imminent flooding event or any other hazard as the case 
may be, but also served as positive and proactive instruments that foster the reduc-
tion of the impacts of flooding on a community through knowledge and awareness 
of the causes and impacts of flooding [38]. Arguably, how these objectives relate to 
Nigeria’s situations is still under investigation.

Ottah’s [41] study—with the main purpose being to identify the impact of early 
warning on the people of Ibaji—illustrates one of the crucial lessons from Kogi’s 
experience of flooding that will highlight the limitations of Nigeria’s EWS. Ottah 
[41] examined the warnings issued by Kogi radio before, during, and after the 
flood, which aims to raise awareness about floods and to urge residents of the River 
Niger bank to evacuate. Using a quantitative approach that sampled randomly 622 
respondents from the population (127,572), the study found that almost all (100%) 
the residents listened to Kogi radio. However, while the majority (86.7%) heard of 
flood warnings on Radio Kogi, about 60% of the residents did not take warnings in 
preparation for the flood. Some of the respondents (44.7%) stated that the impact 
of the message was only average, while a few others (25.7%) said that the message 
failed to inspire any instincts or flight. Few respondents (45.6%) felt that Kogi 
radio should follow a communication strategy that would change the residents’ 
behavior and attitude. In fact, the results of this study raise the question of why the 
2012 floods have had a major impact on residents, despite the fact that everyone 
has access to a source of warning information (namely the Kogi radio). So, what is 
the overall impact of EWS in the context of Nigeria’s flood-related resilience? How 
can EWS be developed to reflect on the cultural, social, and demographic profile of 
Nigerian communities? These are very important issues now being considered in 
the literature to improve on EWS for flood-related issues [42].

Adaji et al. [38] attributed the failure of flood early warnings in Nigeria to a 
number of social and technical barriers. First, the study argued that the failure 
was largely due to the fact that many of the flood disaster victims were unaware 
of floods. This is in addition to the general limitations in the adopted method of 
disaster response, rescue, and relief operations in Nigeria. This sheds light not only 
on the particular issues of social and demographic profile of residents and how 
it affects the effectiveness of early warning in Nigeria in terms of building com-
munities’ resilience to floods, but also on the technical aspects of warning system 
needed to establish accuracy, reliability, and trust. Alfa et al. [43] conducted a study 
to identify socioeconomic factors that may influence the effectiveness of early 
warning systems by using their relationships with knowledge about the causes of 
flooding in rural areas of Kogi State, Nigeria. Cross-sectional study was conducted 
in 325 households in Oforachi using quantitative data collection methods. The 
Pearson’s Chi Square Consortium of the Association and Student’s t test were used 
to assess the respective associations of the social factors with the 95% confidence 
level of knowledge. Results showed that 8.00% of respondents had fair knowledge, 
80.92% had good knowledge, while 11.08% had excellent knowledge of the causes 
of floods. Factors that affected participants’ knowledge of flooding in decreasing 
order of associations were age, education, employment, previous flood experience, 
and marital status. The knowledge of these interrelated components will help to 
overcome the social barriers to establishing early warning systems and to enhance 
the development of effective warning system that will be useful to building the 
communities’ resilience to flooding.

The success of early warning and preparedness in disaster management depends 
largely on the effectiveness of risk communication, and this is an area of concern 
with regard to Kogi’s experience of 2012 flooding but also explains the level of 
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Nigeria’s risk communication profile. Sjoraida and Anwar [44] and Ogie et al. [45] 
raised two important issues that can elucidate the risk communication prospects 
and challenges in Nigeria. In particular, Sjoraida and Anwar [44] underlined the 
importance of integrating various communication methods to make risk com-
munication more effective. Based on the study, effective risk communication must 
include traditional, modern, and digital communication systems. Similarly, Ogie 
et al. [45] identified the problem of risk communication in culturally and linguisti-
cally diverse communities. This is an issue that may explain the level of impact of 
the 2012 floods in many Kogi communities. In the context of these studies, one has 
to take a critical view of Nigeria’s risk communication, and, particularly in the light 
of the findings of Ottah [41], why residents respond with a laissez-faire attitude 
toward the key object of the early warning? Of course, traditional approaches to 
risk communication are prevalent in Nigeria, but today’s everyday life is often 
sought after by mostly social media and popular culture, both of which are now 
largely driven by digital technology. Nkwunonwo et al. [46] constructed the idea 
that social media (including Facebook, WhatsApp, Instagram, etc.) and popular 
culture can be used in much the same way as research output. The study looked at 
a Nollywood film and was able to make sense of its linkages with the key areas of a 
scientific investigation. Arguably, effective warning can be achieved for Nigeria if 
risk communication is accomplished using social media and popular culture. This 
will equally address the problem of cultural and lingual diversity, which is also part 
of the social barriers to risk communication in Nigeria.

Kogi’s experience of the 2012 flooding also explains, in addition to the lack of 
early warning systems, the particular scenarios of investment in risk reduction, 
community participations, and rural adaptation toward flood-related resilience in 
Nigeria. There are a number of studies (e.g., [33, 47, 48]) that are more specific on 
these issues. Evidence from these studies suggests that these issues in their present 
state are a consistent syndrome, which collectively interferes with the overall success 
of Nigeria’s flood disaster management. Drawing from the UN disaster risk reduc-
tion program that is often responsive to community involvement and sustainable 
risk investment, one can quickly realize the need to rewrite and redefine Nigeria’s 
disaster management policy. The present top-bottom ideology should be replaced 
with a system that allows communities to speak on any aspect of flood risk manage-
ment. The economic aspects of flood risk management should be part of the annual 
budget. In the Netherlands, floods and water management schemes are a statutory 
Dutch policy, which is one of the factors that makes flood risk management in 
the Netherland one of the most elaborate and in the world. While this may not be 
sustainable in Nigeria, entrepreneurs—small and medium—and many multina-
tional companies should be encouraged to see the importance of investing in solving 
the flood problems in Nigeria. In fact, while the issues of urban sprawl and rural-
urban drift are being addressed as both political and economic agenda, often at the 
expense of sustainable human development and environmental management, the 
problem of risk-based investment and community participation which are the core 
of the contemporary approaches of disaster management should not be ignored.

5.  Conclusion: mediating the challenges and spotlighting research issues 
for Nigeria’s experience of early warning systems for flood-related 
resilience

Flooding in Nigeria has been an important issue. Viewed from a global perspec-
tive, Nigeria is in the top 20 countries with current and future flood risk scenarios 
(including climate change and socioeconomic exposure and vulnerability to 
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mostly coastal flooding) that are issues of grave concern. Besides the flooding of 
2012 that is the central focus of discussions in this chapter, there has been series of 
flooding events in Nigeria that have severely impacted human lives and economic 
development. Historically, flooding in Nigeria dates back to the early 1950s and has 
affected mostly the coastal regions and places characterized as highly urbanized. 
Nkwunonwo [49] reviewed flood risk in Nigeria and found that within the period 
of 1985–2014, flooding has affected more than 11 million lives with a total of 1100 
deaths and property damage exceeding US$17 billion. The study also found that 
Lagos state has experienced most of the floods, while more frequent floods are 
recorded in Niger, Kaduna, Cross River, Adamawa, Oyo, Kebbi, Kano, and Jigawa, 
hypothesized to be influenced by the rivers Niger, Benue, Ogun, and Hadejia 
[33, 50, 51]. These findings are validated by a 50-year flood hotspot analysis and 
mapping that identifies areas that seem more prone to flooding in Nigeria (see 
Figure 2).

Fluvial, coastal and flash, and pluvial flooding events are major part of Nigeria’s 
flood history, and they have been a major cause of concern for rural areas and cities 
within the country [52, 53]. Fluvial flooding is being influenced by seasonal inter-
ruption of major rivers and the overflow of water, which overtops their natural and 
artificial defenses and overflows into areas not typically submerged. Adebayo and 
Oruonye [54] and Obeta [55] argued that fluvial flooding in Nigeria accounts for 
the majority of the hazard threats experienced in locations along the plains adjoin-
ing the major rivers in the country. The worst episode of fluvial flooding in Nigeria 
reported by Jeb and Aggrawal [56] was the Kaduna flood disaster of 2006, which 
resulted from heavy rainfall and dam collapse and flooded a whole community 
affecting more than 1000 families and 500 homes. The economic impact of the 
event was up to 3 billion naira ($35.45 million). As well as fluvial floods, coastal 
and flash floods in Nigeria affect the low-lying areas in the southern part of the 
country (e.g., Lagos, Oyo, Ondo, Akwa Ibom, and Bayelsa states). The social and 
economic impacts of these floods in Nigeria have been severe due to the number of 
human populations exposed as well as the economic growth within especially the 
coastal areas, which in recent times has increasingly become a source of attraction 

Figure 2. 
Hotspots of flooding in Nigeria. Source: Nkwunonwo et al. [49].
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Hotspots of flooding in Nigeria. Source: Nkwunonwo et al. [49].
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for urban development [49]. What seem to complicate discussion of flooding in 
Nigeria in recent times are the pluvial floods, which are the most prevalent types of 
floods in recent times and affect mainly the urban areas. These floods are influenced 
by heavy rainfall, which overwhelms the capacity of local drainage systems and soil 
infiltration potentials. Kogi state demonstrates the uniqueness of flooding typology 
in Nigeria as communities within the area have been subject to all known types of 
flooding in Nigeria. This is a situation that might explain why flooding impacts have 
been severe, and why it is important to consider the means to raise efficient early 
warning systems toward building the resilience of communities within the area.

The long history of flooding in Nigeria with its spatial and temporal variability 
offers a ground to interrogate any possible changes in the meteorological context 
of the country. Within climate and ecology research, there is compelling evidence 
to show that Nigeria has experienced long-term changes in meteorological condi-
tions, which is a strong foundation for the increasing exposure and vulnerability to 
flooding and other health hazards within the country. One of the important studies, 
which examined meteorological changes in Nigeria, was carried out by Tarhule 
and Woo [57]. This study examined crucial changes in several rainfall character-
istics (such as annual total rainfall and number of rainy days, the dates of onset, 
termination and duration of the rainy season, as well as monthly rainfall, monthly 
number of rainy days, and various categories of rainfall above certain intensities) 
in the northern Nigeria. Using rainfall records at 25 locations, which were analyzed 
for the occurrence of abrupt changes and trends on the basis the Pettitt and the 
Mann-Kendall tests, result showed, inter alia, the abrupt change in the time series 
of annual rainfall, number of rainy days, and affected areas north of latitude 11° 
N. Abdussalam et al. [58] revealed that certain variations in climatic variables 
such as daily maximum temperature, relative humidity, and sunshine are the most 
important explanatory influence on monthly meningitis incidence in the Northwest 
Nigeria. Other studies, which examined this variability, are Ogolo and Adeyemi 
[59], Obioha [60], and Shiru et al. [61]. The general importance of the evidence 
in these studies is the reality of long-term meteorological variations and how it 
influences more recent hazard events particularly flooding in Nigeria. Knowledge 
of these variations from more global models, such as Hirabayashi et al. [2] and 
Winsemius et al. [3], shows that the effects of meteorological variations on global 
flood risk scenarios are likely going to worsen in the future. Thus, current research 
should give priority toward enhancing the resilience of communities to flooding, 
especially by kindling interests for more effective warning systems.

Kogi’s experience of the 2012 floods, especially the recovery part for the victims, 
provides an important lesson that is still a major topic in political and academic 
affairs. Within the academics, a number of studies have developed in the risk and 
disaster literature to improve the current knowledge of flood risk and management 
in Nigeria. The scarcity of geospatial data that are an integral part of limitations in 
Nigeria’s flood disaster management is now being addressed through international 
research collaborations and accessed to burgeoning open source geospatial data 
infrastructure. Evidence from current Lagos state flood risk management which 
Adelekan [62] outlined in a systematic review of policies, countermeasures and 
principles towards mediat ing the catastrophic effects of flooding in Nigeria. Some 
of the policies outlined are initiatives which focused on long- and short-term 
objectives, which include health reform, infrastructure development, water and 
land resource management, capacity development, strengthening of institutions, 
and various disaster management agencies across the country, collaborating with 
international partners such as OCHA (United Nations Office for the Coordination 
of Humanitarian Services), International Federation of Red Cross and Red crescent 
communities (IFRC) for aids, emergency relief assistance, and formulating ways 
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to meet the urgent needs of people internally displaced by flooding. Meanwhile, 
according to various reports by IFRC, there is a number of ongoing long- and short-
term courses of action to address the endogenous humanitarian crises brought 
about by flooding in Kogi floods and elsewhere in Nigeria. Literally, these efforts, 
which are being motivated by the Kogi’s flooding experience, promote collabora-
tive flood disaster management. However, Adekola and Lamond [63] found that 
collaborative flood disaster management in Nigeria, which is essential to build 
community resilience to floods, must engage the governments, communities, busi-
nesses, multilateral, and nongovernmental organizations.

Debates on flood-related resilience are important and have long attracted inter-
est in research, business, and political negotiations. Globally, these discussions are 
a call to action to alleviate the growing socioeconomic risks of flooding. Despite the 
great nature of these discussions, developing countries (DCs), for example, Nigeria, 
may still be ill-equipped to meet the minimum objectives of flood risk management 
especially as it pertains to building the resilience of communities, which the now 
defunct Hyogo framework for action capitalized on. Although Hyogo has been 
successfully replaced by SENDAI, the need to build community resilience as of now 
has not been redacted from disaster management. This less attention to commu-
nity resilience has been demonstrated in Nigeria in relation to flood experiences. 
Undoubtedly, floods are virulent, cause massive loss, damage to natural resources, 
and affect the global economy, and these are the causes of concern in global disaster 
management. However, for Nigeria, uncertainty about how to mitigate flooding 
implies the need for extensive research to address the problem of increasing human 
vulnerability and highlights the potential for exploration if the aim of building a 
flood-related community resilience will ever be achieved. This chapter has opened a 
window into these discussions and in the main focus of building resilience to flood-
related disasters in Nigeria, it outlines research strategies from a global perspective 
and important components of the SENDAI program for disaster reduction:

1. The substantial reduction of all forms of flood risk including direct losses in 
lives, livelihoods, and health and in the economic, physical, social, cultural, 
and environmental assets of persons, businesses, and communities; damage 
to critical infrastructure and disruption of basic services within Nigeria is the 
primary role of Nigeria and Nigerians alone. To make it more effective, this 
responsibility should be shared among the various tiers of government, the 
private and public sectors, donor agencies, international partners, local com-
munities, and concerned citizens.

2. Reduction of these losses should be based on an understanding of disaster risk 
in all its dimensions of vulnerability, capacity, exposure of persons and assets, 
hazard characteristics, and the environment. Such knowledge can be used in 
the development of resilience and to widen the number of communities with 
adequate and sustainable support to complement their local actions for imple-
mentation of flood disaster risk reduction strategies.

3. Improving on the current method of flood risk assessment and governance at 
the national, state, and community levels should be imperative. This should 
reinforce the general flood disaster management framework in Nigeria, which 
includes preparedness, mitigation, response, and recovery.

4. There is urgent need to prioritize the development of, increase the availability 
of, and access to sustainable flood hazard early warning systems and flood 
disaster risk information and assessments to the general population.  
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for urban development [49]. What seem to complicate discussion of flooding in 
Nigeria in recent times are the pluvial floods, which are the most prevalent types of 
floods in recent times and affect mainly the urban areas. These floods are influenced 
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Mann-Kendall tests, result showed, inter alia, the abrupt change in the time series 
of annual rainfall, number of rainy days, and affected areas north of latitude 11° 
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important explanatory influence on monthly meningitis incidence in the Northwest 
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[59], Obioha [60], and Shiru et al. [61]. The general importance of the evidence 
in these studies is the reality of long-term meteorological variations and how it 
influences more recent hazard events particularly flooding in Nigeria. Knowledge 
of these variations from more global models, such as Hirabayashi et al. [2] and 
Winsemius et al. [3], shows that the effects of meteorological variations on global 
flood risk scenarios are likely going to worsen in the future. Thus, current research 
should give priority toward enhancing the resilience of communities to flooding, 
especially by kindling interests for more effective warning systems.

Kogi’s experience of the 2012 floods, especially the recovery part for the victims, 
provides an important lesson that is still a major topic in political and academic 
affairs. Within the academics, a number of studies have developed in the risk and 
disaster literature to improve the current knowledge of flood risk and management 
in Nigeria. The scarcity of geospatial data that are an integral part of limitations in 
Nigeria’s flood disaster management is now being addressed through international 
research collaborations and accessed to burgeoning open source geospatial data 
infrastructure. Evidence from current Lagos state flood risk management which 
Adelekan [62] outlined in a systematic review of policies, countermeasures and 
principles towards mediat ing the catastrophic effects of flooding in Nigeria. Some 
of the policies outlined are initiatives which focused on long- and short-term 
objectives, which include health reform, infrastructure development, water and 
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international partners such as OCHA (United Nations Office for the Coordination 
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to meet the urgent needs of people internally displaced by flooding. Meanwhile, 
according to various reports by IFRC, there is a number of ongoing long- and short-
term courses of action to address the endogenous humanitarian crises brought 
about by flooding in Kogi floods and elsewhere in Nigeria. Literally, these efforts, 
which are being motivated by the Kogi’s flooding experience, promote collabora-
tive flood disaster management. However, Adekola and Lamond [63] found that 
collaborative flood disaster management in Nigeria, which is essential to build 
community resilience to floods, must engage the governments, communities, busi-
nesses, multilateral, and nongovernmental organizations.

Debates on flood-related resilience are important and have long attracted inter-
est in research, business, and political negotiations. Globally, these discussions are 
a call to action to alleviate the growing socioeconomic risks of flooding. Despite the 
great nature of these discussions, developing countries (DCs), for example, Nigeria, 
may still be ill-equipped to meet the minimum objectives of flood risk management 
especially as it pertains to building the resilience of communities, which the now 
defunct Hyogo framework for action capitalized on. Although Hyogo has been 
successfully replaced by SENDAI, the need to build community resilience as of now 
has not been redacted from disaster management. This less attention to commu-
nity resilience has been demonstrated in Nigeria in relation to flood experiences. 
Undoubtedly, floods are virulent, cause massive loss, damage to natural resources, 
and affect the global economy, and these are the causes of concern in global disaster 
management. However, for Nigeria, uncertainty about how to mitigate flooding 
implies the need for extensive research to address the problem of increasing human 
vulnerability and highlights the potential for exploration if the aim of building a 
flood-related community resilience will ever be achieved. This chapter has opened a 
window into these discussions and in the main focus of building resilience to flood-
related disasters in Nigeria, it outlines research strategies from a global perspective 
and important components of the SENDAI program for disaster reduction:

1. The substantial reduction of all forms of flood risk including direct losses in 
lives, livelihoods, and health and in the economic, physical, social, cultural, 
and environmental assets of persons, businesses, and communities; damage 
to critical infrastructure and disruption of basic services within Nigeria is the 
primary role of Nigeria and Nigerians alone. To make it more effective, this 
responsibility should be shared among the various tiers of government, the 
private and public sectors, donor agencies, international partners, local com-
munities, and concerned citizens.

2. Reduction of these losses should be based on an understanding of disaster risk 
in all its dimensions of vulnerability, capacity, exposure of persons and assets, 
hazard characteristics, and the environment. Such knowledge can be used in 
the development of resilience and to widen the number of communities with 
adequate and sustainable support to complement their local actions for imple-
mentation of flood disaster risk reduction strategies.

3. Improving on the current method of flood risk assessment and governance at 
the national, state, and community levels should be imperative. This should 
reinforce the general flood disaster management framework in Nigeria, which 
includes preparedness, mitigation, response, and recovery.

4. There is urgent need to prioritize the development of, increase the availability 
of, and access to sustainable flood hazard early warning systems and flood 
disaster risk information and assessments to the general population.  
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Chapter 6

Keeping Feet Dry: Rotterdam’s
Experience in Flood Risk and
Resilience Building
Theresa Audrey O. Esteban, Jurian Edelenbos
and Naomi van Stapele

Abstract

Rotterdam City in the South of Holland is one of the most vibrant cities you will
find in the Netherlands. The city has gone through a transformation from the time it
was bombed in the 1940s up to the time that a part of the city was flooded in 1953.
Through extensive rebuilding and the Delta Plan project, the city has been well
protected against any flooding disaster that may come. However, how resilient
really is Rotterdam? Through in-depth interviews of key stakeholders in the City of
Rotterdam, the study investigates the collective engagement in the city and how this
has helped shape Rotterdam’s position in urban resilience. The study used the
Collective Engagement Urban Resilience Framework as a framework to understand
how disaster prone cities transform itself to become disaster resilient.

Keywords: resilient city, flooding, collective engagement, urban resilience,
Rotterdam

1. Introduction

The City of Rotterdam has undergone several city development plans since
World War II. After the bombing of Rotterdam in 1940, the city drew up a recon-
struction plan which focused on the major infrastructures within the center. How-
ever, it was only after the Germans left in 1945 did the reconstruction work finally
took off. In 1946, Cornelius Van Traa drew up the Basic Scheme for the Recon-
struction of the City of Rotterdam, most commonly referred to as the Basic Plan [1].
Much of the earlier efforts were focused on the reconstruction of the port which
serves as the major economic backbone of Rotterdam.

In February 1, 1953, a huge flooding disaster called the Great North Sea flood hit
the Netherlands, Belgium and the United Kingdom. The Great North Sea flood
inundated 160,000 ha of polderland and left a total of 1835 dead ([2], p. 740) in the
South of Holland. The flooding disaster led to the development of the Deltaplan and
in 1958 the plan was released prioritizing the implementation of the Deltaworks
project which is a network of flood preventive infrastructures such as dams, sluices,
storm surge barriers throughout the Rhine, Meuse and Scheldt river delta in the
South of Holland. Since Rotterdam is an important port for the Netherlands the
Deltaplan is very significant in the development of the city. It also coincided with
the port expansion in the Botlek and Europoort areas which made Rotterdam the
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largest port in the world in the early 60s. The Deltaworks project necessitated the
raising of existing dikes and storm closures except for the waterway between
Rotterdam and Antwerp [2, 3]. This opening was necessary to provide access to
both ports.

The World Risk Report 2019 [4] indicated the risk exposure score of the Neth-
erlands at 31.73 being a low-lying country threatened by sea level rise. However, the
same report indicated that while the country has high exposure to disaster risks its
vulnerability is very low and is ranked 77 over 180 countries. This can be attributed
to the very strong and organized Dutch preventive infrastructure that has been in
place for more than 60 years. In recent years, the Dutch have shifted its water
management strategy from mitigation to a more climate adaptive way. Cities like
Rotterdam have turned to this strategy since 2007 with the Water Plan 2. The city
has been a frontrunner in climate change adaptation by designing innovative and
inconspicuous water basins and reservoirs throughout the city. These infrastructure
were built based on the studies and projections on sea level rise and its projected
effects in the City of Rotterdam. The rising sea and river level remains a threat to
the city especially during the storm season between October and April. But these are
not the only threats present; heavy rainfall and low groundwater absorption are
more often experienced in the city.

In 2014, the City of Rotterdam formally joined the 100 Resilient Cities of The
Rockefeller Foundation and in 2016 released its Resilience Strategy with seven resil-
ience goals: (1) Rotterdam: a balanced society, (2) World Port City built on clean and
reliable energy, (3) Rotterdam Cyber Port City, (4) Climate adaptive city to a new
level, (5) infrastructure ready for the 21st century, (6) Rotterdam network—truly our
city, and (7) anchoring resilience in the city (City of Rotterdam, 2016). Rotterdam’s
Resilience Strategy highlight the city’s strong and robust “planning and control” but
also “foresee a number of new transitions and challenges and will have to stay alert
and be prepared to build capacity to adapt to these challenges” (p. 26) [5]. According
to Spaans and Waterhout since joining the 100 Resilient Cities, Rotterdam expanded
its resilience agenda from climate change adaptation to include other urban issues
such as cyber security, social issues, education, and labor market [6]. However, the
Resilience Strategy did not define what resilience is, instead boasted that resilience
need not be explained because it is in the DNA of the Rotterdammers.

There is no doubt that resilience is in the DNA of the Rotterdammers. The will
to survive and rise up to adversity has been there since the bombing of the city in
1940—wherein a reconstruction plan was immediately created—and the Great
North Sea flood in 1953—which led to the Deltaworks project. But resilience is not
just about the infrastructure and while the Resilience Strategy of Rotterdam identi-
fied the Rotterdammers as resilient, how do the “Rotterdammers,” the stakeholders,
define resilience? And what makes a city like Rotterdam resilient? Using in-depth
interviews of key stakeholders in the City of Rotterdam, this study investigates the
collective engagement in the city and how this has helped shape Rotterdam’s posi-
tion in urban resilience.

2. Collective engagement and urban resilience

Cities are complex, multi-dimensional socio-ecological systems that have both
the social systems (institutional, social, economic functions) and ecological systems
(physical, spatial, built and natural environments). A resilient city uses this socio-
ecological system as interrelated and interdependent networks to prepare and adapt
to changes and disturbances. Natural disaster like flooding is one of the many
disturbances that prompts change in cities.
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Cities that have experienced a disaster often go through series of transforma-
tions at different levels and scales. One key element in this transformation after a
disaster is the capacity of the people to collectively engage to support and work
together to overcome the disaster and become more resilient. Participation and
engagement of stakeholders in development planning allows different sectors to
discuss, design, develop and create solutions that benefit the general population.
There is a perception that without a multi-stakeholder participatory approach
stronger and more powerful sectors or sections of society may step on weaker
sectors in the planning process. This results to a skewed development that leans to
these more powerful sectors. This criticism is not without basis since most govern-
ment initiated participatory consultation workshops are often done to present
already pre-decided development plans.

Collective engagement is considered within the realm of collaboration and col-
laborative processes which means that multiple stakeholders across sectors and
networks engage in collective decision-making and action. This collaborative pro-
cess may be through formal and informal networks bounded by trust and mutual
adaptation of roles among the institutional actors and non-institutional stake-
holders. Collective engagement in urban resilience is a dynamic process of trans-
formation that goes through a series of actions and is defined as,

A collaborative process participated in by multiple stakeholders to arrive at a
solution or decision to increase urban resilience through both formal and informal
means. It is the collaboration between and among stakeholders over a prolonged
period with varying manners in achieving a level of resilience that contributes to a
collective goal of urban resilience. Collective engagement as a collaborative process is
characterized by having reciprocity, trust and mutual respect between and among
state and non-state stakeholders. [7]

Building urban resilience requires the collective engagement of stakeholders
in the vision of the city to become resilient. There are two approaches to urban
resilience, the government approach and the self-organization approach. The col-
lective engagement urban resilience framework incorporates the two approaches
emphasizing that urban resilience can be achieved when the government and the
self-organization (citizen) approach has the same concern and awareness on the
city’s risks and vulnerabilities, and the same vision and goal to become resilient.
This can be assessed in terms of the collaborative capacities of the institutional
actors (government) and the non-institutional actors (citizens and citizen groups).
It meets in the middle when both actors increase their capacities and collaboration
to achieve their common goal (mutual adaptation of roles).

Collective engagement as a transformation framework has four dimensions—
concern, action, efficacy and security. Each dimension reflects the level of urban
resilience in terms of the collaborative capacities of the institutional actors and the
non-institutional actors. These collaborative capacities may be in the partnerships
formed by the institutional actors and the citizens and citizen groups, and/or the
government-led collaborative initiatives, and/or self-organizations formed by the
non-government stakeholders that contribute to the overall vision and goal of the
city to become resilient. All stakeholders must have the shared vision and goals to
achieve urban resilience and are committed to support these efforts.

The collective engagement urban resilience framework begins from the collective
concern which refers to the shared concern of the stakeholders on the risks and
vulnerabilities of the city. Resilience requires public concern (p. 26) [8] but concern is
ineffective if the people do not have the capacity to participate, engage and collabo-
rate in creating a resilient city. Knowledge, skills and awareness increases their ability
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Resilience Strategy did not define what resilience is, instead boasted that resilience
need not be explained because it is in the DNA of the Rotterdammers.

There is no doubt that resilience is in the DNA of the Rotterdammers. The will
to survive and rise up to adversity has been there since the bombing of the city in
1940—wherein a reconstruction plan was immediately created—and the Great
North Sea flood in 1953—which led to the Deltaworks project. But resilience is not
just about the infrastructure and while the Resilience Strategy of Rotterdam identi-
fied the Rotterdammers as resilient, how do the “Rotterdammers,” the stakeholders,
define resilience? And what makes a city like Rotterdam resilient? Using in-depth
interviews of key stakeholders in the City of Rotterdam, this study investigates the
collective engagement in the city and how this has helped shape Rotterdam’s posi-
tion in urban resilience.

2. Collective engagement and urban resilience

Cities are complex, multi-dimensional socio-ecological systems that have both
the social systems (institutional, social, economic functions) and ecological systems
(physical, spatial, built and natural environments). A resilient city uses this socio-
ecological system as interrelated and interdependent networks to prepare and adapt
to changes and disturbances. Natural disaster like flooding is one of the many
disturbances that prompts change in cities.
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Cities that have experienced a disaster often go through series of transforma-
tions at different levels and scales. One key element in this transformation after a
disaster is the capacity of the people to collectively engage to support and work
together to overcome the disaster and become more resilient. Participation and
engagement of stakeholders in development planning allows different sectors to
discuss, design, develop and create solutions that benefit the general population.
There is a perception that without a multi-stakeholder participatory approach
stronger and more powerful sectors or sections of society may step on weaker
sectors in the planning process. This results to a skewed development that leans to
these more powerful sectors. This criticism is not without basis since most govern-
ment initiated participatory consultation workshops are often done to present
already pre-decided development plans.

Collective engagement is considered within the realm of collaboration and col-
laborative processes which means that multiple stakeholders across sectors and
networks engage in collective decision-making and action. This collaborative pro-
cess may be through formal and informal networks bounded by trust and mutual
adaptation of roles among the institutional actors and non-institutional stake-
holders. Collective engagement in urban resilience is a dynamic process of trans-
formation that goes through a series of actions and is defined as,

A collaborative process participated in by multiple stakeholders to arrive at a
solution or decision to increase urban resilience through both formal and informal
means. It is the collaboration between and among stakeholders over a prolonged
period with varying manners in achieving a level of resilience that contributes to a
collective goal of urban resilience. Collective engagement as a collaborative process is
characterized by having reciprocity, trust and mutual respect between and among
state and non-state stakeholders. [7]

Building urban resilience requires the collective engagement of stakeholders
in the vision of the city to become resilient. There are two approaches to urban
resilience, the government approach and the self-organization approach. The col-
lective engagement urban resilience framework incorporates the two approaches
emphasizing that urban resilience can be achieved when the government and the
self-organization (citizen) approach has the same concern and awareness on the
city’s risks and vulnerabilities, and the same vision and goal to become resilient.
This can be assessed in terms of the collaborative capacities of the institutional
actors (government) and the non-institutional actors (citizens and citizen groups).
It meets in the middle when both actors increase their capacities and collaboration
to achieve their common goal (mutual adaptation of roles).

Collective engagement as a transformation framework has four dimensions—
concern, action, efficacy and security. Each dimension reflects the level of urban
resilience in terms of the collaborative capacities of the institutional actors and the
non-institutional actors. These collaborative capacities may be in the partnerships
formed by the institutional actors and the citizens and citizen groups, and/or the
government-led collaborative initiatives, and/or self-organizations formed by the
non-government stakeholders that contribute to the overall vision and goal of the
city to become resilient. All stakeholders must have the shared vision and goals to
achieve urban resilience and are committed to support these efforts.

The collective engagement urban resilience framework begins from the collective
concern which refers to the shared concern of the stakeholders on the risks and
vulnerabilities of the city. Resilience requires public concern (p. 26) [8] but concern is
ineffective if the people do not have the capacity to participate, engage and collabo-
rate in creating a resilient city. Knowledge, skills and awareness increases their ability
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to participate, empowers the citizens and increases government accountability. Con-
cern is also the catalyst for action, the second dimension of the framework. Collective
action happens when there is a shared effort to achieve an outcome. It facilitates the
exchange of information, knowledge and experiences to help in creating solutions. It
is driven by the networks maintained by the stakeholders as individuals and groups.
Social networks help in facilitating the required action towards a given issue. The
sense of community is much more evident in this dimension where stakeholders with
the help of their social networks cooperate to achieve a common agenda. In this
dimension, the action taken by the government driven approach will be more policy
oriented and general to benefit all of the stakeholders.

The next dimension, collective efficacy, conjures a task specific construct that
highlights shared expectation and mutual agreements by residents in local social
control [9]. Collective efficacy is the result of having an empowered community
that effectively takes action to improve their city but also a government that has a
strong enabling environment and economy that help propagate growth. This
dimension is built on mutual trust and regular interaction that is accessible to a
wider network. Last, collective security refers to the security against disasters that
the city and its citizens collectively enjoy, which is brought about by the alliance
and partnership between the stakeholders and the city government. Engaging
stakeholders in discussing problems and possible solutions help in developing
arrangements with the government to push forward collaborative actions towards
urban management and resilience. However, in order to this effectively govern-
ments should be open to collaborating with stakeholders and should have the
necessary resources to be able to fully realize a resilient city.

The framework shows that both government and self-organization approach
begins at the collective concern and moves towards the different dimensions in
different pathways and timescales to reach a level of efficacy and converge to a level
of security. As illustrated in Figure 1 the overall urban resilience is also influenced
by the human, social, institutional, economic and environmental capitals.

3. Methodology

This study is based on the findings of the first author’s fieldwork for her disserta-
tion project “Collective engagement: from disaster-prone city to disaster-resilient city.”

Figure 1.
Collective engagement urban resilience framework. Source: Esteban [7].
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The Rotterdam city case study is one of the four case studies under the dissertation
research. This study draws on the secondary data and primary data collected
through key informants interviews conducted from November 2018 to February
2019. It focuses on how the disaster experience of Rotterdam led to the its current
level of urban resilience, and the role and understanding of the stakeholders
towards the vision of Rotterdam as a Resilient City. The primary data collected will
be the main source of information supported by secondary data such as policy
documents, scientific articles, government websites and other secondary sources.

The Rotterdam city case study is based on 19 semi-structured interviews of key
stakeholders following the criteria of the collective engagement urban resilience
framework. Specifically, stakeholders who fall under the government approach and
the self-organization approach. The government stakeholders identified for the
study are the institutional actors (government workers and the water board) and
the planners (academics). Under the self-organization approach stakeholders iden-
tified are citizens (non-government organizations, community council, housing
associations, private citizens) and the capital stakeholders (architectural firm and
the port authority). There was an initial list of 13 key knowledgeable persons in city
development and planning, and disaster risk management in the City of Rotterdam
targeted to be interviewed. Using the snowball sampling each key informants
interview respondent was asked to recommend one or two persons until reaching
the saturation point. In total, 19 interviews were done for the case study (9 institu-
tional, 2 planners, 6 citizens and 2 capital stakeholders).

A set of scores were used to assess the urban resilience of Rotterdam using the
collective engagement urban resilience framework. Each collective dimension con-
sists of a set of variables and further operationalized into a criteria that falls under
each score using a five-point Likert scale (Table 1).

4. Collective engagement and urban resilience in Rotterdam

The results of the assessment of Rotterdam’s collective engagement and urban
resilience are discussed below. Each collective dimensions scores given in Figure 2
were based on the discussion.

4.1 Collective concern

4.1.1 Collective memory on disaster events

The Dutch have a collective knowledge on the history of the Netherlands rela-
tionship with water through history lessons from schools. Stakeholders interviewed
recalled the 1953 Great North Sea flood as the catalyst for the creation of the Delta
Plan and later on the implementation of the Delta Works. The construction of the
vast preventive infrastructures in the Netherlands was communicated publicly
making it common knowledge. The Maeslantkering and Oosterscheldekering are
two large storm surge barriers in Rotterdam and Zeeland, respectively that residents
are familiar with. The residents’ familiarity with the large preventive infrastruc-
tures were based on the history lessons about the 1953 flood, Delta Plan, and the
Delta Works learned from school.

In 1993 and 1995, the riverine threat in the Rhine began the paradigm shift in the
Netherlands from preventive measures to more adaptive measures in terms of
dealing with high river discharges. This shifted the water management approach of
the Dutch from preventive to more adaptive. Policies such as the Flood Defence Act
(1996), Room for the River (1997), and “Dealing differently with water” (2000)
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to participate, empowers the citizens and increases government accountability. Con-
cern is also the catalyst for action, the second dimension of the framework. Collective
action happens when there is a shared effort to achieve an outcome. It facilitates the
exchange of information, knowledge and experiences to help in creating solutions. It
is driven by the networks maintained by the stakeholders as individuals and groups.
Social networks help in facilitating the required action towards a given issue. The
sense of community is much more evident in this dimension where stakeholders with
the help of their social networks cooperate to achieve a common agenda. In this
dimension, the action taken by the government driven approach will be more policy
oriented and general to benefit all of the stakeholders.

The next dimension, collective efficacy, conjures a task specific construct that
highlights shared expectation and mutual agreements by residents in local social
control [9]. Collective efficacy is the result of having an empowered community
that effectively takes action to improve their city but also a government that has a
strong enabling environment and economy that help propagate growth. This
dimension is built on mutual trust and regular interaction that is accessible to a
wider network. Last, collective security refers to the security against disasters that
the city and its citizens collectively enjoy, which is brought about by the alliance
and partnership between the stakeholders and the city government. Engaging
stakeholders in discussing problems and possible solutions help in developing
arrangements with the government to push forward collaborative actions towards
urban management and resilience. However, in order to this effectively govern-
ments should be open to collaborating with stakeholders and should have the
necessary resources to be able to fully realize a resilient city.

The framework shows that both government and self-organization approach
begins at the collective concern and moves towards the different dimensions in
different pathways and timescales to reach a level of efficacy and converge to a level
of security. As illustrated in Figure 1 the overall urban resilience is also influenced
by the human, social, institutional, economic and environmental capitals.

3. Methodology

This study is based on the findings of the first author’s fieldwork for her disserta-
tion project “Collective engagement: from disaster-prone city to disaster-resilient city.”

Figure 1.
Collective engagement urban resilience framework. Source: Esteban [7].
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The Rotterdam city case study is one of the four case studies under the dissertation
research. This study draws on the secondary data and primary data collected
through key informants interviews conducted from November 2018 to February
2019. It focuses on how the disaster experience of Rotterdam led to the its current
level of urban resilience, and the role and understanding of the stakeholders
towards the vision of Rotterdam as a Resilient City. The primary data collected will
be the main source of information supported by secondary data such as policy
documents, scientific articles, government websites and other secondary sources.

The Rotterdam city case study is based on 19 semi-structured interviews of key
stakeholders following the criteria of the collective engagement urban resilience
framework. Specifically, stakeholders who fall under the government approach and
the self-organization approach. The government stakeholders identified for the
study are the institutional actors (government workers and the water board) and
the planners (academics). Under the self-organization approach stakeholders iden-
tified are citizens (non-government organizations, community council, housing
associations, private citizens) and the capital stakeholders (architectural firm and
the port authority). There was an initial list of 13 key knowledgeable persons in city
development and planning, and disaster risk management in the City of Rotterdam
targeted to be interviewed. Using the snowball sampling each key informants
interview respondent was asked to recommend one or two persons until reaching
the saturation point. In total, 19 interviews were done for the case study (9 institu-
tional, 2 planners, 6 citizens and 2 capital stakeholders).

A set of scores were used to assess the urban resilience of Rotterdam using the
collective engagement urban resilience framework. Each collective dimension con-
sists of a set of variables and further operationalized into a criteria that falls under
each score using a five-point Likert scale (Table 1).

4. Collective engagement and urban resilience in Rotterdam

The results of the assessment of Rotterdam’s collective engagement and urban
resilience are discussed below. Each collective dimensions scores given in Figure 2
were based on the discussion.

4.1 Collective concern

4.1.1 Collective memory on disaster events

The Dutch have a collective knowledge on the history of the Netherlands rela-
tionship with water through history lessons from schools. Stakeholders interviewed
recalled the 1953 Great North Sea flood as the catalyst for the creation of the Delta
Plan and later on the implementation of the Delta Works. The construction of the
vast preventive infrastructures in the Netherlands was communicated publicly
making it common knowledge. The Maeslantkering and Oosterscheldekering are
two large storm surge barriers in Rotterdam and Zeeland, respectively that residents
are familiar with. The residents’ familiarity with the large preventive infrastruc-
tures were based on the history lessons about the 1953 flood, Delta Plan, and the
Delta Works learned from school.

In 1993 and 1995, the riverine threat in the Rhine began the paradigm shift in the
Netherlands from preventive measures to more adaptive measures in terms of
dealing with high river discharges. This shifted the water management approach of
the Dutch from preventive to more adaptive. Policies such as the Flood Defence Act
(1996), Room for the River (1997), and “Dealing differently with water” (2000)
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[10] led to Rotterdam adapting a more climate adaptive approach to flood manage-
ment and city development. These near disaster events have directed the climate
change adaptation and influenced Rotterdam’s plans and policies.

4.1.2 Networks

There are two organizations at the local level the gebiedscommissie and the
neighborhood committees. Members of the gebiedscommissie are elected by the
residents while members of the neighborhood committees are chosen through lot-
tery. The gebiedscommissie or the area committees are groups of people living in
the community who play the role as “eyes and ears of an area for the city council”
[11]. Most of the time the gebiedscommissie serves as an intermediary between the
community and the government. The gebiedscommissie holds monthly meetings
called the area commission evening where people can gather to discuss their con-
cerns. This is also a venue for the city government to present their ideas and plans
for the neighborhood.

Aside from the gebiedscommissie and neighborhood committees, there are
housing associations and building associations. These associations are mostly where
residents congregate and discuss issues happening in their streets, buildings or
community in general. There are also volunteers within each community such as
those who volunteer in the community gardens. There are some well-organized
neighborhoods in Rotterdam with a number of volunteers who help the city
government in their projects. In Noordereiland, the buur bestuurd (neighborhood
governance organization) act as a vigilance group to report suspicious activities
within the neighborhood. Most of the time the neighborhoods will organize
themselves based on what they perceive as important in the neighborhoods.
This does not necessarily mean flood disasters or climate related threats.

Figure 2.
Scores per collective dimension. Source: Esteban TAO. Draft Chapter 6. Mind the Gap. Rotterdam: Erasmus
University Rotterdam; 2019 (Unpublished).
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[10] led to Rotterdam adapting a more climate adaptive approach to flood manage-
ment and city development. These near disaster events have directed the climate
change adaptation and influenced Rotterdam’s plans and policies.

4.1.2 Networks

There are two organizations at the local level the gebiedscommissie and the
neighborhood committees. Members of the gebiedscommissie are elected by the
residents while members of the neighborhood committees are chosen through lot-
tery. The gebiedscommissie or the area committees are groups of people living in
the community who play the role as “eyes and ears of an area for the city council”
[11]. Most of the time the gebiedscommissie serves as an intermediary between the
community and the government. The gebiedscommissie holds monthly meetings
called the area commission evening where people can gather to discuss their con-
cerns. This is also a venue for the city government to present their ideas and plans
for the neighborhood.

Aside from the gebiedscommissie and neighborhood committees, there are
housing associations and building associations. These associations are mostly where
residents congregate and discuss issues happening in their streets, buildings or
community in general. There are also volunteers within each community such as
those who volunteer in the community gardens. There are some well-organized
neighborhoods in Rotterdam with a number of volunteers who help the city
government in their projects. In Noordereiland, the buur bestuurd (neighborhood
governance organization) act as a vigilance group to report suspicious activities
within the neighborhood. Most of the time the neighborhoods will organize
themselves based on what they perceive as important in the neighborhoods.
This does not necessarily mean flood disasters or climate related threats.

Figure 2.
Scores per collective dimension. Source: Esteban TAO. Draft Chapter 6. Mind the Gap. Rotterdam: Erasmus
University Rotterdam; 2019 (Unpublished).
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However, interviewees recognize that the social networks and organizations within
and around the neighborhoods help make the community socially resilient.

4.1.3 Local knowledge and adaptation measures

Interviewees agree that Noordereiland is the only place where people know what
to do when there is a flood. Noordereiland is a small community located outside of
the dike area, along the River Meuse, and in the middle of the city. Residents of
Noordereiland experience low level flooding every 2–5 years usually during the
storm season. Since the residents regularly experience flooding and sea the water
daily they understand that living in the area comes with risks of flooding. Most
residents do not put valuables in the cellar of their buildings and know how to
prepare during the storm season. They know that there is a possibility that their
basements will be flooded or their cars parked on the quays run the risk of being
washed away, as such many of the residents take precaution. The residents also
know that they need to install wooden barriers and sand bags in front of their doors
to keep the water from entering their homes.

4.2 Collective action

4.2.1 Awareness and concern on disaster risk, preparedness, and management

There is a general perception on the low level of awareness and concern of the
people in Rotterdam on their flood risks and vulnerabilities. This can be attributed
to the general “feeling of safety” that the people have because of the strong pre-
ventive infrastructures present in the city and in large the country. The completion
of the Delta Works in 1997 with the final storm surge barriers built in Rotterdam
(Maeslantkering) and Spijkenisse (Hartelkering) also marked the development of
the first water management (Water Plan 1) in Rotterdam. The Water Plan 1 Urban
water strategy and short term plan included a plan to increase Rotterdam’s water
retention [12, 13]. This was because prior to the Water Plan 1 water retention was a
“low priority in Rotterdam compared to other issues such as economic develop-
ment, unemployment and safety” [14].

The level of trust and reliance on the government is high because the people hold
the government accountable for the taxes that they pay for. People expect the
government to maintain the dikes and to keep people safe and dry because it is the
government’s job to do so. This trust on the government is warranted since the
people have remained safe since the Deltaworks project was implemented. How-
ever, the collective memory on the flooding disaster is disappearing because the
people do not experience flooding or any disaster, disasters happen elsewhere,
people are unaware of the threats and vulnerabilities in the city. Further scientists
have predicted the possibility of a disaster from happening in the Netherlands at 1
in 10,000 years. This is often translated by the people as never going to happen in
their lifetime. This low level of awareness and concern is disadvantageous when it
comes to crisis management and disaster preparation.

4.2.2 Presence of community-based disaster risk management units

There are no community-based disaster risk management units or any commu-
nity based group dealing with disaster risks. Such there are also no community plans
in the event of an emergency. The only example of a community that has it its own
self-organized crisis management plan is the port area as led by the Port Authority.
The Port Authority has an adaptation strategy that they developed together with
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other companies in the port. They base their port adaptation strategies on the Delta
Program predicted sea level rise and work together with the City of Rotterdam on
the future direction of the port.

4.2.3 Information, education and communication on disaster risk management

People get information on flooding, high water levels from the media, social
media, television, newspapers and neighborhood newsletters but they are not
concerned. Most of the interviewees mentioned that information during the storm
season is often disseminated through leaflets. Information includes warnings and
reminders specifically to residents in flood prone areas, i.e., Noordereiland.

Other means of communication provided by the city government to residents
include information on websites such as the www.overstrooming.nl, and www.nie
uws.nl. The city government is increasing communications on climate change
adaptation through their websites. Information lodged virtually through the
websites may not be effective for some groups who do not often use the internet,
who have no internet, and who do not know how to use the internet. Further if
these information are not sought in the internet then there is also no guarantee on
the outreach.

4.3 Collective efficacy

4.3.1 Technical knowledge and advocacy on disaster risk management in the city

The city government has a strong awareness and understanding on Rotterdam’s
flood risks and vulnerabilities. The city development plans have moved towards
sustainable development and climate change adaptation since the 1990s. A number
of plans and policies were developed to guide the direction of Rotterdam’s growth
towards a more sustainable, climate adaptive and resilient path. However, it was in
the 2000s that climate change adaptation took a stronghold in the city development
planning due to several near flooding events in 1993, 1995 and 1998. The Architec-
tural Biennial in 2005 became the main turning point towards this direction of
climate change adaptation with the Rotterdam Water City 2035 design study
[12, 14–17]. What ensued after is a series of development planning, studies and
strategy development that takes into account the city’s position as an economic hub
but also as one of the densest places in the Netherlands with highly vulnerable
geographic and geologic position.

The Rotterdam Water City 2035 combined urban design and climate change
adaptation strategies to transform Rotterdam to an attractive city. The Water Plan 2
was adapted in 2007 which links urban and water highlighting the urgency to
address climate change through adaptive measures [12, 14, 15, 17, 18]. The Water
Plan 2 was integrated to the Rotterdam City Vision 2030 the mission statement of
which is to the mission “build a strong economy and an attractive place to live” [19]
(City of Rotterdam, 2019). The Rotterdam Climate Initiative (RCI) was also initi-
ated in 2007 to focus on the port, carbon dioxide reduction and energy savings, in
the city the RCI included an adaptation program. The RCI envisions Rotterdam to
be the leader in water innovation while increasing resilience to climate change [20].
Similar to the RCI, the Rotterdam Climate Change Adaptation Strategy adapted in
2013 aims to achieve a climate proof Rotterdam by 2025 [21]. A year after Rotter-
dam joined the 100 Resilient Cities of the Rockefeller Foundation and in 2016
released its Resilient Strategy.

With all the plans and strategies on resilience, there are no information cam-
paigns widely disseminated in Rotterdam. There are also no information on disaster
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However, interviewees recognize that the social networks and organizations within
and around the neighborhoods help make the community socially resilient.

4.1.3 Local knowledge and adaptation measures

Interviewees agree that Noordereiland is the only place where people know what
to do when there is a flood. Noordereiland is a small community located outside of
the dike area, along the River Meuse, and in the middle of the city. Residents of
Noordereiland experience low level flooding every 2–5 years usually during the
storm season. Since the residents regularly experience flooding and sea the water
daily they understand that living in the area comes with risks of flooding. Most
residents do not put valuables in the cellar of their buildings and know how to
prepare during the storm season. They know that there is a possibility that their
basements will be flooded or their cars parked on the quays run the risk of being
washed away, as such many of the residents take precaution. The residents also
know that they need to install wooden barriers and sand bags in front of their doors
to keep the water from entering their homes.

4.2 Collective action

4.2.1 Awareness and concern on disaster risk, preparedness, and management

There is a general perception on the low level of awareness and concern of the
people in Rotterdam on their flood risks and vulnerabilities. This can be attributed
to the general “feeling of safety” that the people have because of the strong pre-
ventive infrastructures present in the city and in large the country. The completion
of the Delta Works in 1997 with the final storm surge barriers built in Rotterdam
(Maeslantkering) and Spijkenisse (Hartelkering) also marked the development of
the first water management (Water Plan 1) in Rotterdam. The Water Plan 1 Urban
water strategy and short term plan included a plan to increase Rotterdam’s water
retention [12, 13]. This was because prior to the Water Plan 1 water retention was a
“low priority in Rotterdam compared to other issues such as economic develop-
ment, unemployment and safety” [14].

The level of trust and reliance on the government is high because the people hold
the government accountable for the taxes that they pay for. People expect the
government to maintain the dikes and to keep people safe and dry because it is the
government’s job to do so. This trust on the government is warranted since the
people have remained safe since the Deltaworks project was implemented. How-
ever, the collective memory on the flooding disaster is disappearing because the
people do not experience flooding or any disaster, disasters happen elsewhere,
people are unaware of the threats and vulnerabilities in the city. Further scientists
have predicted the possibility of a disaster from happening in the Netherlands at 1
in 10,000 years. This is often translated by the people as never going to happen in
their lifetime. This low level of awareness and concern is disadvantageous when it
comes to crisis management and disaster preparation.

4.2.2 Presence of community-based disaster risk management units

There are no community-based disaster risk management units or any commu-
nity based group dealing with disaster risks. Such there are also no community plans
in the event of an emergency. The only example of a community that has it its own
self-organized crisis management plan is the port area as led by the Port Authority.
The Port Authority has an adaptation strategy that they developed together with
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other companies in the port. They base their port adaptation strategies on the Delta
Program predicted sea level rise and work together with the City of Rotterdam on
the future direction of the port.

4.2.3 Information, education and communication on disaster risk management

People get information on flooding, high water levels from the media, social
media, television, newspapers and neighborhood newsletters but they are not
concerned. Most of the interviewees mentioned that information during the storm
season is often disseminated through leaflets. Information includes warnings and
reminders specifically to residents in flood prone areas, i.e., Noordereiland.

Other means of communication provided by the city government to residents
include information on websites such as the www.overstrooming.nl, and www.nie
uws.nl. The city government is increasing communications on climate change
adaptation through their websites. Information lodged virtually through the
websites may not be effective for some groups who do not often use the internet,
who have no internet, and who do not know how to use the internet. Further if
these information are not sought in the internet then there is also no guarantee on
the outreach.

4.3 Collective efficacy

4.3.1 Technical knowledge and advocacy on disaster risk management in the city

The city government has a strong awareness and understanding on Rotterdam’s
flood risks and vulnerabilities. The city development plans have moved towards
sustainable development and climate change adaptation since the 1990s. A number
of plans and policies were developed to guide the direction of Rotterdam’s growth
towards a more sustainable, climate adaptive and resilient path. However, it was in
the 2000s that climate change adaptation took a stronghold in the city development
planning due to several near flooding events in 1993, 1995 and 1998. The Architec-
tural Biennial in 2005 became the main turning point towards this direction of
climate change adaptation with the Rotterdam Water City 2035 design study
[12, 14–17]. What ensued after is a series of development planning, studies and
strategy development that takes into account the city’s position as an economic hub
but also as one of the densest places in the Netherlands with highly vulnerable
geographic and geologic position.

The Rotterdam Water City 2035 combined urban design and climate change
adaptation strategies to transform Rotterdam to an attractive city. The Water Plan 2
was adapted in 2007 which links urban and water highlighting the urgency to
address climate change through adaptive measures [12, 14, 15, 17, 18]. The Water
Plan 2 was integrated to the Rotterdam City Vision 2030 the mission statement of
which is to the mission “build a strong economy and an attractive place to live” [19]
(City of Rotterdam, 2019). The Rotterdam Climate Initiative (RCI) was also initi-
ated in 2007 to focus on the port, carbon dioxide reduction and energy savings, in
the city the RCI included an adaptation program. The RCI envisions Rotterdam to
be the leader in water innovation while increasing resilience to climate change [20].
Similar to the RCI, the Rotterdam Climate Change Adaptation Strategy adapted in
2013 aims to achieve a climate proof Rotterdam by 2025 [21]. A year after Rotter-
dam joined the 100 Resilient Cities of the Rockefeller Foundation and in 2016
released its Resilient Strategy.

With all the plans and strategies on resilience, there are no information cam-
paigns widely disseminated in Rotterdam. There are also no information on disaster
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management only warnings such as announcements on tv, radio or through SMS
when there are gas leaks from the port. These are more reactionary exercises rather
than preparatory like a drill on flooding and evacuation. Further preparation and
evacuation is seen as an individual responsibility yet this is not very well commu-
nicated to the residents.

4.3.2 Presence of city disaster risk management office

The City of Rotterdam does not have a specific disaster risk reduction manage-
ment office. There is no government mandate for the creation of one at the city
level since disaster management or crisis management as it is most commonly
termed is dealt under the veiligheidsregio (safety region). Rotterdam is part of the
16 cities under the care of the veiligheidsregio Rotterdam-Rijnmond. Each of the
sixteen cities has their own disaster management plan that is part of the regional
disaster management plan.

The city does have a “safety department” responsible for public safety issues and
crisis management coordination with the veiligheidsregio and the city depending on
the scale of the crisis. Water management and dike management are both under the
jurisdiction of the waterboards. The waterboards have a dike army that regularly
checks the dikes integrity. The Red Cross is also present in Rotterdam and has an
existing pool of 3,000 Ready-to-Help volunteers. These volunteers are not trained
but are citizens that are willing to be tapped in case of an emergency. Aside from the
veiligheidsregio and the Red Cross, the City of Rotterdam also works with various
academic and research institutions. Most of the time these academic and research
institutions have projects within the city results of which are also shared with the
city government and the residents.

4.3.3 Regular disaster risk management drills, workshops and information campaigns

There are fire drills conducted by different institutions and organizations in
their workplaces within the city. But there is no citywide drill on any type of
disaster that people collectively participate in. The citizens receive information on
disaster and emergency situations through an SMS alert (NL-Alert). Every first
Monday of the month there is an alarm at 12 noon to inform people on whether
everything is secure and safe or not. Other than that there are no other drills or
campaigns being conducted throughout the city and even in primary and secondary
schools. There are no disaster management and training in schools and in the city in
general. This is not part of the school curriculum and is not part of the wider
narrative. However, it was also noted by some interviewees that there are evacua-
tion drills only done by specific organizations concerned on crisis management like
the military and the Red Cross but these are not widely known by the general
population.

4.4 Collective security

4.4.1 Technical knowledge and expertise, advocacy and behavioral change

The multi-layer safety approach, prevention, spatial planning and crisis man-
agement, is known in the Netherlands and applied at the city level. Among the three
approaches prevention is the highest priority in the country. Technical knowledge
on water management, flood management, and climate change are translated in
numerous preventive infrastructures. In Rotterdam, there is a Sand Engine Project
which extends the shoreline and strengthens the dunes between Rotterdam and the
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Hague. The Maeslantkering and Oosterscheldekering storm surge barriers prevent
storm surges of more than 3 m high and the dikes are also heightened along the
coast and river.

Rotterdam is also strong in spatial planning; the city has been in the forefront in
developing climate adaptive strategies in the city that combines urban design and
flood management. The city has a green roof policy and a water plan that allows
public spaces to be used as retention basins like the water squares. The overall
greening of the city is based on the city’s climate adaptive policies; the volume of
water that can be retained in the event of a heavy rainfall for each neighborhood
was calculated by the city to assess areas for improvement. One such project is the
urban water buffer located under the Sparta stadium which collects water in an
underground reservoir [22]. The collected rainwater is treated and used to water the
grass for the football area. Another example is the water storage in Benthemplein
where they can store water then released gradually to the surface. According to the
interviewees this strategy is what they call the “keep, store or release” strategy
which is especially helpful during the dry seasons.

The biggest innovative climate adaptive infrastructure built in the city is the
water storage underneath Museumpark parking garage. The Museumpark water
storage has a capacity to hold 10,000 m3 in case of a flood and the biggest water
storage in the country. The water storage and water squares help control the flood
water level by storing the floodwater for a certain period before releasing to the
open water system.

Crisis management is still fairly low in the city and relies on the veiligheidsregio.

4.4.2 National, regional, city disaster risk management

Crisis management in the Netherlands is organized under the veiligheidsregio.
The city government, fire brigades, waterboards and the veiligheidsregio all work
together in the event of a disaster. There is also an agreement between the city
government and the Red Cross to help especially in big disasters.

In terms of flood risk management, there are three different government levels
responsible, the city government, the waterboards and the Rijkswaterstaat. The
Rijkswaterstaat holds most of the information including maps and simulations that
is used in the entire country. Cities can access these data to predict flood events as
well as design strategies based on these predictions. The data obtained from the
Rijkswaterstaat on water levels are also used by the three waterboards in Rotterdam
to give advice to close the Maeslantkering or not. The city government upon
receiving data and forecasts gives the warning to the people and decides on whether
to evacuate people or not.

The port area as a special economic area of interest has its own crisis manage-
ment plan. The Port Authority works together with the city government and
veiligheidsregio on this plan and looks at three possible impacts of a disaster,
casualties (deaths), economic and environmental effects. The adaptation strategy
includes approaches to address these impacts using the multi-layer safety principle.

4.4.3 Information, education and communication, climate and disaster proof
infrastructure

According to some interviewees, the City of Rotterdam has a disaster manage-
ment plan that includes pre-identified evacuation centers in the city; however,
people in general are not aware where these evacuation centers are. There are no
other drills or disaster risk management activities being conducted except for the
fire drill done at least once a year. There are no information on how to prepare for a
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management only warnings such as announcements on tv, radio or through SMS
when there are gas leaks from the port. These are more reactionary exercises rather
than preparatory like a drill on flooding and evacuation. Further preparation and
evacuation is seen as an individual responsibility yet this is not very well commu-
nicated to the residents.
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The City of Rotterdam does not have a specific disaster risk reduction manage-
ment office. There is no government mandate for the creation of one at the city
level since disaster management or crisis management as it is most commonly
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16 cities under the care of the veiligheidsregio Rotterdam-Rijnmond. Each of the
sixteen cities has their own disaster management plan that is part of the regional
disaster management plan.
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institutions have projects within the city results of which are also shared with the
city government and the residents.

4.3.3 Regular disaster risk management drills, workshops and information campaigns
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their workplaces within the city. But there is no citywide drill on any type of
disaster that people collectively participate in. The citizens receive information on
disaster and emergency situations through an SMS alert (NL-Alert). Every first
Monday of the month there is an alarm at 12 noon to inform people on whether
everything is secure and safe or not. Other than that there are no other drills or
campaigns being conducted throughout the city and even in primary and secondary
schools. There are no disaster management and training in schools and in the city in
general. This is not part of the school curriculum and is not part of the wider
narrative. However, it was also noted by some interviewees that there are evacua-
tion drills only done by specific organizations concerned on crisis management like
the military and the Red Cross but these are not widely known by the general
population.

4.4 Collective security

4.4.1 Technical knowledge and expertise, advocacy and behavioral change

The multi-layer safety approach, prevention, spatial planning and crisis man-
agement, is known in the Netherlands and applied at the city level. Among the three
approaches prevention is the highest priority in the country. Technical knowledge
on water management, flood management, and climate change are translated in
numerous preventive infrastructures. In Rotterdam, there is a Sand Engine Project
which extends the shoreline and strengthens the dunes between Rotterdam and the
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possible flood event in the workplace or at home. Companies by law are required to
conduct basic evacuation exercise for work safety but the rest of the population is
not aware of these activities.

Still in terms of spatial planning, preventive and climate proof infrastructures,
Rotterdam is equipped. However, most of these are still government driven rather
than community driven. Participation of the community including information are
fairly limited and mostly limited to smaller neighborhood projects that directly affect
the community. Neighborhoods like Noordereiland (already mentioned),
Hillegersberg andAgniesebuurt have communitymembers who come together to find
solutions for a common problem. In both Hillegersberg and Agniesebuurt, residents
addressed their groundwater problems by lobbying to the city government to help
address this problem and help keep their homes (mostly built on wooden poles) safe.

The national government has also mandated all cities to conduct a stress test to
help assess the level of risks and vulnerabilities of their city. Rotterdam is a pioneer
on this since the city has an extensive model to identify the risks and vulnerabilities
as well as projections on the effects of the key flooding threats. The results of the
stress test will lead to the development of strategies for different scenarios in the
city covering topics on climate change such as floods, droughts, and heat stress.

5. Conclusion

The level of collective engagement on urban resilience in Rotterdam is scored
at 4 or assessed as good (see Figure 3). The past disaster events, 1953 Great North
Sea Flood, the flood threat in 1993 and 1995, pushed the government to bring out
policies and plans to safeguard the country from flooding events. The government
understands the importance of learning from these past disaster events in order
to move forward. However, local adaptation and knowledge are only evident in
Noordereiland where the government regularly communicates precautionary
measures during the storm season.

Figure 3.
Collective engagement on urban resilience. The total average score for Rotterdam is 4 or “good.” Source: Esteban
TAO. Draft Chapter 6. Mind the Gap. Rotterdam: Erasmus University Rotterdam; 2019 (Unpublished).
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The communities autonomous nature is evident in the way they also self-
organize such that issues that are important for the residents like the community
gardens are given more emphasis. The community garden around the city is a
community initiative to make the area more attractive and more green. Through
this initiative more people can be reached and encouraged to be involved in city
development. This can be a way to introduce climate change issues by explaining
the benefits of greening the environment to the community and the city.

There is a level of awareness and understanding of the flood risks and vulnerabil-
ities in Rotterdam among the residents. But the level of concern over these issues is not
as strong as other issues that are present in the city such as social integration especially
for lower income areas. This social and economic gap in Rotterdam is seen as a bigger
threat than the threat of flooding in the city. The low level of concern over disaster
issues makes it difficult for the government to encourage residents to prepare for the
disaster. Many believe that since citizens pay for taxes that it is up to the government
to do their job in taking care of everyone. This places a huge expectation on the
government’s side. This is not enough to make a city resilient since everyone needs to
make sure that each one takes necessary precaution against these possible disasters.

All levels of the government from the Rijkswaterstaat, veiligheidsregio,
waterboards and the city government are all involved in developing climate change
adaptation strategies and crisis management. The mutually adapted roles of the key
stakeholders, the city government, the waterboards, the veiligheidsregio, and the
academe in delivering a level of safety and security in the city are high. Each of these
actors knows the technical and scientific basis of the city development plans and
policies. Programs and projects are anchored on these development plans and policies.

Still there is a need to increase the residents knowledge on these initiatives and
the effects of climate change for them to understand the urgency of the matter and
what they can do as an individual and a community. At present the NGOs and
community groups have their community garden projects, some of them are also
advocating solar panels and through these advocacies they are able to explain to the
residents the value of the environment. However, the NGOs and community groups
also feel that policies are not translated very well at the community level. This
makes appreciation of the general framework of climate change, disasters, and
resilience quite abstract.

Lastly, the collective engagement urban resilience framework used in the case
indicates that Rotterdam’s resilience approach is more government-led and less
community-driven. This shows a rather low community resiliency although there
are communities that are much more equipped than other communities. Such as
Noordereiland in terms of knowledge, information and preparation for flood events
are much more equipped than others, Hillegersberg and Agniesebuurt both have
community members who initiate discussions with the city government to help
their community and address their problems on groundwater.
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Chapter 7

Enhancing the Community
Resilience with a Network
Structuring Model
Ming Zhong

Abstract

Community resilience is a key index for describing the response of human
habitat system against hazards. Enhancing the community resilience to flood
disaster requires indicator identification and measurement system establishment,
especially for flooding risk management. In this study, an advanced index frame-
work for measuring community resilience to flood disaster is proposed integrating
fuzzy Delphi method (FDM) and interpretative structural model (ISM). Based on
the definition of community resilience, the indicators are classified into six dimen-
sions, including environmental factors, social factors, economic factors, psycholog-
ical factors, institutional factors, and information and communication factors. A
simplified community resilience evaluation index system is established by using
FDM, and the hierarchical network structure of the community resilience to flood
disasters is confirmed, in which the direct influence indicators and the root influ-
ence indicators are analyzed. The proposed framework in this study contributes to
the interdisciplinary understanding of community resilience to flooding disasters
and building a more resilience community; it is also expected to be extended for risk
reduction in other natural hazards.
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1. Introduction

Fighting with disasters is a common challenge of human beings from all parts of
world since time immemorial. In recent years, hydrometeorological disasters are on
the rise [1], which continues to threaten people’s lives and belongings, bringing
victims great misery. According to International Disaster Database, from 1990 to
2018, there were more than 4000 flood disasters with variant scales and levels
around the world, resulting in great loss to people’s lives and inhibiting the devel-
opment of economy.

Additionally, the expansion of urban land use leads to the increase of the num-
ber of impervious areas, which would bring about poor drainage. Many flood plains
have been overexploited, ending up in the damage of river courses, so rivers would
be suffering more floods. Moreover, extreme weather is becoming a common
phenomenon in urban districts due to a series of environmental damages, and
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extreme rainfall events appear frequently these years, which bring us the
unpredictable devastation. In order to reduce the loss of flood disasters, many
engineering and nonengineering measures have been conducted. For instance,
numerous reservoirs and dykes have been constructed in China to prevent floods,
and improving drainage systems in the urban area has been a common approach to
ease waterlogging problem, and low impact development (LID) has become the
popular concept, which serves as an easy and economical method to reduce
flooding risk.

In terms of disaster risk reduction (DRR), many scholars put forward a novel
concept named community resilience. This idea aims to resist disasters in a collec-
tive unit that is supposed to be regarded as a community; resilient communities are
able to reduce, prevent, and cope with the flood risk [2]. Building the more resilient
communities enhances our ability to defend the future disaster events and minimize
the loss in the disaster events [3]. Community is the basic organizational form for
social life and development of human. As the primary scene for disaster prevention
and disaster relief, community serves as the primary-level organization in the
process of disaster prevention and relief. The Second World Conference on Disaster
Reduction of the United Nations in 2005 passed the Hyogo Declaration, which
stipulated to “strengthening disaster resistance of countries and communities.” The
International Conference on Disaster Reduction in Davos in 2006 also mentioned to
“accelerating construction of community disaster information sharing project to
increase self-rescue and mutual rescue abilities of communities.” The Sixth Asian
Ministerial Conference on Disaster Risk Reduction in 2014 is themed at “construc-
tion of countries and communities with disaster resistance.” To sum up, using
community as the basic unit of disaster prevention and risk reduction is widely
accepted in the international society, and it is becoming a global concern.

Currently, studies on community resilience mainly focus on its connotation
definition, theoretical framework, evaluation index, and assessment method. Rele-
vant case studies involve natural disasters, epidemics, climatic activities, and similar
fields. At the beginning, the simply sum of individual resilience had been conducted
as the community resilience, which has resulted some reflections and doubts.
Individual is the component of community; however, community resilience cannot
be simply defined as the summing of individual resilience. Community resilience is
a wider concept, including not only the individuals’ ability but also the external
force, which refers to the speed improvement of returning to equilibrium after
hazards in the community. Subsequently, connotation of community resilience was
built up and perfected gradually. For example, the definition of community
resilience proposed by Norris et al. covers four dimensions, including community
ability, information and communication, social capitals and economic development,
and dependence on resources and their dynamic attributes [4]. Morley et al. defined
community resilience as “the ability of human and community to cope with, adapt
to, learn and change if necessary their behaviors and social structure to reduce
influences of disasters,” and the community disaster resilience scorecard (TCDRS)
method has been used to recognize abilities of a community to resist disasters and
extreme events [5]. Cutter et al. constructed a disaster resilience on residence
level (DROR) model and proposed an index system covering six dimensions of
community ability, infrastructure, institution, economy, sociology, and ecology [6].
Joerin et al. assessed community resilience of two different communities and then
proposed a community resilience theoretical framework related with climatic
disasters [7]. Tobin et al. disclosed influences of community resilience and
community resilience to hazard risks [8].

Therefore, developing evaluation index system and framework of community
resilience to flood disasters could provide the beneficial reflections and policy
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guidance to responses of flood disasters. This study has expanded the application of
community resilience in flood disaster field; the results are expected to guide the
flood disaster risk management in the community scale.

2. Definitions

2.1 Community

The concept of “community” is blurred and has been defined in various ways
according to different research fields. Both a small neighborhood and a large county
could serve as a community. A definition in the social sight states that “community
is a group of individuals in a shared geographical area, who have common interests,
are linked by dynamic socio-economic interactions, and engage in collective
action,” which emphasizes that community is a dynamic concept [9]. Community
can also be illustrated as a multilayered notion, for instance, a community can be
nested within larger communities, even overlaps can be existed between different
community, and the individuals can belong to more than one community [10]. In
conclusion, community is not a static entity; its flexible concept makes it apply in
widely and varying study field.

2.2 Resilience

The word “resilience” is derived from the Latin word “resilientem”; it could be
explained as “the ability to rebound to the original condition.” Resilience was firstly
appeared in the field of ecology and was regarded as “the size of a stability domain
or the amount of disturbance a system could take before it shifted into an alterna-
tive configuration” [11]. This definition demonstrated that the study objects of
“resilience” should be a sophisticated and integrated system but not a single entity.
In the social field, resilience can be illustrated as “the ability of groups or commu-
nities to cope with external stresses and disturbances as a result of social, political
and environmental change” [12], which broadens the scope of this word. However,
the word “resilience” has no universally accepted definition. Through referring to
heaps of literatures, a relative formal and commonly adopted explanation, in the
field of hazard risk management, resilience is widely recognized as the ability of a
system to respond to and recover from disasters and to absorb the impacts as well as
cope with a hazard event. This explanation emphasizes the importance of the
recovering process speaking of resilience, and the process can be divided into
several stages.

2.3 Vulnerability

Vulnerability is another conception of disaster risk reduction, which is closely
related with resilience. Many scholars have compared community resilience and
community vulnerability and analyzed their differences and connections. Vulnera-
bility reflects the likelihood of damage and can be related to the exposure and
sensitivity of the system [13]. Moreover, vulnerability is the component of risk,
shown as “risk = hazard � vulnerability” [14]. Resilience analysis refers to the speed
of returning to the equilibrium after hazards, whereas vulnerability analysis refers
to the susceptibility to hazard events on a dynamic system [15, 16]. Community
vulnerability emphasizes on possibility that the community suffers direct loss from
risks. In details, even if hazards in the communities are recognized, risk reduction
and vulnerability often are not salient concerns until after the disaster occurs.
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2.4 Community resilience

Community resilience stands for the capacity of a community to resist disasters
and to take alleviating actions that are consistent with achieving the expected level
of protection [12]. If a community can respond and recover from a hazard event
and return to normal quickly, with good preparedness to reduce disaster losses
rather than waiting for an event to occur [17], it is recognized to have a high
resilience level.

Previous researches have shown that the level of resilience is affected by a series
of factors. First of all, groups in the community are closely related to its resilience.
Ainuddin et al. found that collective activities and reorganization ability could make
a difference in enhancing the influence of resilience after disasters [18]. Mileti et al.
argued that it was critical to reply on residents’ action in order to mitigate the
destruction from natural disaster [19]. Moreover, population structure, gender
differences, educational level, income structure, and social capital are also contrib-
uted to community resilience. Norris et al. claimed that community resilience was
derived from four adaptation capability, namely, economic level, social capital,
information and communication, and organization ability [4]. To analyze and eval-
uate community resilience, Cutter et al. proposed an index system of community
resilience, in which ecology, society, economy, institution, infrastructures, and
community capital were included [20]. Paton et al. discussed the importance of self-
efficacy, problem-focused coping, sense of community, and age, when assessing
resilience to volcanic hazard [21]. Sherrib et al. reckoned that improving individ-
uals’ defensive ability to disaster is critical when enhancing community resilience
[22]. Based on individuals’ capability, we selected economic condition, social sup-
port, disaster event itself, social capital, and information transmission to construct a
community resilience analysis model. Studies on resilience can help to improve the
adaptation of the community quickly and try to reduce loss in the hazards.

3. Construction of an evaluation index system for community resilience

Community resilience evaluation requires a pre-understanding on composition
of the community. Composition of a community generally can be divided into two
types, which are subjective elements and objective elements. Strengthening the
community resilience is actually strengthening the construction of subjective and
objective elements of the community. Subjective elements include demographic
structure of the community and psychological factors of community members.
Objective elements include geographical environment, community infrastructure,
and institutional improvement. The influencing factors of community resilience of
flood disaster are summarized into six dimensions in this study, namely, environ-
mental factors, social factors, economic factors, psychological factors, institutional
factors, and information and communication factors. These six dimensions were
used as the first level in the community resilience evaluation system of flood
disasters and lay a foundation for refining the index layer.

3.1 Environmental factors

Environmental factors reflect the hazard-inducing environment in the study
area, thus enabling to describe the intensity and scope of influence of disasters.
Therefore, measuring environmental factors provide guidance to community resil-
ience. Environmental factors of community resilience to flood hazards are mainly
related with geographic features and precipitation characteristics in the study area.
Hence, environmental factors are defined as hazard-inducing environment, factors
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leading to hazards, and underlying factors in this study. Besides, 10 indexes are
selected as the level-3 indexes of environmental factors, including comprehensive
daily precipitation quantity, comprehensive daily precipitation frequency, runoff
capacity, relative elevation, slope, corrected river network density, vegetation cov-
erage, land use zoning plan, proportion of waterproof surface, and influence of
previous flood disasters.

3.2 Social factors

Social factors reflect the states of the study area before flood disaster, which
decide the ability to bear flood disasters in the affected region. In this study, social
factors are divided into demographic characteristics and physical factors. Demo-
graphic characteristics are manifested by gender, age, knowledge of hazards,
escaping ability of residents, proportion of the disability, and education back-
ground. Physical factors are mainly reflected by physical structure of buildings and
infrastructure construction in the community. Good condition of physical factors
can effectively decrease community loss in flood disasters. A total of 18 elements
were chosen as level-3 indexes of social factors, including community type, popu-
lation density, age composition, gender composition, proportion of the disabled,
proportion of patients with serious diseases, education background, water supply
and drainage facility, power system facility, traffic network, medical insurance
coverage, disaster relief facilities, household communication equipment, close to
downtown, building density, proportion of high-elasticity building materials, pro-
portion of old houses, and proportion of effective shelters. In this way, the social
factor dimension of the community resilience evaluation system of flood disaster is
formed.

3.3 Economic factors

Economic factors play a key role in community construction. It can be seen from
historical natural disasters that regions with poorer economic development suffer
more attacks and higher damages from natural disasters. Hence, community resil-
ience cannot be constructed well without a good economic foundation. Neverthe-
less, many measurement indexes of economic factors are just descriptive concepts,
which are difficult to be defined and quantified. For the purpose of index quanti-
zation and getting a relatively objective measurement in the economic dimension,
the following four aspects were chosen as economic factor indexes in this study,
which are income level, employment condition, resource condition, and public
economic condition of the community. These four indexes not only reflect the mean
individual economic condition of residents in a community but also measure the
common assets of the community.

3.4 Psychological factors

Resilience firstly appears as a concept on individual psychology, and it is
believed that individuals can gain positive outcomes through building resilience
when they are facing with risks. A community is formed by clustering of popula-
tion, when people in the community experience a sudden disaster, and psycholog-
ical factors of residents are vital. Psychological factors include life satisfaction of
residents in the community, as well as residents’ relations with the community.
Psychological factors reflect not only psychological condition of residents but also
mutual assistance in the community. If residents in the community have good
psychological state, they can support each other when they are facing with disas-
ters, and they can gain better help after the disaster occurs, it is possible to decrease
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continuous loss of the community from disasters. As a result, life satisfaction of
residents and the relationship between residents and community are selected as
level-2 indexes that influence psychological factors of community resilience. On this
basis, level-3 indexes of assessment system were refined by five indexes, including
residents’ satisfaction to life quality, residents’ belonging to the community,
engagement of welfare of the community, residents’ hope to the community, and
mutual support in the community.

3.5 Institutional factors

Institutional factor is a relatively macroscopic and abstract concept that reflects
inputs on community disaster prevention and reduction from government adminis-
tration. In this study, institutional factors that influence community resilience of
flood disasters are divided into the following four indexes which are easy to be
quantized: implementation disaster reduction plan, professional disaster reduction
service, municipal service, and social institution service. On this basis, level-3
indexes of assessment system were refined by 10 indexes. Specifically, disaster
reduction plan can be reflected by its coverage and implementation intensity; pro-
fessional disaster reduction service can be measured by popularizing rates of knowl-
edge about flood disaster, flood publicity and education, flood emergency practice,
flood warning, and professional team construction (e.g., firefighters and medical
staffs); municipal service is reflected by the proportion of government expenditures
for disaster prevention; social institute service is reflected by administrative effi-
ciency and cooperation efficiency in the community. Cooperation efficiency is
defined as the purposeful cooperation within parties, groups, or organizations in the
community. Effective cooperation may have a major influence on how well the
institutes in community cope with the flash flood disaster and improve the resilience.

3.6 Information and communication factors

When facing with natural disasters, it is important to explore the ability and the
efficiency for a community to accept risk information and to transfer the informa-
tion to residents, which would influence the community’s response to disaster
prevention and reduction. Thus, information and communication is an influencing
factor of community resilience which cannot be ignored. Five indexes are selected
in terms of communication methods, information source, and residents’ experi-
ences in information acquisition, which belong to information and communication
factors of community resilience. They are information dissemination methods,
information source acquisition methods, trust of information source, information
on how to cope with disasters, and information acquisition from the community.

To sum up, this study preliminarily constructed an index database to evaluate
community resilience of flood disaster, which covers 26 level-2 indexes and 56
level-3 indexes from 6 dimensions, including environmental factors, social factors,
economic factors, psychological factors, institutional factors, and information and
communication factors.

4. Theory and methods

4.1 Fuzzy Delphi method

Fuzzy Delphi method is an improvement method of Delphi method. Delphi
method, or known as export grading method, is used to collect opinions of various
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experts and scholars, and the organizer is held responsible to summarize these
opinions. These behaviors are repeated until reaching a relatively consistent opin-
ion. It is an experience-based judgment method. Since the traditional Delphi
method was firstly developed, it is widely used in decision-making and group
consensus in various areas [23]. However, Delphi method may involve uncer-
tainties, which could be reduced by fuzzy theory [24]. Hence, FDM has been
applied to combine participants’ viewpoints, which can provide more objective and
reasonable results [25, 26]. The procedures of FDM are introduced as follows:

1.Proposing questions, establishing the indexes in evaluation system.

2.Design and sent questionnaires. Based on the collected experts’ opinions, a
summary on exports’ scoring results was carried out.

3. In determining the number of triangular fuzzy numbers, in order to simplify
questionnaire, experts are asked to score a single value of the importance of
indexes. Therefore, accordingly the triangular fuzzy numbers should be
confirmed, as shown in Table 1.

4.Fuzzification of expert scores: the expert scores were defined by triangular
fuzzy numbers; suppose that the scores of the ith expert of kth index are:

ωik ¼ lik，mik，uikð Þ，i ¼ 1, 2, … ,m (1)

5.Opinions of several experts were integrated into a comprehensive number
describe by triangular fuzzy numbers:

ωk ¼ lk，mk，ukð Þ，k ¼ 1, 2, … , n (2)

where lk ¼ min likð Þ, mk ¼ 1
m

Pm
i¼1mik, uk ¼ min uikð Þ

6.Defuzzification: the triangular fuzzy numbers are defuzzified through a
centroid method:

Sk ¼ lk þmk þ uk
3

(3)

7.Setting threshold ρ: only the indexes with Sk ≥ ρ are retained, and the rest are
deleted. Finally, indexes with relatively higher importance are screened, and a
simplified index system is established.

Importance Single value Triangular fuzzy numbers

Very important 9 (7,9,9)

Important 7 (5,7,9)

Neutral 5 (3,4,7)

Less important 3 (1,3,5)

Quite less important 1 (1,1,3)

Table 1.
Triangular fuzzy numbers of importance in fuzzy Delphi method.
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4.2 Interpretative structural model

Interpretative structural model (ISM) is a technology that organizes, analyzes,
and determines the overall structure of a system. It searches and judges relations of
elements in the system structure, by easy-to-understand forms, such as a binary
relation-directed graph, a matrix, and other relatively intuitive methods; a network
structural model based on complicated systems is constructed [27, 28].

Take the community resilience index (ai), for example. Its influence degree ( f i)
and being influenced degree (ei) were calculated by Eqs. (4) and (5):

f i ¼
Xn
j¼1

tij, i ¼ 1, … , nð Þ (4)

ei ¼
Xn
j¼1

tji, i ¼ 1, … , nð Þ (5)

Centrality degree (mi) and reason degree (ni) of ai are calculated by
Eqs. (6) and (7):

mi ¼ f i þ ei， i ¼ 1, … , nð Þ (6)

ni ¼ f i � ei， i ¼ 1, … , nð Þ (7)

Let H ¼ hij
� �

n�n be the overall influence matrix of the disaster resilience system:

H ¼ Tþ I (8)

where the matrix I is a unit matrix.
Then, the accessibility matrix of the disaster community resilience system is

K ¼ kij
� �

n�n:

kij ¼ 1jhij ≥ λ
� �

, i ¼ 1, … , n; j ¼ 1, … , nð Þ (9)

kij ¼ 0jhij < λ
� �

, i ¼ 1, … , n; j ¼ 1, … , nð Þ (10)

where the threshold λ can be set by experts or decision-makers according to
practical problems. According to the preset threshold, relations with small influence
degree were deleted, which can simplify the community resilience system structure of
flood disasters; thus the hierarchical network structure of the system is constructed.

On this basis, accessibility set and antecedent set of influencing factors were
determined. Meanwhile, whether these two sets meet the inclusion relation was
judged by Eq. (11):

Ri ¼ Ri∩Si， i ¼ 1, … , nð Þ (11)

The above steps were repeated for every indexes of community resilience; finally,
a multidimensional network system of community resilience can be constructed.

5. Case study: community resilience to flash floods

A flash flood is, in general, defined as a rapid onset of flood with a short duration
and high intensity at small spatial and temporal scales [29]. The annual casualties
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and economic losses caused by flash floods constitute a large proportion of those
caused by natural disasters and have an increasing trend [30]. Thus, flash floods
are recognized as one of the most catastrophic natural disasters worldwide.
The communities affected by flash floods are various, and includes different types
of community; thus, community resilience to flash floods is taken as a case study in
this research.

The Qingyuan district of Guangdong province in China was taken as the study
area, which is a prone area of flash floods, covering approximately 19,000 km2. The
region has a subtropical monsoon climate, with warm and rainy in summer. The
average annual precipitation is 1600 mm. The annual precipitation is uneven,
mainly from April to July. Heavy precipitation accompanied by steep terrain leads
to the frequent outbreaks of flash floods. For example, a large-scale flood occurred
in Qingyuan on May 22, 2014, which affected a population of 712,500, of which 5
deaths and 1 missing persons were reported. The direct economic loss reached US
$363.3 million in this flash flood event.

5.1 Data preparation

FMD has been adopted to determine the final representative indicators, and
experts’ judgments have been collected through a single-round survey. In order to
ensure the results are more reliable, the selected experts should be in the field of
flash floods; besides, in order to enhance the efficiency, the number of the experts
should not be too much. Therefore, 14 selected experts were questioned, including
experts in the field of flash floods and residents in flooding prone communities.
These 14 respondents were asked to measure the importance of indexes that may
influence community resilience of flood disasters and evaluate relative importance
of each index. Six questionnaire samples with the most integral information were
chosen for data processing, which were collected from two scientific research
designers, one worker from the hydraulic engineering department, one worker
from the hydrology unit, and two representatives of the local residents.

5.2 Results

According to FMD, maximum, minimum, and geometric mean scores from
experts’ response were calculated [31], and the fuzzy triangle numbers are con-
firmed. Setting the threshold at ρ = 5.8, 37 indexes of level-3 indexes were retained,
as shown in Figure 1.

Results showed that the invited experts generally gave low scores to some
indexes concerning social factors, economic factors, and psychological factors, but
they generally believe that environmental factors, institutional factors, and infor-
mation and communication factors are more important in the framework of com-
munity resilience to flash floods.

In order to simplify the evaluation framework, a 2-level community resilience
evaluation index system of flood disasters is constructed based on the 37 indexes, as
shown in Table 2.

Based on the simplified community resilience evaluation index system, the ISM
model was applied; the centrality degree and reason degree were calculated, as
shown in Table 3; and the hierarchical network structure of the community resil-
ience was constructed, as shown in Figure 2. In this way, the community resilience
system structure was established, and the direct influence indicators, the indirect
influence indicators, and the root influence indicators can be identified.

Results demonstrate that all influencing indicators of community resilience to
flood disasters are closely related. Specifically, flood emergency practice (a6), flood
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flash floods; besides, in order to enhance the efficiency, the number of the experts
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In order to simplify the evaluation framework, a 2-level community resilience
evaluation index system of flood disasters is constructed based on the 37 indexes, as
shown in Table 2.

Based on the simplified community resilience evaluation index system, the ISM
model was applied; the centrality degree and reason degree were calculated, as
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Figure 1.
Screening results of indexes based on fuzzy Delphi method (ρ = 5.8).

Objective Level-1 index Level-2 index Code

Community resilience evaluation
index system of flood disasters

Hazard-inducing
environment

Runoff capacity a1

Infrastructure construction Water supply and drainage
facility

a2

Residents’ relations with
the community

Mutual support in the
community

a3

Professional disaster
reduction service

Popularizing rate of
knowledge about flood
disaster

a4

Flood publicity and
education

a5

Flood emergency practice a6

Flood warning a7

Professional team
construction

a8

Social institute service Cooperation efficiency in
the community

a9

Communication methods Information dissemination
methods

a10

Information source Information source
acquisition methods

a11

Trust of information source a12

Residents’ experiences in
information acquisition

Information on how to cope
with disasters

a13

information acquisition
from the community

a14

Table 2.
Simplified community resilience evaluation index system.
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warning (a7), cooperation efficiency in the community (a9), trust of information
source (a12), and information acquisition from the community (a14) are extracted,
as shown in the first level of hierarchical network structure of community resil-
ience, which stand for the direct influence indicators. Levels 2 and 3 are defined as
the indirect influence levels, which demonstrate weak influences of community
resilience to flood disasters, including mutual support in the community (a3),
popularizing rate of knowledge about flood disaster (a4), flood publicity and edu-
cation (a5), professional team construction (a8), information source acquisition
methods (a11), and information on how to cope with disasters (a13). The lower
level is defined as the root influence level, which is the most basic and objective
indicator of community resilience to flood disasters, including runoff capacity (a1),
water supply and drainage facility construction (a2), and information dissemina-
tion methods (a10).

5.3 Discussion

According to the direct influence indicators in the first layer, the reason degree
of a6, a7, a9, a12, and a14 is negative, which indicates that the above factors are
cause factors and easy to be influenced by other factors; thus the community
resilience to flood disasters is determined by the cause factors directly. When a
flooding event occurs, the more accurate and effective ways would be adopted to
decrease the influences in flood disasters based on the cause factors. Hence, it is
more scientific and effective to assess the resilience community with the indicators
in the first level of hierarchical network structure.

Indicators in the last layer of hierarchical network structure belong to the root
influence level, which are easy to be ignored. In this study, a1, a2, and a10 are the
root influence indicators of the community resilience to flood disasters, and they
would significantly influence other indicators. Details are analyzed as follows.

Index a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 a11 a12 a13 a14

Xi 2.20 1.38 1.22 2.39 2.26 1.23 0.91 0.95 1.07 1.48 1.54 1.59 1.46 1.36

Yi 1.17 0.23 �0.12 �0.01 �0.04 �0.19 �0.22 �0.05 �0.66 0.51 �0.26 �0.60 �0.47 �0.22

Table 3.
Results of centrality degree (xi) and reason degree (Yi).

Figure 2.
Hierarchical network structure of the community resilience to flood disasters.
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Runoff capacity (a1) is one of the root influence indicators, which is mainly
influenced by many inspects, such as soil properties, characteristics of the water
network, vegetation cover, and terrain and slope of catchment area. If a1 is higher,
the rainfall is relatively difficult to be absorbed by soil, and it is easy to generate the
surface runoff, thus increasing loads of the drainage network and increasing the
flooding risk. Therefore, the control of runoff capacity is one of effective methods
to enhance community resilience of flood disasters.

Water supply and drainage facility (a2) is another root influence indicator in the
last layer, which could influence a1, a4, a5, and a6. The more perfect the water
supply and drainage facility construction is, the lower value of a1 will be. This is
because floods flow out of the community through the perfect drainage facilities,
thus decreasing runoff generation and runoff capacity accordingly. As a result,
community loss and influences caused by flood disaster are decreased, and the
community resilience is improved.

Information dissemination methods (a10) occupy as a basic role in the commu-
nity resilience system of flood disasters, which could influence a3, a5, a11, a12, and
a14. If there are more public-oriented information dissemination channels, resi-
dents can acquire more helpful information from the community, and the commu-
nity can resist flood disasters more strongly. As a result, the community resilience
increases accordingly.

When studying community resilience of flood disasters, it is necessary to make
systematic analysis based on hierarchical network structure of the community
resilience to flood disasters. Improving the direct influencing indicators is the most
intuitive method to increase community resilience of flood disasters, while improv-
ing the root influence indicators can increase community resilience of the whole
system continuously, effectively and stably, it is also the difficulty faced in the
flooding reduction. Besides, the specific disaster prevention strategies could be used
in planning and decision-making process, for example, the resilience index of envi-
ronmental dimension refers to testing the strength of public facilities and land
structure that could defend water flushing and soaking, which is important to
enhance the flooding prevention planning and flooding facility construction. Con-
sequently, the research on community resilience of flood disasters based on ISM is
expert to propose some specific disaster prevention strategies, to promote flood
disaster prevention and control, and also to relieve negative impacts of flood disas-
ters on life and property safety of people.

6. Conclusions

This study proposed an integrated model of resilience indicators, in which FDM
was applied for resilience indicator selection; ISM was used to establish the hierar-
chical structure of community resilience to urban floods. This approach on com-
munity resilience assessment can be applied to a group decision-making method in
flooding management and can also be employed to identify the interdependence
relationships among community resilience indicators. Some major conclusions can
be drawn as follows:

1.The definitions of resilience and vulnerability were demonstrated, and the
community resilience to flooding disaster was defined.

2.The influencing factors of community resilience of flood disaster are
summarized into six dimensions in this study, namely, environmental factors,
social factors, economic factors, psychological factors, institutional factors,
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and information and communication factors. And the index database to
evaluate community resilience of flood disaster was constructed, which covers
26 level-2 indexes and 56 level-3 indexes.

3.The integrated model of FDM and ISM can be used to analyze the relations
among various indicators that affect the community resilience to flash
flooding. A four-level evaluation network was constructed by ISM. The
indexes of a6, a7, a9, a12, and a14 demonstrated a substantial causality degree,
which was identified as the direct cause, and were classified in the upper layers
of the hierarchical structure. The second and third levels were indirect
influence levels, and a1, a2, and a10 in the fourth level were identified as the
root causes.

Acknowledgements

The research was supported by the National Natural Science Foundation of
China (Grant No. 51709286 and Grant No. U1911204).

Conflict of interest

The authors declared that they have no conflicts of interest to this work.

Author details

Ming Zhong
School of Geography and Planning, Sun Yat-sen University, Guangzhou, China

*Address all correspondence to: zhongm37@mail.sysu.edu.cn

©2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

135

Enhancing the Community Resilience with a Network Structuring Model
DOI: http://dx.doi.org/10.5772/intechopen.92715



Runoff capacity (a1) is one of the root influence indicators, which is mainly
influenced by many inspects, such as soil properties, characteristics of the water
network, vegetation cover, and terrain and slope of catchment area. If a1 is higher,
the rainfall is relatively difficult to be absorbed by soil, and it is easy to generate the
surface runoff, thus increasing loads of the drainage network and increasing the
flooding risk. Therefore, the control of runoff capacity is one of effective methods
to enhance community resilience of flood disasters.

Water supply and drainage facility (a2) is another root influence indicator in the
last layer, which could influence a1, a4, a5, and a6. The more perfect the water
supply and drainage facility construction is, the lower value of a1 will be. This is
because floods flow out of the community through the perfect drainage facilities,
thus decreasing runoff generation and runoff capacity accordingly. As a result,
community loss and influences caused by flood disaster are decreased, and the
community resilience is improved.

Information dissemination methods (a10) occupy as a basic role in the commu-
nity resilience system of flood disasters, which could influence a3, a5, a11, a12, and
a14. If there are more public-oriented information dissemination channels, resi-
dents can acquire more helpful information from the community, and the commu-
nity can resist flood disasters more strongly. As a result, the community resilience
increases accordingly.

When studying community resilience of flood disasters, it is necessary to make
systematic analysis based on hierarchical network structure of the community
resilience to flood disasters. Improving the direct influencing indicators is the most
intuitive method to increase community resilience of flood disasters, while improv-
ing the root influence indicators can increase community resilience of the whole
system continuously, effectively and stably, it is also the difficulty faced in the
flooding reduction. Besides, the specific disaster prevention strategies could be used
in planning and decision-making process, for example, the resilience index of envi-
ronmental dimension refers to testing the strength of public facilities and land
structure that could defend water flushing and soaking, which is important to
enhance the flooding prevention planning and flooding facility construction. Con-
sequently, the research on community resilience of flood disasters based on ISM is
expert to propose some specific disaster prevention strategies, to promote flood
disaster prevention and control, and also to relieve negative impacts of flood disas-
ters on life and property safety of people.

6. Conclusions

This study proposed an integrated model of resilience indicators, in which FDM
was applied for resilience indicator selection; ISM was used to establish the hierar-
chical structure of community resilience to urban floods. This approach on com-
munity resilience assessment can be applied to a group decision-making method in
flooding management and can also be employed to identify the interdependence
relationships among community resilience indicators. Some major conclusions can
be drawn as follows:

1.The definitions of resilience and vulnerability were demonstrated, and the
community resilience to flooding disaster was defined.

2.The influencing factors of community resilience of flood disaster are
summarized into six dimensions in this study, namely, environmental factors,
social factors, economic factors, psychological factors, institutional factors,
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and information and communication factors. And the index database to
evaluate community resilience of flood disaster was constructed, which covers
26 level-2 indexes and 56 level-3 indexes.

3.The integrated model of FDM and ISM can be used to analyze the relations
among various indicators that affect the community resilience to flash
flooding. A four-level evaluation network was constructed by ISM. The
indexes of a6, a7, a9, a12, and a14 demonstrated a substantial causality degree,
which was identified as the direct cause, and were classified in the upper layers
of the hierarchical structure. The second and third levels were indirect
influence levels, and a1, a2, and a10 in the fourth level were identified as the
root causes.
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Chapter 8

Research on Power Grid Resilience 
and Power Supply Restoration 
during Disasters-A Review
Jingyi Xia, Fuguo Xu and Guangwei Huang

Abstract

Electric power system plays an indispensable role in modern society, which 
supplies the energy to residential, commercial, and industrial consumers. 
However, the high-impact and low-probability natural disasters (i.e., windstorm, 
typhoon, and flood) come more frequent because of the climate change in the 
recent years, which may sequentially cause devastating damages to the infrastruc-
ture of power systems. The aim of this paper is mainly to explore and review the 
resilience of power grid system during the disaster and the power supply manage-
ment strategies to recover the power grid. Firstly, the category of natural disasters 
and different influences on power grid are discussed. Then, the definition of 
power grid resilience is explored and the supply management strategies copy-
ing with disasters are introduced, such as microgrids and distributed generation 
systems. Specially, the electric vehicles (EVs) equipped with large-capacity battery 
pack in the transportation network can also be considered as the distributed power 
sources with mobility. Thus, the conceptual frameworks of integrating large-
scale EVs into the power grid to fasten restoration of the power systems in the 
pre-disaster/post-disaster are emphatically investigated in this paper. Finally, the 
opportunities and challenges in further research on employing EVs for emergency 
power supply in the extreme weather events are also discussed.

Keywords: power grid system, natural disasters, power grid resilience,  
electric vehicles (EVs), power system restoration

1. Introduction

Due to the climate change, the high-impact low-probability extreme weather 
events, such as hurricane, flood and ice storm, become more frequent and drastic in 
recent years, which lead to an enormous and irreversible damage to the people’s daily 
life and the economy activity. One non-negligible damage caused by the natural 
disasters is the widespread power system outage since electric power provides the 
foundational support for all industry, from the manufacture production to the life-
line energy warranty. Thus, the outage avoidance and fast recovery from the outage 
are the key factors for the power systems.

The ability of the power systems to cope with the natural disasters is usually seen 
as the power grid resilience. Since the uncertain characteristics of a disaster and the 
complexity of the power systems, the resilience enhancement measures should be 
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taken into account. Targeting the emission reduction of the transformation system 
on the road network, the electric vehicles (EVs), including battery electric vehicle, 
hybrid electric vehicle and plug-in electric vehicle, are gaining the worldwide atten-
tion increasingly. There is a revolutionary opportunity in improving resilience of 
power systems during the disaster provided by the EVs, due to the abilities of high 
electric capacity, mobility, and bidirectional charging of EVs.

Thus, this paper mainly makes a comprehensive review of the impacts of natural 
disasters to the power systems, the resilience improvement strategies, especially 
with consideration of the high increasing penetration of EVs. The remainder of 
this paper is organized as follows: In Section 2, the introduction of the high-impact 
low-probability natural disasters and the different impacts to power systems of 
corresponding natural disasters are given. Then, the definition of resilience and 
enhancement strategies for power grid, including hardening measures and opera-
tion actions are explored in Section 3. Section 4 shows the electric vehicles with 
characteristics of mobility and bidirectional charging and the utilization methods 
to improve power grid resilience performance in pre-disaster and post-disaster. 
Finally, the conclusion of this paper and challenge for future work are given in 
Section 5.

2. The vulnerability of power system to natural disasters

As the most basic and principal energy sources in the modern society, electric 
power plays an important role in promoting the development of social economic 
and improving the quality of people’s life. A possible power outage can not only 
affect people’s daily life and cause immeasurable losses of social economic, but 
also may lead to the breakdown of critical infrastructures, such as communication 
networks, police stations and hospitals, which provide essential services for the 
disaster relief.

Natural disasters can cause devastating damage to the modern society’s infra-
structures especially to the electric power system, with their main characteristics of 
unpredictable, large-scale and inevitable. Although the double circuit configuration 
for important circuits, automation equipment of distribution network, and a series 
of protection systems were adopted to improve the reliability of modern electric 
power system, the power system is still vulnerable to natural disasters. In recent 
decades, there were a number of large-scale power outages around the world due to 
the damage of the power system infrastructure caused by the high-impact low-
probability natural disasters including hurricane, earthquake, tsunami and floods.

There has been numerous research on the analysis of damage to power system 
components or other infrastructures which are interdependent with power grids 
(e.g., transportation, telecommunications), due to natural disasters. It can be 
confirmed that the vulnerability of power system components to different types of 
natural disasters is not identical. Thus, the discussion of specific examples about the 
characteristics of damage to power system components caused by different types of 
natural disasters will be conducted below.

Compared with other natural disasters, substation equipment, which located in a 
low-lying area is more vulnerable to flood damage. Abi-Sarma and Henry [1] studied 
the impact of the flood on power substations, which occurred in the Mississippi 
River basin of the Midwestern US in the summer of 1993 and caused about 10–15 
billion of dollars of property damage. Of Union Electric’s (UE, now known as 
AmerenUE) 1300 stations, there were 19 substations affected by rushing waters and 
several suffered severely damage. Figure 1 shows the flooded substations during 
the 1993 flood at UE. They indicated that the flooded substations were affected 
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very differently from those affected by other natural disasters, due to some electric 
equipment especially power circuit breakers and low-voltage control cabinets were 
easily affected by even tiny amounts of water and mud, which rendered it unable to 
function normally. In addition, restoring flooded substations required longer time 
and considerable manpower than restoring a downed power line damaged by ice 
or wind.

The impact of hurricane on power system is mainly reflected in the damage to 
transmission/distribution system and telecommunications. On August 29, 2005, 
Hurricane Katrina struck the United States Gulf Coast, generating an intense storm 
surge. Reed et al. [2] focused on the resilience of the electric power delivery systems 
after the Hurricane Katrina and investigated the correlations between power outage 
data and weather parameters such as wind speed, rainfall and storm surges. They 
counted that over 20,000 utility poles, 4000 transformer and 1300 transmis-
sion structures were destroyed directly by storm surge in the states of Alabama, 
Louisiana and Mississippi. Figure 2 shows the damage to grid by Hurricane Katrina 
near Pt. A La Hache, LA. Kwasinski et al. [3] studied the impact of Hurricane 
Katrina on the telecommunications power infrastructure including damage in 

Figure 1. 
Flooded substations during the 1993 flood at UE.

Figure 2. 
Damage to the electric distribution grid near Pt. A La Hache, LA.
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affect people’s daily life and cause immeasurable losses of social economic, but 
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There has been numerous research on the analysis of damage to power system 
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confirmed that the vulnerability of power system components to different types of 
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Compared with other natural disasters, substation equipment, which located in a 
low-lying area is more vulnerable to flood damage. Abi-Sarma and Henry [1] studied 
the impact of the flood on power substations, which occurred in the Mississippi 
River basin of the Midwestern US in the summer of 1993 and caused about 10–15 
billion of dollars of property damage. Of Union Electric’s (UE, now known as 
AmerenUE) 1300 stations, there were 19 substations affected by rushing waters and 
several suffered severely damage. Figure 1 shows the flooded substations during 
the 1993 flood at UE. They indicated that the flooded substations were affected 
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very differently from those affected by other natural disasters, due to some electric 
equipment especially power circuit breakers and low-voltage control cabinets were 
easily affected by even tiny amounts of water and mud, which rendered it unable to 
function normally. In addition, restoring flooded substations required longer time 
and considerable manpower than restoring a downed power line damaged by ice 
or wind.

The impact of hurricane on power system is mainly reflected in the damage to 
transmission/distribution system and telecommunications. On August 29, 2005, 
Hurricane Katrina struck the United States Gulf Coast, generating an intense storm 
surge. Reed et al. [2] focused on the resilience of the electric power delivery systems 
after the Hurricane Katrina and investigated the correlations between power outage 
data and weather parameters such as wind speed, rainfall and storm surges. They 
counted that over 20,000 utility poles, 4000 transformer and 1300 transmis-
sion structures were destroyed directly by storm surge in the states of Alabama, 
Louisiana and Mississippi. Figure 2 shows the damage to grid by Hurricane Katrina 
near Pt. A La Hache, LA. Kwasinski et al. [3] studied the impact of Hurricane 
Katrina on the telecommunications power infrastructure including damage in 

Figure 1. 
Flooded substations during the 1993 flood at UE.

Figure 2. 
Damage to the electric distribution grid near Pt. A La Hache, LA.
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wire-line and wireless networks. Their analysis showed that widespread telecom-
munications outages were mainly due to power shortages caused by fuel delivery 
disruptions, flooding and security issues. In addition, the damage to the electric 
grid was also extensive and severe, especially in the areas affected by the storm 
surge. The breakdown of above infrastructure has directly hampered the operations 
of disaster relief, and prevented people living in the hardest hit areas from appeal-
ing for assistance.

As a special meteorological disaster, ice storm has greatly affected the safe 
operation of many overhead lines worldwide. Zhang et al. [4] reviewed the proce-
dure of the severe ice storm which took place in southern China in 2008, studied the 
process of the power gird hit by ice storm and the power restoration, and also sum-
marized emergency strategies and the lesson from this natural disaster. They found 
that significant ice accumulated on overhead power lines and transmission towers, 
which led to broken power lines and collapsed towers. Xie and Zhu [5] provided 
detailed data about the impact of ice storms on Chinese power system. According to 
the State Grid Corporation of China, there were at least 36,740 transmission lines, 
5420 transmission towers, and 2018 transformers damaged, and at least 1841 towers 
needed to be repaired. Figure 3 shows the transmission tower collapse caused by ice 
accumulation in 2008.

Furthermore, the damage to modern power systems by earthquake has histori-
cally been enormous. Fujisaki et al. [6] discussed the observations of earthquake 
aftermath in Japan, New Zealand, US, Chile, China, and Haiti, and focused on 
high-voltage electric substation equipment and transmission lines in US, China, 
and Haiti. They indicated that the main reasons for the disruption of the power grid 
were the collapse of the transmission tower, the damage of transformers, circuit 
breakers and other high voltage equipment, and the local damage of broken poles 
and broken-down village transformers. And buried electric transmission and dis-
tribution cables may be vulnerable to liquefaction induced ground displacement in 
a number of earthquakes. Unquestionably, the damage of earthquake on the power 
system infrastructures was extensive and severe, and the damage to the telecom-
munication network was also devastating. During the Wenchuan Earthquake in 
2008, cellular service was disrupted for more than 60 days in some parts of the 
earthquake-affected region [7]. Figure 4 shows the damage to equipment in the 
Ertaishan switchyard after Wenchuan Earthquake. In the Tohoku Earthquake in 
2011, due to earthquake and massive tsunami, 18 telecom buildings were totally 

Figure 3. 
Transmission tower collapse caused by ice accumulation.
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collapsed, 23 telecom buildings were submerged, 65,000 telecom poles were washed 
over or damaged and 90 relay transmission routes were cut-off [8].

Over the last two decades, under the influence of climate change, many 
countries and regions have abnormal weather conditions, with extreme weather 
events more frequent and harmful. And extreme weather events may increase 
the possibility that modern electric power systems are disrupted terrifically. For 
example, Typhoon No. 15 landed near Chiba, Japan on September 9, 2019, and led 
to a power outage in about 935,000 households in the Kanto region. It was reported 
from Tokyo Electric Power Company (TEPCO) that the large-scale power outage 
was caused by the blown down of two transmission towers in Kimitsu City, and 
the damage of about 2000 electric poles in various places. Table 1 shows the major 
power outages caused by extreme weather events around the world from 2010 
to 2019.

Therefore, it is essential for the power system to recover rapidly from the dam-
age caused by the high-impact low-probability natural disasters including extreme 
weather events, due to continuous power supply being a prerequisite for the 

Date Extreme weather event Number of customers 
without power

Location

March 2010 Rainstorm >10,0000 West Australia

March 2011 Tohoku Earthquake, 
Tsunami

8900,000 households East Japan

October 2012 Hurricane Sandy 8100,000 United states

March 2013 Heavy snow 200,000 Northern Ireland

December 2013 Ice Storm ~300,000 Canada

July 2014 Typhoon Rammasun 13,000,000 Philippine

November 2015 Windstorm 700,00 Canada

September 2016 The Blyth Tornado 1700,000 South Australia

July 2018 Rainstorm >180,000 households West Japan

September 2019 Typhoon No.15 935,000 households East Japan

Table 1. 
Major power outages worldwide (2010–2019).

Figure 4. 
Damage to equipment in the Ertaishan switchyard.
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to a power outage in about 935,000 households in the Kanto region. It was reported 
from Tokyo Electric Power Company (TEPCO) that the large-scale power outage 
was caused by the blown down of two transmission towers in Kimitsu City, and 
the damage of about 2000 electric poles in various places. Table 1 shows the major 
power outages caused by extreme weather events around the world from 2010 
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Therefore, it is essential for the power system to recover rapidly from the dam-
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operation of other social infrastructures. Based on this background, the concepts of 
resilience and resilient power grids were proposed, and the research and construc-
tion of the resilient power system has gradually become a national strategy for the 
governments of various countries to focus on.

3. Power grid resilience

3.1 The definition of power grid resilience

The definition of resilience was presented by the National Infrastructure 
Advisory Council (NIAC) in 2010, which offered a broader definition for infra-
structure resilience that the ability to mitigate the magnitude and/or duration of 
low-frequency high-effect events. The effectiveness of a resilient infrastructure 
depends upon its ability to anticipate, absorb, adapt to, and/or rapidly recover from 
a potentially disruptive event [9]. The Multidisciplinary Center for Earthquake 
Engineering Research (MCEER) presented a conceptual framework to define 
resilience, which can be useful to determine the resiliency of different systems in 
future research, with four main features: robustness, redundancy, resourcefulness, 
and rapidity [10].

The NIAC resilience definition was acknowledged by the North American 
Electric Reliability Corporation to be used in power systems [11]. Therefore, 
combining the definition mentioned above, a resilient grid can be described as a 
grid with four basic properties of resilience, which is the anticipation, absorption, 
recovery and adaptability after the destructive events [12]. Anticipation is the abil-
ity to avoid any potential damage due to natural disasters; absorption is the power 
grid’s ability to minimize the damage caused by natural disasters; recovery refers to 
the ability of power grid to rebuild functions damaged by natural disasters; adapt-
ability is the process by which a system learns from the past events, to improve its 
capabilities, and to prepare for the next event [12].

3.2 Resilience enhancement strategies for power grid

In this subsection, the hardening measure and operational actions for resilience 
enhancement will be reviewed.

3.2.1 Hardening measures

Vegetation management.
During a storm or strong wind event, trees touching or damaging transmission/

distribution lines and poles are the most common cause of many power outages. 
Most and Weissman [13] proposed a range of solutions for vegetation management, 
including pruning/trimming trees around the transmission and distribution lines and 
replacing potentially problematic trees with species more appropriate for the loca-
tion. They suggested revising municipal tree ordinances to define tall-growing trees 
planted under powerlines as “nuisance trees”. In addition, Zahodiakin [14] recom-
mended the utilization of Geographic Information System (GIS), sonic scanning and 
LIDAR (Light Imaging, Detection, and Ranging), to record pole locations, remove 
targeted trees, determine which trees are most likely to collapse in a storm, and mea-
sure the height of tree canopies to assess risks of trees falling into power line corridors.

Selective undergrounding.
The strategy of moving transmission and distribution lines underground 

can effectively reduce the vulnerability to damage of vegetation, wind, animals, 
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lightning, vandalism, and other natural disasters. However, the extensive use of 
this measures has been limited by the costs, because it is three times higher for 
underground systems than that for overhead systems. For instance, in urban areas, 
underground lines cost an average of $559,293 per line mile, while overhead lines 
cost an average of $196,628 per line mile [15]. Moreover, the complexity of these 
underground systems and the difficulty of directly observing damaged lines may 
increase their restoration time. Therefore, after appropriate risk and cost/benefit 
analysis, targeted or selective undergrounding of overhead lines may be more 
feasible than a total conversion, which provides benefits for both damage reduction 
and costs [16].

Upgrade infrastructure of power system.
Upgrading power grid components with stronger materials aims to increase 

the resilience of power grid in the high-impact low-probability natural disasters. 
Xu et al. [17] proposed a straightforward way that reinforcing utility poles and 
overhead distribution lines with stronger materials to improve the ability of distri-
bution systems to ride through high-intensity winds, heavy ice storms and other 
extreme weather events. They also emphasized the importance of identifying and 
reinforcing vulnerable components for power sources to access critical loads during 
extreme events. Furthermore, for new distribution systems, using stronger poles 
for the entire system could reduce life-cycle costs in all cases. Relatively, for older 
systems, targeted hardening is more economical and effective than hardening the 
entire system [18].

Elevated substation and water barrier.
As mentioned earlier, the substation located in a low-lying area is more vulner-

able to floods caused by natural disasters. Thus, elevating the substation above the 
flood levels could help provide protection against flood damage and maintain the 
normal substation operation. Boggess et al. [19] proposed to modularize substation 
equipment and install it on elevated foundation plates, platforms or stilts to help 
mitigate flood damage and avoid external impacts such as weather, contamination 
and wildlife. They indicated that elevating transmission substations with indoor 
GIS (gas-insulated switchgear) has proven to be an excellent solution to improve 
reliability and security of power grid, as well as life-cycle costs, especially in coastal 
areas. In addition, it is possible to install a permanent barrier at the side or sides of 
the substation most vulnerable to flooding, for existing substations [1].

Relocating facilities and rerouting transmission lines.
Relocating facilities, or rerouting transmission and distribution lines to low 

hazard areas also a practicable ways to reduce the negative impact of floods, storms 
and other extreme weather events on power systems. Considering the cost of relo-
cating facilities and rerouting lines, a long-term cost–benefit analysis is necessary to 
determine the convenience of substation relocation or lines rerouting [16].

3.2.2 Operational actions

Emergency mobile substation
As reported by [1, 20], providing portable and mobile generators or substations 

to power supply in disaster-affected areas is one of the traditional emergency strate-
gies of power supply. Mobile substation, composed of power transformer, switch-
gear and temporary control panel, has the advantages of convenient transportation, 
perfect equipment and reliable operation. The use of this equipment can quickly 
replace the damaged substation to maintain power supply in emergency situations 
such as natural disasters and sudden equipment accidents, especially for remote 
but critical loads. And the operation of mobile substation in high load season can 
overcome the shortage of power supply capacity in some areas. Meanwhile, mobile 
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lightning, vandalism, and other natural disasters. However, the extensive use of 
this measures has been limited by the costs, because it is three times higher for 
underground systems than that for overhead systems. For instance, in urban areas, 
underground lines cost an average of $559,293 per line mile, while overhead lines 
cost an average of $196,628 per line mile [15]. Moreover, the complexity of these 
underground systems and the difficulty of directly observing damaged lines may 
increase their restoration time. Therefore, after appropriate risk and cost/benefit 
analysis, targeted or selective undergrounding of overhead lines may be more 
feasible than a total conversion, which provides benefits for both damage reduction 
and costs [16].

Upgrade infrastructure of power system.
Upgrading power grid components with stronger materials aims to increase 

the resilience of power grid in the high-impact low-probability natural disasters. 
Xu et al. [17] proposed a straightforward way that reinforcing utility poles and 
overhead distribution lines with stronger materials to improve the ability of distri-
bution systems to ride through high-intensity winds, heavy ice storms and other 
extreme weather events. They also emphasized the importance of identifying and 
reinforcing vulnerable components for power sources to access critical loads during 
extreme events. Furthermore, for new distribution systems, using stronger poles 
for the entire system could reduce life-cycle costs in all cases. Relatively, for older 
systems, targeted hardening is more economical and effective than hardening the 
entire system [18].

Elevated substation and water barrier.
As mentioned earlier, the substation located in a low-lying area is more vulner-

able to floods caused by natural disasters. Thus, elevating the substation above the 
flood levels could help provide protection against flood damage and maintain the 
normal substation operation. Boggess et al. [19] proposed to modularize substation 
equipment and install it on elevated foundation plates, platforms or stilts to help 
mitigate flood damage and avoid external impacts such as weather, contamination 
and wildlife. They indicated that elevating transmission substations with indoor 
GIS (gas-insulated switchgear) has proven to be an excellent solution to improve 
reliability and security of power grid, as well as life-cycle costs, especially in coastal 
areas. In addition, it is possible to install a permanent barrier at the side or sides of 
the substation most vulnerable to flooding, for existing substations [1].

Relocating facilities and rerouting transmission lines.
Relocating facilities, or rerouting transmission and distribution lines to low 

hazard areas also a practicable ways to reduce the negative impact of floods, storms 
and other extreme weather events on power systems. Considering the cost of relo-
cating facilities and rerouting lines, a long-term cost–benefit analysis is necessary to 
determine the convenience of substation relocation or lines rerouting [16].

3.2.2 Operational actions

Emergency mobile substation
As reported by [1, 20], providing portable and mobile generators or substations 

to power supply in disaster-affected areas is one of the traditional emergency strate-
gies of power supply. Mobile substation, composed of power transformer, switch-
gear and temporary control panel, has the advantages of convenient transportation, 
perfect equipment and reliable operation. The use of this equipment can quickly 
replace the damaged substation to maintain power supply in emergency situations 
such as natural disasters and sudden equipment accidents, especially for remote 
but critical loads. And the operation of mobile substation in high load season can 
overcome the shortage of power supply capacity in some areas. Meanwhile, mobile 
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substations can be flexibly used in the field, mountain areas, and other suitable 
locations where an extreme weather event is forecasted, due to the ease of moving 
and installing.

Natural-disaster-based grid predicting and monitoring system
Power systems are highly sensitive and demanding to meteorology, which lead 

to the production, construction and operation of power systems are greatly affected 
by meteorological factors. During natural disasters, through gathering the actual 
and real-time information to effectively predict and monitor potential damage to 
power grid components by disaster, is an important measure to minimize damage 
and improve power grid resilience. In [21], a machine learning based prediction 
method, using historical data of extreme weather events and damages of the grid, 
were proposed to determine the potential outage of power grid components in 
response to an imminent hurricane. Such machine learning-based algorithms can 
be applied to several power grid related problems such as security assessment, risk 
analysis, distributed fault identification and power outage duration prediction 
[22–25]. Furthermore, considering the condition of possibly damaged communica-
tion channels by natural disaster, a proposal of using unmanned aerial vehicles 
(UAV) to support Airborne Damage Assessment Module (ADAM) was presented 
in [26]. By using this method, on the one hand, it is possible to survey the disaster 
area to retrieve real-time data about the power poles and lines, and to determine the 
shortest possible route for the dispatch of repair personnel based on the informa-
tion provided. On the other hand, the drones can reach areas that are inaccessible to 
other vehicles, especially when roads are blocked.

Spare part and repair crew management
During natural disaster, the availability of spare parts is critical to reducing the 

recovery time of power systems, due to requiring a lot of spare parts for the urgent 
repair of power grid [27]. However, the power system is complex, including power 
generation, transmission and distribution systems. When preparing spare parts, 
many factors have to be considered. Hence, it is suggested that decision-making and 
priority-confirming are determined by analyzing the components failure rates, con-
sequences, investment cost, and the operation and installment difficulty level [28].

As the crucial response resources for power outage management against natural 
disasters, repair crews are expected to repair the damaged power components in an 
optimal order [29]. In [30], a co-optimization model for the repair and restoration 
of transmission systems was developed to coordinate generators and repair crews 
to maximize the picked-up loads after damages. The first step in this model was 
to locate optimal placement of the central station, which aims to locate the spare 
parts and repair crews, and to determine the optimal path for each crew to traverse 
to repair damaged components. Analogously, Lei et al. [31] proposed a co-optimi-
zation method for disaster recovery logistics, with adopting the dispatch of repair 
crews and mobile power sources, and operation of distribution system for electric 
service restoration.

Distributed Energy Systems and Microgrids
Facing with the hurricane and earthquake, the transmission lines and trans-

mission towers may be destroyed, which can cause huge power outage to the 
customers. To deal with this problem, the microgrids connected with distributed 
energy resources, including the wind turbines, photovoltaic panels, fuel genera-
tors and electric vehicles, are becoming increasingly popular. This combination is 
located closer to the customers and delivers the power to them through a few or 
zero transmission lines. Moreover, when there is a failure of the transmission lines, 
an island gird can still be generated at a low-voltage level from the microgrid with 
distributed energy resources to supply electric power so that the power grid resil-
ience can be enhanced. There are two aspects should be considered for microgrids 
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with distributed energy resources in the resilience improvement. On the one hand, 
the locations and power capacities of the distributed energy resources need to be 
optimized to achieve the minimization of the investment cost, operation cost and 
the risk level of unacceptable reliability [31, 32]. On the other hand, the real-time 
power flow of the microgrid/island grid after the disaster should be optimized to 
minimize the energy consumption on the grid line and the voltage fluctuation [33].

4. Electric vehicle

In this section, the characteristics of electric vehicle will be introduced firstly; 
then the review of electric vehicles to grid for the resilience of power grid during 
disaster will be conducted.

4.1 Electric vehicle characteristics

In recent years, the renewable energy vehicles have been gaining increasingly 
attention in the fields of the public, the industry and the government due to its 
advantage in the independence on fossil energy and emission reduction for estab-
lishing an environment-friendly society. In this chapter the electric vehicle powered 
by the battery is mainly represented for the renewable energy vehicle. Generally, 
EVs include pure battery electric vehicles (BEVs), hybrid electric vehicle (HEV) and 
the plug-in hybrid electric vehicles (PHEVs). Since the first HEV was launched into 
the market in 1997, the sales of EVs increase year by year. Figure 5 shows the projec-
tions of EVs sales in US from 2020 to 2050 and it is clear that the battery powered 
vehicles will become more popular in the automotive market, especially the long-
range pure electric vehicles with large-capacity battery.

Both BEVs and PHEVs are equipped with the devices to charge electric energy 
from the grid and discharge the energy back to grid with a bi-directional char-
ger. And there is an internal combustion engine, which can be forced to work in 
high-efficiency and green-emission zone because of the addition electric motor to 
propel the (P)HEV. Compared to the conventional HEVs, there is a larger-capacity 
battery package in PHEVs so as to store more electric energy for propelling vehicle 
during the daily trip. The main physical structures of powertrain of (P)HEV can 
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disaster will be conducted.

4.1 Electric vehicle characteristics

In recent years, the renewable energy vehicles have been gaining increasingly 
attention in the fields of the public, the industry and the government due to its 
advantage in the independence on fossil energy and emission reduction for estab-
lishing an environment-friendly society. In this chapter the electric vehicle powered 
by the battery is mainly represented for the renewable energy vehicle. Generally, 
EVs include pure battery electric vehicles (BEVs), hybrid electric vehicle (HEV) and 
the plug-in hybrid electric vehicles (PHEVs). Since the first HEV was launched into 
the market in 1997, the sales of EVs increase year by year. Figure 5 shows the projec-
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ger. And there is an internal combustion engine, which can be forced to work in 
high-efficiency and green-emission zone because of the addition electric motor to 
propel the (P)HEV. Compared to the conventional HEVs, there is a larger-capacity 
battery package in PHEVs so as to store more electric energy for propelling vehicle 
during the daily trip. The main physical structures of powertrain of (P)HEV can 
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be classified into parallel, series and power split, as shown in Configuration A, 
Configuration B and Configuration C of Figure 6, respectively. The mechanical 
powers from engine and motor by using electricity from battery can propel the 
vehicle separately since there are two power flows. However, it not possible to use 
engine to propel motor in regeneration mode without vehicle running since the 
motor and tires are connected through a gear. In the series structure, there is a 
generator connecting the engine mechanically and connecting the battery electri-
cally so that the engine can only be used to generate electricity in high efficiency 
zone. The vehicle is only driven by the motor using power from generator or battery. 
The third popular powertrain structure is power split, where a planetary gear is 
equipped to connect the engine, generator and motor through sun gear, ring gear 
and planet gear, respectively. Like the series structure, the motor is also connected 
to the tire through a gear. The engine torque can always be in the high-efficiency 
zone during propelling vehicle mechanically through using the generator to force 
the engine speed. As the engine and tire (motor) decoupled mechanically in series 
and power-split structures, it is possible to use engine for electricity generation.

Table 2 lists parameters comparison of the main passenger electric vehicles in the 
automotive market. Since there is a fuel tank in the vehicle, the running distance of 
PHEVs are much higher than the BEVs, except for the Tesla with supper large battery 
package. The reason is that the energy density in the battery is also an open problem 
for BEVs, which leads it not suitable for long distance trip. On the other hand, the 
temperature management of battery in winter and summer should be taken into 
consideration since the temperature can influence the battery performance deeply. 
Even though with disadvantage in above aspects, the BEV is still the most promising 
vehicle in the future market because of its zero-emission performance.

4.2 Electric vehicle to grid in disaster

With increasing BEVs on the road, the issue of BEVs charging needs to be 
considered since it may influence the power grid, such as the voltage stability and 
frequency on the nodes, which play virtual role to industrial manufactory users. 
Moreover, the peak cut and valley filling of power grid can be achieved by the large-
scales BEVs due to its advantage of the large battery storage capacity and the bidi-
rectional charging flexibility. An illustrative conceptual resilience framework of the 

Figure 6. 
Physical structures of powertrain of (P)HEV [35].
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power grid associated with a disaster is shown in Figure 7, where the horizontal axis 
and vertical axis denote the time and system performance, respectively. Six states 
are divided in this figure, which are the resilient, event, post-event, restoration, 
post-restoration, and recovery. In this article, resilient is called as the pre-disaster 
period, and post-event, restoration and post-restoration are together named as the 
post-disaster period. The recovery state is only dependent on the power grid system 
characteristics. In this part, the beneficial of EVs as mobility of power resource to 
the power gird when facing the extreme events in pre-disaster and post-disaster 
times, especially to the distribution grid are discussed.

4.2.1 Pre-disaster strategies

The power grid recovery after a huge disaster is dependent on the quality and 
quantity of the resource that can be used at the beginning of recovery. However, dur-
ing and post disaster, the road network may be destroyed so that it is of importance 
to allocate the resource for recovery in advance, such as oil of diesel generators and 
the batteries. With consideration of power grid device failure, the probability of it 
can be estimated through the analysis of weather records and the historical data by 
using the data-based learning approaches, such as linear regression, Bayesian learn-
ing and Monte Carlo simulation. EV, as a part of the mobility of the power sources, 
has been widely explored for the power system resilience under the natural disasters.

Considering the uncertain of the fault locations, a stochastic mixed integer non-
linear program -based resource allocation problem is formulated to maximize the 
benefit obtained by difference between serving critical load in restoration and the 
total allocation cost. Meanwhile, the transportation cost is also calculated through 
the distance and the amount of the resources [36]. With consideration of the battery 
degradation cost and the estimation of fault locations, a two-stage stochastic mixed 
integer second order conic program with binary recourse decisions are developed to 
optimize the investments in the first stage and re-route the installed mobile energy 
resource in the second stage. The optimal solutions are derived by the progressive 
hedging algorithm [37]. On the other hand, a two-stage optimization problem is 
formulated, where a proactive pro-positioning of mobility power system strategy is 
developed to enhance the survivability before the disaster, and a dynamic dispatch 
of mobility power system strategy is developed to coordinate with restoration and 
infrastructure recovery effort. It is noted that the optimal solution is obtained 
through the column and constraint generation algorithm in the first stage [38]. 
Under the inspiration of [38, 39] developed a two-stage restoration strategy to deal 
with the power grid resilience problem under seismic scenario by employing the 

Vehicle Type Tank size 
(Gallons)

Battery capacity 
(kWh)

Distance 
(mile)

Electric distance 
(mile)

Toyota prius 
prime

PHEV 11.3 8.8 640 24

Nissan leaf BEV NA 40/62 149/226 149/226

Tesla model S BEV NA 100 348 348

BMW i3 BEV NA 42.2 153 153

Audi A3 PHEV 10.6 8.8 580 31

Ford fusion 
energy

PHEV 16.5 9 610 26

Table 2. 
Parameters comparison of the main passenger electric vehicles.
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power grid associated with a disaster is shown in Figure 7, where the horizontal axis 
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are divided in this figure, which are the resilient, event, post-event, restoration, 
post-restoration, and recovery. In this article, resilient is called as the pre-disaster 
period, and post-event, restoration and post-restoration are together named as the 
post-disaster period. The recovery state is only dependent on the power grid system 
characteristics. In this part, the beneficial of EVs as mobility of power resource to 
the power gird when facing the extreme events in pre-disaster and post-disaster 
times, especially to the distribution grid are discussed.

4.2.1 Pre-disaster strategies

The power grid recovery after a huge disaster is dependent on the quality and 
quantity of the resource that can be used at the beginning of recovery. However, dur-
ing and post disaster, the road network may be destroyed so that it is of importance 
to allocate the resource for recovery in advance, such as oil of diesel generators and 
the batteries. With consideration of power grid device failure, the probability of it 
can be estimated through the analysis of weather records and the historical data by 
using the data-based learning approaches, such as linear regression, Bayesian learn-
ing and Monte Carlo simulation. EV, as a part of the mobility of the power sources, 
has been widely explored for the power system resilience under the natural disasters.

Considering the uncertain of the fault locations, a stochastic mixed integer non-
linear program -based resource allocation problem is formulated to maximize the 
benefit obtained by difference between serving critical load in restoration and the 
total allocation cost. Meanwhile, the transportation cost is also calculated through 
the distance and the amount of the resources [36]. With consideration of the battery 
degradation cost and the estimation of fault locations, a two-stage stochastic mixed 
integer second order conic program with binary recourse decisions are developed to 
optimize the investments in the first stage and re-route the installed mobile energy 
resource in the second stage. The optimal solutions are derived by the progressive 
hedging algorithm [37]. On the other hand, a two-stage optimization problem is 
formulated, where a proactive pro-positioning of mobility power system strategy is 
developed to enhance the survivability before the disaster, and a dynamic dispatch 
of mobility power system strategy is developed to coordinate with restoration and 
infrastructure recovery effort. It is noted that the optimal solution is obtained 
through the column and constraint generation algorithm in the first stage [38]. 
Under the inspiration of [38, 39] developed a two-stage restoration strategy to deal 
with the power grid resilience problem under seismic scenario by employing the 
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mobility of power sources. In the first stage, uncertainty of the seismic scenario is 
simulated through the Monte Carlo simulation. A mixed integer nonlinear program 
optimization problem is formulated in the second stage for routing and scheduling 
the mobility of power sources. Furthermore, for the purpose of co-optimization of 
power resource dispatch with mobility and repair crew to achieve the minimization 
of restoration time, a non-convex mixed integer nonlinear program optimization 
problem is formulated. The simulation validations under IEEE 33 node show the 
effectiveness of the proposed strategy [39].

4.2.2 Post-disaster strategies

When a disaster event happens, the blackout in the urban city can cause sig-
nificant damage to the citizens and critical infrastructures. For example, unused 
of traffic signals leads to traffic accidents for vehicles and pedestrians and traffic 
disturbance. The aggressive BEVs on the road also mean large-scales second-hand 
battery packs that are not performance enough for BEVs, but they can be used as 
the distributed energy infrastructure after the disaster even happens. It is estimated 
that the end-of-life batteries in Berlin, Germany by 2040 can provide power for 
emergency traffic signals in the intersections for more than 380 hours, which is time 
enough for the repair crew to repair the electric power system [40]. On the other 
hand, the earthquake happened in Fukushima Japan in 2011 damaged the nuclear 
power plant and only the ships in the sea were survived from the tsunami. In this 
case, [41] proposed an emergency power supply strategy by using EVs to transform 
the electricity from ships to the land for hospitals and shelters.

Due to the storage capacity and charging flexibility of EVs, they can be used as 
grid supporting for the microgrid restoration and simulation results show that the 
active integration of the EV into the microgrid can make a contribution in reducing 
MG frequency deviations and reducing the unwanted negative and zero sequence 
voltage components [42]. Further, by utilizing the battery technologies connected 
to the gird, during the restoration period, [43] proposed a feedback optimal fre-
quency controller with the frequency deviation and SOC deviation as state variables 
and individual battery charging/discharging power as control input. After the 
natural disaster, the transmission grid may be destroyed and the power from major 
grid cannot be transmitted to the distribution grid. Only the remnant equipment of 
battery and photovoltaic and the EVs are available for power generation. Since the 
resistance of the distribution line is larger, the power loss in the gird should be taken 
into account. In [33], an optimization problem of minimizing the distribution grid 

Figure 7. 
Conceptual resilience framework of power grid associated with a disaster [16].
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loss by determining the discharging power nodes from EVs is proposed and both the 
active power and reactive of the EVs on the nodes are employed.

There are also some strategies focusing on the vehicle to home (V2H) for the 
resilience improvement of residential customers by providing power from EVs 
after the disaster. Specially, some PHEV powertrain structures, such as series and 
power-split, the gasoline engine can be applied for generation of electric power and 
transform it back for home’s electric appliances. [44] developed a power system 
management scheme for emergency scenario to energize the small microgrid 
(V2G) together with other generators, such as wind turbine and solar panels, or the 
individual house (V2H) by employing the mobility and energy capacity of PHEVs. 
Moreover, the PHEV structure, where the fossil energy that is available to converted 
into electricity, is discussed. In [45], the simulation results of different type of EVs 
under the different cases of summer and winter show that the PHEV, especially 
with larger tank size, is the better choice than BEV in term of the long-time electric 
power supply for the house electric appliances and it is suitable as an emergency 
power supply to be popularized. For example, even without the pre-preparation 
before the disaster, the Prius with half gasoline and half battery can also provide 
power for more than 2 days in the emergency scenario. [46] described the problem 
that maximizes the time duration of V2H supporting residential load in an islanded 
mode after the disaster as a mixed integer quadratically constrained programming 
problem, which is solved through the numerical solver. Meanwhile the proposed 
algorithm is extended to the multi-homes and multi-PHEVs as a microgrid.

5. Conclusions and future work

In this paper, the state-of-the-art of the high-impact low-probability natural disas-
ters influence on the electric power system is reviewed from the scientifical and tech-
nical perspectives. By the analysis of the impacts of different natural disasters to the 
power grid, it is concluded that the substation equipment in the low-lying area and the 
transmission lines are susceptibly destroyed by the flood and hurricane, respectively. 
Whereas the destroy caused by the earthquake is all-around, including the power grid 
network, communication network and the road network. Further, the definition of 
the power grid resilience under different natural disasters is explored and the power 
grid resilience enhancement approaches to deal with these disasters are reviewed from 
the hardening measures in advance to the real-time operation actions. Moreover, the 
utilization of the EVs, seen as the mobility energy systems, to improve the power grid 
resilience performance that aims to reduce the restoration time of the power grid after 
the disasters, is investigated in periods of both pre-disaster and post-disaster.

Although, a comprehensive investigation on the power grid resilience has been 
conducted, there still exist some research areas that are not included in this chapter. 
Meanwhile, there are unsolved researches and opportunities in the future, and they 
will be explained in detail in the following parts:

1. Forecasting the natural disasters

Through the review in this paper, there are some data-based machine learn-
ing  algorithms to forecast the probability of a natural disasters, however, it may 
be unsuitable by just employing a black-box model and applying it to a specific 
disaster event without consideration of the physical mechanisms. The principles 
in different kinds of natural disasters should be considered and the prediction 
performance can be improved by the acknowledge combined with the power grid 
and the meteorology.
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resilience improvement of residential customers by providing power from EVs 
after the disaster. Specially, some PHEV powertrain structures, such as series and 
power-split, the gasoline engine can be applied for generation of electric power and 
transform it back for home’s electric appliances. [44] developed a power system 
management scheme for emergency scenario to energize the small microgrid 
(V2G) together with other generators, such as wind turbine and solar panels, or the 
individual house (V2H) by employing the mobility and energy capacity of PHEVs. 
Moreover, the PHEV structure, where the fossil energy that is available to converted 
into electricity, is discussed. In [45], the simulation results of different type of EVs 
under the different cases of summer and winter show that the PHEV, especially 
with larger tank size, is the better choice than BEV in term of the long-time electric 
power supply for the house electric appliances and it is suitable as an emergency 
power supply to be popularized. For example, even without the pre-preparation 
before the disaster, the Prius with half gasoline and half battery can also provide 
power for more than 2 days in the emergency scenario. [46] described the problem 
that maximizes the time duration of V2H supporting residential load in an islanded 
mode after the disaster as a mixed integer quadratically constrained programming 
problem, which is solved through the numerical solver. Meanwhile the proposed 
algorithm is extended to the multi-homes and multi-PHEVs as a microgrid.
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ters influence on the electric power system is reviewed from the scientifical and tech-
nical perspectives. By the analysis of the impacts of different natural disasters to the 
power grid, it is concluded that the substation equipment in the low-lying area and the 
transmission lines are susceptibly destroyed by the flood and hurricane, respectively. 
Whereas the destroy caused by the earthquake is all-around, including the power grid 
network, communication network and the road network. Further, the definition of 
the power grid resilience under different natural disasters is explored and the power 
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the hardening measures in advance to the real-time operation actions. Moreover, the 
utilization of the EVs, seen as the mobility energy systems, to improve the power grid 
resilience performance that aims to reduce the restoration time of the power grid after 
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Although, a comprehensive investigation on the power grid resilience has been 
conducted, there still exist some research areas that are not included in this chapter. 
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2. Transportation network and communication network

Dealing with the power grid restoration, the distributed generators play a 
virtual role in providing the power for the microgrid when the transmission line 
is destroyed. In the current research, only the power grid network performance 
is taken into account for fast restoration; however, the transportation network 
and the communication network that support lifeline sustainment may be also 
destroyed by the disaster, such as the flood and the earthquake. On the one hand, 
the large-scale rescuing and transportation vehicles may cause congestion. On 
the other hand, it is unreachable to allocate the restoration materials reasonably if 
there is not real-time communication in the disaster area.

3. EVs’ proportion increasement

With the fast proportion increasement of EVs on the transportation network, 
the exploration of EVs to improve the resilience performance of power grid 
should be conducted further. Specially, the bidirectional charge property pro-
viding electric power back to the grid can be achieved both at home and at the 
charge station, which should be optimized for different targets and through dif-
ferent strategies. When EVs are treated as the distributed generators, the optimal 
route planning is needed since the power in the battery used for transportation is 
necessary. Moreover, the fuel availability for PHEVs to increase the power supple-
ment for power resilience in island mode should also be considered.

4. Inter-disciplinary techniques

To achieve the best power grid resilience performance facing with the natural 
disasters, it is not enough if only power system technology is employed due to the 
complexity of this issue. The researchers in the communities of statistics, opti-
mization, control, communication, hydraulic, and policy can make contribution 
to this issue. For example, the proposed strategies to deal with the pre-disaster 
mobile power resources allocation with too many constraints may lead to no solu-
tion and the dynamics model should be considered.
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2. Transportation network and communication network

Dealing with the power grid restoration, the distributed generators play a 
virtual role in providing the power for the microgrid when the transmission line 
is destroyed. In the current research, only the power grid network performance 
is taken into account for fast restoration; however, the transportation network 
and the communication network that support lifeline sustainment may be also 
destroyed by the disaster, such as the flood and the earthquake. On the one hand, 
the large-scale rescuing and transportation vehicles may cause congestion. On 
the other hand, it is unreachable to allocate the restoration materials reasonably if 
there is not real-time communication in the disaster area.

3. EVs’ proportion increasement

With the fast proportion increasement of EVs on the transportation network, 
the exploration of EVs to improve the resilience performance of power grid 
should be conducted further. Specially, the bidirectional charge property pro-
viding electric power back to the grid can be achieved both at home and at the 
charge station, which should be optimized for different targets and through dif-
ferent strategies. When EVs are treated as the distributed generators, the optimal 
route planning is needed since the power in the battery used for transportation is 
necessary. Moreover, the fuel availability for PHEVs to increase the power supple-
ment for power resilience in island mode should also be considered.

4. Inter-disciplinary techniques

To achieve the best power grid resilience performance facing with the natural 
disasters, it is not enough if only power system technology is employed due to the 
complexity of this issue. The researchers in the communities of statistics, opti-
mization, control, communication, hydraulic, and policy can make contribution 
to this issue. For example, the proposed strategies to deal with the pre-disaster 
mobile power resources allocation with too many constraints may lead to no solu-
tion and the dynamics model should be considered.
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Chapter 9

Fundamentals of Volunteered 
Geographic Information in 
Disaster Management Related to 
Floods
Stathis G. Arapostathis

Abstract

The main purpose of this chapter is to introduce fundamental knowledge 
regarding the notion of volunteered geographic information (VGI) and its appli-
cations in disaster management (DM) of events related to floods. Initially, the 
meaning of the term is defined along with certain properties and general trends 
that characterize VGI. A brief literature review unfolds the range of activities that 
compose that certain term, along with its applications to flood event management. 
Those applications cover significant aspects of both VGI and DM cycle: from partic-
ipatory activities of volunteers up to pure data analysis, extracted from social media 
and other VGI sources, while, in terms of DM cycle, from mitigation up to response 
and recovery. Finally, a set of four main clusters of open challenges is addressed. 
Those clusters accumulate the vast majority of open topics on this research field.

Keywords: volunteered geographic information, VGI, disaster management, floods, 
flood event management, social networks

1. Introduction

Flood events occur with high frequency globally, due to reasons related to climate 
change, to deforestation, and to problematic urban design of many high-populated 
areas. As a result, the effective disaster management (DM) of flood events, aspiring 
to mitigate the occurrence along with the negative consequences of those incidents, 
has emerged.

The current chapter provides a comprehensive interview of an interdisciplin-
ary research regarding the use of volunteered geographic information (VGI) in 
procedures, methods, and strategies related to DM of flood events.

The next sections introduce the notion of VGI and its applications to DM of 
events related to floods. Various similar terms are mentioned along with a literature 
review which unfolds the range of activities that compose the so-called applica-
tions of VGI to flood event management. Those applications cover significant 
aspects of both VGI and DM components. In specific, the scope of the applications 
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Chapter 9

Fundamentals of Volunteered 
Geographic Information in 
Disaster Management Related to 
Floods
Stathis G. Arapostathis

Abstract

The main purpose of this chapter is to introduce fundamental knowledge 
regarding the notion of volunteered geographic information (VGI) and its appli-
cations in disaster management (DM) of events related to floods. Initially, the 
meaning of the term is defined along with certain properties and general trends 
that characterize VGI. A brief literature review unfolds the range of activities that 
compose that certain term, along with its applications to flood event management. 
Those applications cover significant aspects of both VGI and DM cycle: from partic-
ipatory activities of volunteers up to pure data analysis, extracted from social media 
and other VGI sources, while, in terms of DM cycle, from mitigation up to response 
and recovery. Finally, a set of four main clusters of open challenges is addressed. 
Those clusters accumulate the vast majority of open topics on this research field.

Keywords: volunteered geographic information, VGI, disaster management, floods, 
flood event management, social networks

1. Introduction

Flood events occur with high frequency globally, due to reasons related to climate 
change, to deforestation, and to problematic urban design of many high-populated 
areas. As a result, the effective disaster management (DM) of flood events, aspiring 
to mitigate the occurrence along with the negative consequences of those incidents, 
has emerged.

The current chapter provides a comprehensive interview of an interdisciplin-
ary research regarding the use of volunteered geographic information (VGI) in 
procedures, methods, and strategies related to DM of flood events.

The next sections introduce the notion of VGI and its applications to DM of 
events related to floods. Various similar terms are mentioned along with a literature 
review which unfolds the range of activities that compose the so-called applica-
tions of VGI to flood event management. Those applications cover significant 
aspects of both VGI and DM components. In specific, the scope of the applications 
ranges from participatory activities of volunteers up to pure VGI data analysis, 
generated from social media content and other VGI sources. In terms of DM, those 
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applications contribute significantly to various phases of the DM cycle: from pre-
vention and preparedness up to mitigation, response, and recovery. Furthermore, 
a set of four main clusters of open challenges of the research field is addressed and 
described. The chapter ends with a conclusions section which accumulates the 
essential assumptions of this research topic.

1.1  VGI introduction: definition, scope data sources, properties and 
characteristics, and applications

The term volunteered geographic information was initially defined by Michael 
Goodchild (2007) who used it to describe the act of having citizens, without having 
any related scientific background, produce geographic information. In contrary to 
the conventional flow in research which is from the scientific world to the society 
(top to bottom), the “phenomenon” of VGI followed a reverse path [1]. The enor-
mous rhythm of voluntarily generated data forced the scientific community to 
identify this modern trend initially and to research ways for effective exploitation, 
sequentially, in benefit of a wide range of scientific fields.

Many similar terms have been used in the international scientific literature, 
including collaboratively contributed geographic information (CCGI, [2, 3]), citizen 
observatory [4, 5], neo-geography [6], ubiquitous cartography [7], participatory 
geographic information systems [8], user-generated spatial content [9], crowd-
sourced geographic information [10], citizen science [11–13], citizen sensing [14, 15], 
and human sensor network [16, 17]. All the above terms overlap in their definition 
either partially (i.e., citizen science) or totally (i.e., CCGI), depending on the spatial 
dimension of the generated information.

Initially the VGI term described digital data production activities, as a result of 
the Web 2.0 technologies which evolved user interaction through the World Wide 
Web [18, 19]. However, as the volunteered procedures with spatial context evolved 
through the last decade, and considering the similar terms mentioned previously, 
the scope of VGI, is highly related, among others, to digital activities for community 
self-organizing [20] or other participatory activities that may not contain computer 
interaction at all [21, 22].

The high rhythm of VGI data production in some cases is so enormous that it 
initially led to assumptions regarding a geography without geographers and to 
wikification of GIS, describing thus the transformation of GIS to participatory 
due to VGI data, in a way similar to the articles of the well-known Wikipedia [23]. 
After a few years of research though, VGI concluded to emerge as a valuable tool for 
research instead of a replacer of geography [24].

1.2 VGI data sources

The VGI data sources can be grouped into two main categories: (1) the conven-
tional, pure, structured, or purpose-driven VGI sources and (2) the unstructured, 
unintentionally driven ones.

The first category consists of specialized web spots in which the users are invited 
to report or generate specific information, by following some basic rules or some 
simple procedures. Probably the most popular representative of this category is 
OpenStreetMap (OSM), developed by Steve Coast. OSM counts millions of users who 
contribute to mapping information, while the mapping quality in high-populated 
cities of the world is equivalent to one of the conventional mapping data providers 
[25, 26]. Regarding floods, there is published research for manipulating OSM content 
for the needs of flood event management [27].
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Various other specialized VGI sources, which focus on DM, are based on the 
Ushahidi platform. Ushahidi means testimony in the language of Suachili. It was 
initially developed for mapping violent incidents in Kenya during the countries 
post-electoral events in 2008. Since then, Ushahidi has been evolved in an organiza-
tion which provides web software for crisis situations. The platform has been widely 
used for DM purposes, of natural events [28, 29], while applications exclusively 
regarding flood events are analyzed in the following sections.

The second category of VGI data sources consists of popular web spots through 
which the users generate geo-information unintentionally. Those VGI sources include 
almost all of the popular social networks (Facebook, Twitter, WeChat, YouTube). 
Considering the billions of users of the social media, the volume of produced infor-
mation is tremendous. While numerous researches are based on the exploitation of 
those data. Moreover, as the use of that category of sources, in developing countries, 
is constantly rising [30], a large volume of information regarding floods is available, 
contributing thus to data availability which is characterized as problematic [31]. 
Apart from the latter, the enormous volume of generated information can contribute 
significantly in the emergency response of a flood-disastrous event, as the immediate 
information is vital for an effective rapid response.

1.3 Characteristics and properties of VGI

A significant property of VGI is related to conventional VGI sources and its 
compliance to specifications [23]. It is generally accepted that the volunteers tend 
to ignore strict specification rules as a really disciplined data production could kill 
their interest in generating data [32, 33]. Well-designed user interfaces and pur-
pose-driven approaches for generating data are considered efficient ways in order to 
increase the amount of generated formed information.

Moreover, some of the most important aspects of VGI that need to be assessed 
are quality and credibility. Regarding both, Linus’ law seems to be applied in the vast 
majority of cases [25, 26, 33, 34]. Linus’ law is linked to the Linux operating system 
and implies that the more programmers develop a software, the less bugs the software 
will have [35]. In terms of VGI, Linus’ law implies that the more volunteers appear in a 
certain region, the more accurate and complete the information will become.

Even though Linus’ law seems to be applied in most of the cases, latest research, 
to unstructured VGI sources, like social networks, demonstrated that the informa-
tion produced by the majority of the users might be wrong. Until today, those cases 
usually refer to information regarding controversial and subjective topics that have 
political orientations and impact. An indicative example is the spread of fake news 
during the presidential elections of 2016, through Twitter [36, 37]. Moreover, there 
are a lot of cases in which many researchers propose various quality frameworks 
for assessing VGI different than the validity of Linus’ law [38]. In terms of DM of 
physical events like floods though, the validity of Linus’ law seems to be effective.

Finally, another significant property of VGI refers to the spatial heterogeneity of 
the produced spatial content. Even if in a certain area the quality of the produced 
information may be considered as sufficient, in other areas, data quality may be 
proven significantly different. An indicative example is presented in [39] in which 
a comparison was performed, between the spatial distribution of flood events 
extracted from VGI and the floods that were reported in official authoritative 
sources. While in various parts of the world the information was equivalent to the 
official data, in other areas there was missing information. As a result, assessments 
of VGI data in areas of interest always need to be performed in order to be assured 
that the data quality is sufficient for the use that it is designated for.
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2. DM and VGI

DM is the term that describes the scientific and operational activities and strategies 
which focus on mitigating the negative consequences of a catastrophic event occur-
rence. In general DM consisted of five main parts that compose the DM cycle. Those 
parts are (A) prevention, (B) mitigation, (C) preparedness, (D) response relief, and 
(E) recovery, divided in rehabilitation and reconstruction [40]. For each part there is a 
plethora of published research, while the range of events that are confronted through 
DM is pretty large: from political crisis situations and wars up to physical events such 
as floods, earthquakes, and fire events [41].

The general notion of VGI has been emerged as an important component that 
aspires to contribute to each one of the components of the DM cycle [42, 43]. 
Besides, the importance of volunteered activities in the DM procedures is clearly 
stated in the Sendai Framework for Disaster Risk Reduction of the United Nations 
[44], according to which the role of volunteers and community-based entities in 
general is to collaborate with authorities by providing “specific knowledge, and 
pragmatic guidance.”

Meaningful ways of contribution according to each type of disastrous event 
though are still a challenge [45, 46]. Specifically regarding flood event manage-
ment, in the following sections, various indicative applications of VGI for each one 
of the DM cycle components are analyzed.

3. Applications of VGI in DM of flood events

Numerous published researches focus on utilizing VGI data sources for DM of 
flood events.

In terms of flood identification, in [39] a Twitter corpus consisting of 87.6 million 
tweets was analyzed, leading to the identification of 10.000 flood events, globally. 
The main steps of methodology applied and included initially geo-referencing of the 
tweets and, sequentially, identifying flood events in the geo-parsed content.

In terms of tracking a flood event, in [47] the contribution of unconventional 
VGI data sources (social networks) was assessed, for DM purposes. The research 
focuses on the devastating Queensland floods, which occurred in Australia from 
December 2010 up to February 2011. Those floods caused damages to more than 30 
cities and rural communities in southern and western Queensland, while various 
agricultural sub-areas were inundated. The cost of the floods was about 5 billion 
Australian dollars. From a VGI point of view, the social networks Facebook and 
Twitter were used as data sources for extracting related information. Apart from 
the text of each post, embedded photos and videos were processed, identifying thus 
various sub-events. During the unfoldness of the floods, about 15 k tweets were 
posted per hour. Among the conclusions it is stated that VGI contributed signifi-
cantly to the tracking and provided immediate and in-depth information, crucial 
for prevention, mitigation, preparedness, and response tasks of the DM cycle. In 
addition, they stated that by using VGI, the enhancement of their emergency situa-
tion awareness can lead to better decisions in planning operations for giving aid, not 
concluded.

The above assumption was verified in similar research [48], regarding the 
Colorado floods, occurring in the United States in 2013. The significance of cor-
rectly tracking all the phases of a natural disastrous event emerged, completely 
documenting that the negative impact of similar flood events that may potentially 
occur in the future can be minimized. Moreover, VGI data sources were able to fill 
an important gap of information regarding the floods, especially since the flood 
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occurrence, until the time that the scientific teams arrived in the area. In terms of 
methodology, the basic components include collection of tweets published within 
9 days since the flood occurrence and the classification of those, to specific catego-
ries, including (1) geo-tagged tweets, (2) tweets containing obvious URLs to photos 
and videos, (3) tweets containing place names, and (4) tweets containing structural 
terms, determined by the engineering team.

Apart from tracking, the significance of rapidly produced information to authori-
ties and DM stakeholders is emphasized on the international research [42, 49–51] as 
timely information is vital for the emergency response phase of the DM procedures. 
Moreover, the lack of information increases radically the budget that needs to be 
allocated for restoration. VGI sources have the potential to significantly contribute to 
that part [52].

In [53] a method for extracting flood event-related information through VGI 
sources was presented. Their extensive research provides meaningful insights 
regarding the most effective automated classification methods for dividing the 
posted information into certain categories. From a DM perspective, they focused 
on event detection of pluvial and fluvial flood events, while the collection of 
specialized information that could be extracted through geo-tagged photos con-
tributed effectively to tracking and to verifying conventional hydrological models.

Moreover, in [46, 54] methodologies for effective processing of social network 
data for DM purposes of flood events are presented. Among the main findings 
is that effective classification and geo-referencing can lead to advanced insights 
regarding DM of flood events. Moreover by automating the methods, mapping of 
consequences of a flood event can be performed in real time, contributing signifi-
cantly to risk response of a flood event.

3.1 Participatory approaches

As stated in previous sections, the general notion of VGI is not strictly related to 
digital data procedures but also highly related to participatory approaches. After all, 
community involvement has been emerged as an important part of the DM opera-
tional activities, as by imbuing the community with a sense of ownership of the risk 
reduction process, resilience to deal with natural hazards is increased [19]. Moreover 
those approaches can be proven vital, especially in developing countries, which are 
expected to confront with the major consequences of the climate change, despite their 
minimum contribution to the problem [55], while data availability in many cases is 
affected, due to laws, security protocols, illiteracy, cultural barriers, and economic 
reasons [31]. In addition, the budget needed for organizing can be minimized by 
engaging local authorities to provide premises and by using open-source software 
solutions [56] for collecting and processing information related to floods.

An interesting approach was presented in [22] who refer to the Chametla 
community located in Baja California that aimed to reduce the risk of negative 
consequences in the event of a potential flood occurrence in Baja California, 
Mexico. The community received appropriate training by experts. In specific, they 
organized a workshop, in Chametla, in which the participants were able to annotate 
on printed satellite imagery their property along with various spots of the area that 
are considered vulnerable to floods, building thus a related map. Sequentially, they 
presented their results, and upon related discussions, they were able to correct and 
adjust various spots on the map. The output was reviewed by risk management 
experts who provided additional corrections. The final map was created by a GIS 
technician who digitally mapped all the printed information. The workshop par-
ticipants created an ordered list of tasks that they could do in order to minimize the 
area’s vulnerability to the floods. Those tasks included, among others, the pavement 
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of few streets and the creation of drainage. In addition they distributed surveys 
for collecting socioeconomic and flood awareness level information of the locals. 
They concluded that the majority of the inhabitants are taking measures for being 
protected in the event of a hurricane or other similar disastrous event.

A similar approach had been presented in [57] who introduced a methodology, 
for exploring the potentials of joined activities of scientific teams and locals. They 
used two case studies, the Upper Danube and the Upper Brahmaputra river basins, 
while the aim of the participatory activities was to assimilate local knowledge in 
scientific flood event management procedures for mitigating potential disaster in 
mountain areas. They organized two related workshops, one for each case study, 
in which the participants, entitled as local actors (LAs), received training, in a 
story telling mode, regarding the climate change and its potential consequences 
in the next 40 years. Sequentially they were invited to evaluate proposed response 
tasks by defining and prioritizing criteria, according to their local knowledge. The 
output was processed by subject matter experts and was assimilated in related 
strategies for coping with flooding.

A community though may not be solely consisted of locals. In [21] an innovative 
participatory approach was presented, linked to the decision-making for prevention, 
preparedness, and mitigation tasks of flood events. In specific, a community was 
created, consisting of more than 117 Brazilian Scientists and flood subject matter 
experts from NGOs and private companies. As case studies, the municipalities of 
Lajeado and Estrela, located in South Brazil, were used. In those areas, mostly due to 
the geo-morphological characteristics, floods occur frequently, sometimes twice per 
year. The expert community was asked to define the most suitable criteria that define 
an area as vulnerable to floods. The feedback was received through the distribution 
of related questionnaires. Sequentially, the criteria were ranked according to their 
level of importance with the use of two related processes: the analytic hierarchic 
process (AHP) and the analytic network process (ANP). Finally, by using GIS and 
mp algebra, they created related maps that indicate the areas most vulnerable to 
floods according to the output of each ranking process.

3.2 Combined approaches

Apart from pure VGI-related activities, there is a lot of published research that 
tends to combine VGI along with a plethora of other data sources, creating thus the 
so-called mashups [58] which act complementary to each other aspiring to have 
the most efficient output. Those mashups consist of VGI data along with imagery, 
authoritative data, and ground-truth observations and measurements.

In specific, in [43] a hybrid approach was presented, manipulating flood-related 
data extracted from social networks and data gathered from a graphics processing 
unit (GPU) for accelerated hydrodynamic modeling. The approach was assessed in 
two flood events of the Tyne and Wear floods which occurred in June and August 
2012, respectively, in the United Kingdom. About 1800 and 160 tweets were col-
lected for each flood, respectively, while 43 and 13 tweets met the defined criteria 
for assimilation to related inundation models.

In [19] a method for implementing VGI in flood forecasting and mapping activities 
was presented. In specific, information through YouTube and through data collected by 
applying various queries in Twitter and various other Internet searches was extracted. 
The volume of extracted information that was assimilated in their flood-related models 
was small (~20 videos in YouTube, lack of related data in Twitter).

The output of the research presented in [18, 43] emerges the contribution of 
VGI data to calibrating inundation models, rises though challenges for assimilating 
effectively large volume of produced VGI information in related models.
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3.3 Developed web applications that utilize VGI for flood events

Apart from methodologies and approaches for manipulating VGI data for 
DM of flood events, there is published research indicating the development of 
web applications.

In [19] a novel participatory platform for engaging communities in all aspects of 
the flooding life cycle, entitled “NOAH,” was introduced. The approach was applied 
in biosphere reserves, recognized by UNESCO. Definitely the app is associated to 
the conventional type of VGI sources.

In particular the users of the platform are divided into two specific categories: 
the anonymous users, who make contributions without providing any personal 
information, and the registered ones, who share observations in a more authen-
ticated way. While sharing observations the users are requested to classify the 
reported observations in predefined categories. Various validation rules of the 
system focus on increasing the quality of the shared information. Those rules 
include, i.e., the mandatory presence of GPS coordinates in each uploaded photo, 
while post-processing procedures are applied on the shared information. The 
collected data are used for assessing and calibrating an inundation model, by 
validating or adjusting the water level according to a geo-tagged photo. Finally 
they assessed the usability of their platform by distributing questionnaires to the 
users. The feedback gained was that their platform is at an above-average level 
in terms of usability, while a general assumption was that VGI can contribute to 
mitigating a flood event occurrence and to providing information for adjusting 
inundation models.

In [59] a collaborative mapping approach was presented, based on the Ushahidi 
platform, through which ordinary people shared flood-related observations by 
using their mobile devices. The observations indicated points with measurements 
regarding the flood levels in various parts of Sao Paolo, Brazil. Among the conclu-
sions of the research is the difficulty in engaging citizens to report to the platform. 
Moreover, by distributing questionnaires, feedback was collected regarding the 
app’s usability and the data reliability. The main findings were that an improved 
user interface of the app, would be significant for user engagement.

4.  Open challenges of manipulating VGI data for effective DM of flood 
events

In the current section, the author addresses the open challenges of VGI data 
sources when those are utilized for DM purposes, related to floods. The open 
challenges are accumulated to four main clusters, all blended by the general 
notion of quality: (a) classification, (b) geo-referencing, (c) visualization, and 
(d) automation. In the following paragraphs, each cluster is analyzed thoroughly.

4.1 Classification

The first set of challenges is related to dividing the ones related to flood infor-
mation into the proper categories. A complete and proper classification structure 
could lead to extract information that can give valuable insights in various phases 
of a flood event occurrence. Various classification structures have been presented 
[42, 48, 54, 57–61]. A conclusion though to an essential, commonly used, classifica-
tion can be proven beneficial for advancing the general research to a next step. In 
Table 1 the author suggests a conceptual classification structure, consisting of 12 
main categories.
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By adopting the basic principles of a classification schema like the one proposed, 
a researcher can receive, as output, a high level of specialized information which is 
vital for contributing efficiently to various phases of the DM cycle.

Moreover, by further sub-classifying categories of the initial classification 
structure, formed specialized information, regarding a flood event, can be 
extracted (i.e., Tables 2–5). In Table 2 a consequence-measurement scale ranging 
from I to V is proposed. The scale has an acceding logic in terms of the impact of 
the consequences, starting from value I, which is associated to simple identification 
of a rain or storm, up to value V, which is linked solely to human loss.

Similar quantification logic is applied in Table 3 regarding the effects on social 
life, while in this case Value I is related to the minor impact of a rain and Value V is 
related to zero social activity.

Finally, Tables 4 and 5 subdivide the information related to flood aid and 
expressed emotions, respectively. Three main types are defined for each main 
classification category.

4.2 Geo-referencing

The second cluster of challenges is related to correct and precise geo-referenc-
ing of the information, as the only way to have accurate maps is to have sufficient 
geo-referencing of the data. This vital set of challenges has a lot of complex 
characteristics that need to be taken into account, especially while processing 
specific sets of data mostly linked to unconventional VGI data sources like texts 
posted through social networks.

Consequence score Description

I Simple identification of rain or storm

II Torrential storm, human fear, terror

III Damages, problems in the traffic network, minor human injuries, flooded streets, 
airport, school, or other public premises are closed; help tickets to fire brigade

IV Huge damages, missing people, homeless people, serious danger to human life, 
emergency situation, no electricity or water at a city level. Busses change track due 
to flood, isolated hamlets, and people that cannot escape a premise

V Loss of human life

Table 2. 
Quantification of consequence score values.

Main classification structure: categories

Identification of rain/storm Info related to DM (including prevention)

Identification of flood Info related to Consequences*

Irony expressed due to lack of effective flood 
management

Emotions expressed as a result of the consequences of 
the flood*

Effects on social life* Situation overview

Weather-related information Flood aid*

Self-organizing of volunteers for flood-related 
purposes

Flood modeling information

*The following terms are analyzed in detail in Tables 2–5: Effects on social life in Table 3; info related to 
consequences in Table 2; emotions expressed as a result of the consequences of the flood in Table 5; and flood aid in 
Table 4.

Table 1. 
Initial level of classification.
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There are some social media that include location-related info in their semantics. 
Indicatively, Twitter has the ability to embed x and y coordinates of the spot in 
which a post is published (geo-located tweets). However, the percentage of those 
tweets against the total sum varies from 1 to 5% [62–64]. Moreover, as various 
researchers have stated, the geographic place in which a post was published is not 
necessarily associated to the descriptive information of a tweet’s text [29].

An effective way to cope with this is to detect geographic entities that appear 
within each tweet’s text. Even if there are various issues in this approach as well 
though, mostly regarding the presence of more than one geo-locations and more 
than one flood-related observations in a single text, the quantity of geo-referenced 
information extracted is significantly higher. Various geo-validation rules based on 
filtering the observation according to its distance from the flood event occurrence 
may solve the problem partially, while applied artificial intelligence for clearing 
ambiguity is also an interesting approach [65].

There are various algorithms, published in the international literature, that 
manipulate text corpuses from social media in order to detect geo-locations. One of 
those is the TAGG algorithm [66] which is based on detecting geo-locations in a text, 
using a database of known locations. The author has also presented techniques that 
aspire to contribute to effective geo-referencing of DM-related information [67]. 

Effect score value Description

I Almost zero effect. People may just need to have an umbrella

II People are afraid to commute and travel because of the weather

III Meetings, exhibitions, and events are canceled due to the storm. People cannot 
move

IV The majority of services, stores, and companies stop

V Zero social activity: people stay at homes or at places in which they are protected 
from the flood

Table 3. 
Quantification of effects on social life.

Categories of 
flood aid

Description

F. Spots in which food and clothing supplies are gathered

D. Places in which flood victims can register the damages provoked from the flood event 
occurrence

V. General volunteered actions

Table 4. 
Sub-classification of flood aid.

Categories of 
emotions

Description

S Sadness for damages/human loss

H Happy emotions for a successful mitigation of a negative consequence

SL Solidarity

Table 5. 
Sub-classification of emotions.
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Particularly, regarding the latter, a precision score level is indicated for each geo-
reference (Table 6).

According to the precision level of each geo-reference, the output of the pro-
cessed information can be used from authorities (precision at a city level) or from 
rescue teams and locals (precision at a street level). Effective geo-referencing for 
DM related to floods needs is still quite a challenging sub-topic, especially towards 
the goal of high precision.

4.3 Visualization

The third cluster of challenges is linked to generating appropriate visualization 
results. In specific, the generated maps and graphs must be readable to people that 
could potentially be stakeholders of the DM cycle but with zero knowledge regard-
ing geography and science in general. The production of complicated schemas, as an 
output of a bright methodology, is often the reason of not widening a methodology 
to all DM levels, as the complexity through which the information is delivered to the 
recipients limits the capability of having a crucial message understood. Even if we 
are living in an age that the literacy levels are higher than ever, geographical literacy 
is still a challenge for a plethora of people globally. Within this framework, some 
visualization suggestions can be found in Figures 1, 2.

Figure 1 displays information related to the consequences of a flood event, 
occurring in West Attica, Greece. Each bullet located on the maps represents a 
consequence score value (Table 2). Since both flood events caused human losses, 
there are many bullets in red.

Furthermore, Figure 2 visualizes the frequency of posted tweets that are related 
to identification of rain. With those maps an initial assumption may be provided to 
the DM stakeholders, regarding the potentials of flood occurrence, especially in the 
areas in which the frequency of tweets, indicating a rain, is comparatively signifi-
cantly higher than in other areas.

4.4 Automation

Finally, the fourth cluster of challenges is related to automation. As many 
researchers agree, VGI data analysis is a time-consuming process [46, 61, 68–69]. 
Especially when dealing with unconventional sources, the volume of produced 
information may consist of hundred thousands or even millions of data-rows. 
Techniques, like natural language processing (NLP), designated for handling large 
amount of information provide effective solutions. Moreover, the use of artificial 
intelligence applications, for classifying the related content, such as support vector 
machines, can radically reduce the time needed for classifying the information and 
for coping with ambiguities. Published research that employs classifiers provides 
really promising results [53, 70].

Geographic precision score values Description

I Street name and number or specific POIS

II Street name

III Neighborhood or hamlet

IV Municipality

V Prefecture and above

Table 6. 
Geographic precision score values of geo-located posts.
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5. Conclusions

The main aim of this chapter was to inform the reader about the fundamentals 
regarding VGI and its applications to DM of flood events. In previous sections, the 

Figure 1. 
Flood consequences in Mandra, West Attica, Greece [52].

Figure 2. 
Volume of produced rain-related information during the devastating floods of West Attica, 2017 [52].
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author described the general notion of VGI and the similar terms that can be found 
in the international literature and provided awareness of its basic characteristics 
and properties. Sequentially, significant research related to VGI and flood event 
management was presented. Considering the above, it can be safely assumed that 
VGI can effectively be used for identifying flood events and for documenting vari-
ous phases of the unfoldness along with the tracking of the negative consequences 
and tasks crucial for the preparedness against similar flood events that may poten-
tially occur. Moreover, the use of VGI provides significant assistance in calibrating 
and validating flood and inundation models, by providing specific spatiotemporal 
information. Furthermore, participatory activities can provide significant contribu-
tion regarding preparedness by identifying vulnerable spots and performing adjust-
ments in the urban environment, making thus an area more resilient to floods. 
Similar activities consisting of subject matter experts can provide valuable support 
in the decision-making processes of the DM related to flood management.

Regarding data availability, the unconventional VGI data sources provide an 
enormous volume of information related to floods; information though with 
anarchic characteristics surely is not compliant to specifications, while the conven-
tional VGI data sources, which are usually purpose-driven, may provide data more 
compatible to the DM needs; the data production though is limited.

The open challenges of VGI data, when those are manipulated for DM purposes, 
are accumulated in a set of four clusters. The first cluster is related to classification. 
The more complete and detailed classification structure, the more specialized the 
processed information will become. Precise geo-referencing; effective and simplified 
visualization of the processed information, easily readable by all the DM stakeholders; 
and finally adaptation of automation techniques complete the set of the challenges.

Assuming that the social networks will continue to be evolved and enlarged, it is 
expected that methodologies that will be able to assimilate all the potentials of VGI 
in the DM mechanisms will be more and more dominant.
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author described the general notion of VGI and the similar terms that can be found 
in the international literature and provided awareness of its basic characteristics 
and properties. Sequentially, significant research related to VGI and flood event 
management was presented. Considering the above, it can be safely assumed that 
VGI can effectively be used for identifying flood events and for documenting vari-
ous phases of the unfoldness along with the tracking of the negative consequences 
and tasks crucial for the preparedness against similar flood events that may poten-
tially occur. Moreover, the use of VGI provides significant assistance in calibrating 
and validating flood and inundation models, by providing specific spatiotemporal 
information. Furthermore, participatory activities can provide significant contribu-
tion regarding preparedness by identifying vulnerable spots and performing adjust-
ments in the urban environment, making thus an area more resilient to floods. 
Similar activities consisting of subject matter experts can provide valuable support 
in the decision-making processes of the DM related to flood management.

Regarding data availability, the unconventional VGI data sources provide an 
enormous volume of information related to floods; information though with 
anarchic characteristics surely is not compliant to specifications, while the conven-
tional VGI data sources, which are usually purpose-driven, may provide data more 
compatible to the DM needs; the data production though is limited.

The open challenges of VGI data, when those are manipulated for DM purposes, 
are accumulated in a set of four clusters. The first cluster is related to classification. 
The more complete and detailed classification structure, the more specialized the 
processed information will become. Precise geo-referencing; effective and simplified 
visualization of the processed information, easily readable by all the DM stakeholders; 
and finally adaptation of automation techniques complete the set of the challenges.

Assuming that the social networks will continue to be evolved and enlarged, it is 
expected that methodologies that will be able to assimilate all the potentials of VGI 
in the DM mechanisms will be more and more dominant.
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Abstract

This chapter presents a flood risk management system for vehicles at roadways,
developed from extensive experimental and numerical studies on the impact of flash
floods towards vehicle instabilities. The system, easily addressed as FLO-LOW,
developed to contradict the assumptions that a vehicle would be able to protect the
passengers from the flood impact. Herein the hydrodynamics of flows moving
across these roads coupled with the conditions of a static car that would result in
vehicle instabilities has been studied. In an attempt to prevent fatalities in com-
monly flooded areas, permanent structures are installed to warn users regarding
water depth at the flooded areas. The existing flood monitoring system only focuses
on water conditions in rivers or lake in order to determine risks associated with
floods. Thus, there is a need for a better system to understand and quantify a
mechanism to determine hydrodynamics instability of a vehicle in floodwaters.
FLO-LOW enables the road users to input their vehicle information for a proper
estimation of safety limits upon crossing the flood prone area. Preferably, the system
enables road users to describe and quantify parameters that might cause their
vehicles to become vulnerable to being washed away as they enter the flooded area.

Keywords: vehicle hydrodynamics, instability modes, static vehicle, flooded roads,
flood risk assessment system

1. Introduction

Recently, flood occurrence possibilities have been increased globally due to two
main reasons namely, lands urbanization and climate changes [1, 2]. Climate
changes caused by global worming increase the precipitation intensity and rapid
lands urbanization leads to increase the flow run off process throughout the paved
areas which becomes flooded during heavy rainfall events [3]. Floods can be cate-
gorized into three main types namely, riverine, coastal and flash floods [4]. How-
ever, Malaysian drainage and irrigation department (DID) classified floods into two
main types namely, monsoon and flash flood [5]. Flash floods are considered the
most dangerous when compared to others due to its high velocity and short time
warning which causes high mortality among people [6, 7].
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Floods usually sweep light and non-stable objects through their ways; vehicles
are among these objects which can be swept away at certain flow velocity and depth
[8]. There are three forms of vehicles failure mode during floods including sliding,
floating and toppling. Sliding occurs at high flow velocities and low water depths,
floating occurs at high depths and toppling which basically occurs when the vehicle
slides beyond the road edge [8]. Once moved, it can be easily following the flood
path and cause damages to properties and road structures. Previous studies showed
that around 50% of the total deaths during flash floods occur to the people inside
vehicles [9]. Recently, many vehicles swept away during Sant Lorenc des Cardassar
flash flood in the Spanish Balearic island of Majorca. A total of 10 persons were
killed during this event 6 of them were inside their cars [10].

Vehicles are either parked or moving on a roadway. During a flooding condition,
a parked or moving vehicle expects different hydrodynamic forces which leads to
three failure modes as discussed earlier. Low-lying roads are the most critical loca-
tion for moving vehicles due to the existence of the highest water depth and flow
velocity [11]. Many drivers judge the flooded low-lying roads by their naked eyes
and intentionally drive through it believing that the flow intensity and water depth
are low which will not affect their car. Unfortunately, this can be considered as the
main reason of increasing deaths during flood events [12].

During 1960s several cases related to flooded vehicles were reported in Australia.
In 1967 (Bonham and Hattersley) conducted the first experimental work to find out
the vehicle stability limits during floods [11, 13]. Bonham and Hattersley carried out
several lab tests on a scaled car model (1:25) of Ford Falcon which was the common
passenger car at that time. The flow direction was perpendicular to the car’s longitu-
dinal side. Vertical and horizontal forces were measured under different flow veloc-
ities and water depths. Finally, a friction coefficient of 0.3 was proposed [13]. In 1973,
Gordon and Stone conducted laboratory investigation on Morris Mini car model with
scale ratio of 1:16 following the same procedure of Bonham and Hattersley. However,
the orientation of the model was different, where the car front side faced the flow
direction. Two cases were investigated namely, front tires and rare tires locked mode.
The results showed that the stability limits (depth � velocity) ranged between 0.3
and 1.0 m2/s. The front tires locked condition was more stable and safer due to high
friction resistance caused by the vehicle engine placed above the front axle [14]. In
1993, Keller and Mitsch carried out an analytical study to investigate the limits of
stability of four car models namely, Suzuki Swift, Ford Laser, Toyota Corolla and
Ford LTD. Vehicle’s instability suggested to occur when the drag force was equal or
greater than the friction force between the tires and road surface [15]. This leads to
the formulation of the threshold velocity formula which can be given as,

v ¼ 2� μFG

ρCDAD

� �0:5

(1)

where, v is the incipient velocity, μ is the coefficient of friction which was set to
0.3 as derived by Bonham and Hattersley, FG is the axle load in wet conditions, ρ is
the density of water, CD is the drag coefficient and AD is the submerged area
projected normal to the flow.

Between 1993 and 2010 no studies have been reported regarding vehicle stability
limits in floodwater. Australian Rainfall and Runoff the guidelines produced during
this period were based on the results attained from the work of Bonham and
Hattersley, Gordon and Stone, and Keller and Mitsch [16]. Between 2010 and 2019
several studies [17–28] have been published regarding flooded vehicles stability.
This was due to the major changes in the vehicle design mainly due to weight,
ground clearance, and hydrodynamic shape of modern cars [29].
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In the past, research on vehicle instabilities have been solely dedicated to sta-
tionary vehicles which are normally translated as vehicles parked on a road surface.
A vehicle exposed to floodwater gets influenced by different hydrodynamic forces
and prone to various instability modes. Outcomes on such modes are somehow
recognized in the work on stationary vehicles, but, the existing approaches possess a
limited ability to communicate with road user with respect to complicated hydro-
dynamic and nature of flooding. Thus, there is a need for a better system and
method to understand and quantify a mechanism to determine hydrodynamics
instability of a vehicle in floodwaters. Herein the flood risk assessment system
called “FLO-LOW” has been introduced that enables the road users to input their
vehicle information for a proper estimation of safety limits upon crossing the flood
prone area. Preferably, the system enables road users to describe and quantify
parameters that might cause their vehicles to become vulnerable to being washed
away as they enter the flooded area.

2. Theory

The procedures of estimating hydrodynamic instability values of a static vehicle
based on vehicle and flow condition information include determining the
dominancy of additional forces through different combination of vehicle and water
conditions. With that regards, this section covers the basic understanding on the
impacts of hydrodynamic forces on a static vehicle. Further, the instability modes
based on the dominancy of hydrodynamic forces are further addressed.

2.1 Hydrodynamic forces

Flooded objects are influenced by several hydrodynamic forces exerted by the
incoming flow in different directions. Herein the impact of hydrodynamic forces on
a static flooded vehicle have been discussed. In fact, there are several forces acting
on a vehicle inside floodwaters which involves, drag (FD), buoyancy (FB), lift (FL),
friction (FR), and gravitational (FG) forces as shown in Figure 1. Understanding the
hydrodynamic forces acting on the vehicle body is important to understand the
instability modes.

2.1.1 Drag force

Drag force (FD) is the flow pressure acting on one or more sides of the flooded
vehicle. The pressure magnitude is controlled by different parameters including,
flow velocity magnitude, vehicle direction, flow depth, affected area and flow
density. The drag force is considered as the main force leading to the sliding

Figure 1.
Hydrodynamic forces on a static flooded passenger car model [28].
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instability failure mode for static cars. The general drag force formula can be
expressed as follow:

FD ¼ 1
2
ρCdAdv2 (2)

where, ρ is flow density, Cd is the drag coefficient, Ad is the affected area, v is
flow velocity.

2.1.2 Friction force

Friction force (FR) can be defined as the reaction between the tires and ground
surface against the drag force (FD). Friction resistance is the main force which keep
the vehicle stable against sliding. The frictional resistance is influenced by the
ground surface condition (rough/smooth), tires material and vehicle weight. The
friction force can be written as follow:

FR ¼ μFG (3)

where (FG) is the net normal reaction against the vehicle weight and μ is the
friction coefficient. μ has different values based on the vehicle orientation and tire’s
axles locked conditions. μ Values ranged between 0.3 and 1.0, however the value of
0.3 has been considered conservative and effective for majority of the road condi-
tion and tire types.

2.1.3 Buoyancy force

The pressure exerted by the flow in the upward direction against the object
weight is called buoyancy force (FB). In other words, it can be defined as fluid
weight which is displaced by the immersed part of the object. In general, the main
parameters effecting the buoyancy force are, object density, immersed volume and
fluid density. Buoyancy force (FB) can be written as:

FB ¼ ρgV (4)

where, ρ is fluid density, g is the gravity, and V is the object submerged volume.
Flooded vehicles are mainly subjected to extreme FB at low flow velocity and high
flow depths that mostly leads to floating instability mode.

2.1.4 Lift force

High velocity floodwaters flowing around the lower surface of the vehicle gen-
erates a force acting on the surface perpendicular to the flow direction. This force is
called lift force (FL) which is affected by several parameters including, flow veloc-
ity, affected area and fluid density. The general expression of the lift force can be
written as:

FL ¼ 1
2
ρClAlv2 (5)

where, ρ is flow density, CL is the lift coefficient, v is the flow velocity, and AL is
the affected area by the lift force (vehicle plane area).
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2.1.5 Gravitational force

The gravitational force (FG) is the vehicle effective weight and it can be
expressed as:

FG ¼ Fg � FB � FLð Þ (6)

where, Fg is the curb weight of the vehicle at dry condition, FB is the buoyancy
force and FL is the left force.

2.2 Instability modes

The three modes of instability for stationary vehicles inside floodwaters are
shown in Figure 2. In terms of hydrodynamic forces, when the drag force (FD)
exerted by the flow exceeds the friction force (FR) between the tires and ground,
sliding occurs. While floating takes place when the buoyancy (FB) and lift (FL)
forces are equal to or more than the vehicle weight. During flood events vehicle
instability is influenced by different parameters including, flow velocity, water
depth, vehicle orientation against flow direction, vehicle characteristics (length,
width, ground clearance, weight, tires condition, and hydrodynamic design), road
slope, road roughness, and vehicle submergence level (fully or partially
submerged).

The critical situation usually occurs when the vehicle’s longitudinal side is per-
pendicular to the flow direction. At this orientation the drag force reaches to the
maximum value. Further, vehicles parked on a flat road surface are more stable
when compared to the vehicles on slopes. Additionally, vehicle ground clearance
and weight play main rule in terms of floating instability mode. Vehicles with
higher ground clearance and weight are more stable. However, road roughness and
tires condition (new/old) have significant effects on the stability limits. Higher road
surface roughness gives higher friction reaction against the drag force exerted by
the flood.

3. Flow dynamics of the vehicle linkage to flood
management – FLO-LOW

The present invention generally relates to a flood risk assessment system and
methods, more particularly a flood risk assessment system and a method for deter-
mining hydrodynamic instability of a stationary vehicles in a flood-prone area.

Figure 2.
Instability failure modes of a flooded vehicle [28].
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erates a force acting on the surface perpendicular to the flow direction. This force is
called lift force (FL) which is affected by several parameters including, flow veloc-
ity, affected area and fluid density. The general expression of the lift force can be
written as:

FL ¼ 1
2
ρClAlv2 (5)

where, ρ is flow density, CL is the lift coefficient, v is the flow velocity, and AL is
the affected area by the lift force (vehicle plane area).
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2.1.5 Gravitational force

The gravitational force (FG) is the vehicle effective weight and it can be
expressed as:

FG ¼ Fg � FB � FLð Þ (6)

where, Fg is the curb weight of the vehicle at dry condition, FB is the buoyancy
force and FL is the left force.

2.2 Instability modes

The three modes of instability for stationary vehicles inside floodwaters are
shown in Figure 2. In terms of hydrodynamic forces, when the drag force (FD)
exerted by the flow exceeds the friction force (FR) between the tires and ground,
sliding occurs. While floating takes place when the buoyancy (FB) and lift (FL)
forces are equal to or more than the vehicle weight. During flood events vehicle
instability is influenced by different parameters including, flow velocity, water
depth, vehicle orientation against flow direction, vehicle characteristics (length,
width, ground clearance, weight, tires condition, and hydrodynamic design), road
slope, road roughness, and vehicle submergence level (fully or partially
submerged).

The critical situation usually occurs when the vehicle’s longitudinal side is per-
pendicular to the flow direction. At this orientation the drag force reaches to the
maximum value. Further, vehicles parked on a flat road surface are more stable
when compared to the vehicles on slopes. Additionally, vehicle ground clearance
and weight play main rule in terms of floating instability mode. Vehicles with
higher ground clearance and weight are more stable. However, road roughness and
tires condition (new/old) have significant effects on the stability limits. Higher road
surface roughness gives higher friction reaction against the drag force exerted by
the flood.

3. Flow dynamics of the vehicle linkage to flood
management – FLO-LOW

The present invention generally relates to a flood risk assessment system and
methods, more particularly a flood risk assessment system and a method for deter-
mining hydrodynamic instability of a stationary vehicles in a flood-prone area.

Figure 2.
Instability failure modes of a flooded vehicle [28].
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3.1 The system

The present invention, FLO-LOW relates to an online decision-making tool for
road users to decide the likelihood on crossing the areas that are prone to flooding. A
flood risk assessment system provides a real-time monitoring of flood condition at a
flood-prone area near rivers, streams, water course or lakes for determining the
hydrodynamic instability of vehicles upon crossing such roads as shown in Figure 3.
Based on complex hydrodynamics parameters, namely water depth, D and flow
velocity, v associated with different types of vehicle suggest a threshold value that
would lead to the possibility of a non-stationary vehicle instability in flood-prone
area. The flood risk assessment system enables the road users to input their vehicle
information for a proper estimation of safety limits upon crossing the flood prone
area. Preferably, the system enables road users to describe and quantify parameters
that might cause their vehicles to become vulnerable to being washed away as they
enter the flood-prone area. The parameters may include but not limited to vehicle
type, vehicle volume, vehicle location and vehicle direction.

The flood risk assessment system includes an application program that is run-
ning on a personal mobile communication device of an individual user, such that
the road user is able to input vehicle and water condition information as well as to
receive flood risk related data message and warning. Figure 4 illustrates the sche-
matic diagram of the flood risk assessment system according to an embodiment of
the present invention. Generally, the flood risk assessment system comprises a
plurality of sensing devices and a flood risk analysis terminal. The flood risk analysis
terminal further comprises an input/output (I/O) module, a flood database and a
data processing engine. The data processing engine further includes a flood analysis
module and a flood warning module.

3.2 Algorithm

Figure 5 exhibits the result vehicle instability based on complex hydrodynamics
parameters carried through experimental and theoretical assessments. It is observed
and evident in Figure 5, that other than different combinations of water depth, D
and flow velocity, v, vehicle information which includes vehicle type is another
important parameter to estimate vehicle instability in flood.

Figure 3.
Flood level monitor for low-lying area (FLO-LOW).
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In accordance with an embodiment of the present invention and referring to
Figure 6, a method for determining hydrodynamic instability risks of a vehicle
comprises the step of detecting water conditions including water depth and water
velocity data by a plurality of sensing device. The technique for detecting water
conditions may include implementing a plurality of sensors and at least one com-
munication device. The communication device may include but not limited to a rain

Figure 5.
Compilation of previous works and validation of current research.

Figure 4.
Flood risk analysis terminal.
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fall meter, a flood level meter and a visual display. The information related to water
conditions that is obtained by the plurality of sensing device is displayed on a visual
display screen which is visible to the road user. The flood analysis module then
receives vehicle and water conditions information provided by the road user.

4. Experimental investigation

To assess the hydrodynamics of a static vehicle under partial submergence and
sub-critical flow conditions, a modern vehicle Volkswagen Scirocco was used with
the scale ratio of 1:24 ensuring the similarity laws. Prior to perform the experiments
following conditions were considered, namely (i) the rear tires of the vehicle were
restricted to move, (ii) sealing capacity of the car was taken into consideration and
(iii) to reduce the inconsistency in the data, the vehicle was placed at the same
domain with different orientation angles [30].

4.1 Experimental setup

Experimental investigation were performed in the hydraulic flume of Universiti
Teknologi PETRONAS, Malaysia as shown in Figure 7. The instability failure
modes, namely sliding and floating instability of the vehicle were assessed by
adjusting the discharge in the flume. The average flow velocity and the water
depth were then recorded using the point gauge and Nixon Streamflo 430. To
reduce the human error while assessing the failure modes, a monitoring laser was
used to profound observe the vehicle movement in any direction. Proper proce-
dures to enable assessment of flood hazard related to vehicles have been developed
based on the studies performed earlier. To ensure similar conditions to that of
actual road, the surface roughness of the platform where the experiments were
conducted was determined which was found to be 0.017. This value nearly
matched to the coefficient roughness of asphalt pavement, which is stated to be
0.016 for rough texture [30].

Figure 6.
Process flowchart.
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4.2 Results and discussion

A varying combination of flow velocities and water depths were tested to inves-
tigate the threshold of vehicle instability. It was noticed that a static vehicle could
become unstable or start to slide at two conditions, namely high flow velocity and
low water depth or vice versa under the partial submergence and sub-critical flow
conditions. Further, it was assumed that the lift coefficient (CL), drag coefficient
(CD) and friction coefficient (μ) were set to a constant value. The study was limited
to the partial submergence only and the vehicle behavior under full submergence
was not taken into consideration. While preforming the experimental runs, the
impact of buoyancy force was found dominant when the water depth exceeded
0.042 m. On the other hand, the impact of lift force was theoretically estimated.
The assessment of lift force involved the assessment of planform area, theoretically,
whereas the value of lift coefficient was obtained from a numerical study performed
on a similar city car under partial submergence. Since the shear of the flow was mild
as the study was performed under the sub-critical flow conditions, therefore the
impact of the lift force was found insignificant when compared to the buoyancy
force. Among the horizontal pushing forces, namely friction and drag force, the
friction force was assessed by considering the friction coefficient value of 0.3,
whereas the net weight of the vehicle was obtained by deducting the buoyancy
force when the vehicle weight. On the other hand, to assess the drag force, the drag
coefficient was taken 1.1 or 1.15 depending on flood water depth with respect to the
chassis height. Similarly, the submerged area projected normal to the flow was
determined for every water depth. Lastly, the velocity of the flow determined
through the use of velocity meter. The impact of hydrodynamic forces, namely
buoyancy, lift, friction and drag forces at varying combination of floodwater depth
and velocity are shown in Figures 8–11 respectively [30].

Referring to the lift force as highlighted in Figure 9, it can be seen that its impact
varied between 0.030 N and 0.303 N, whereas for the similar conditions, the impact
of buoyancy force was found to be between 2.379 N and 4.596 N. Based on this
observation it can be stated that the impact of lift force was insignificant to support
the vertical pushing force and so does the floating instability when the flow condi-
tion is sub-critical. Basically, water provides best medium to develop drag rather
than the lift force [30].

It has been stated that floating instability occurs when the vertical pushing force
that is composed of both buoyancy and lift forces exceeds the vehicle weight of the
immersed object. Under the sub-critical flow conditions, the flow velocities were
found to be moderate as the range of Froude number ranged between 0.308 and
0.91. Thus, it is assumed that the flow shear was low and therefore the impact of lift
force was disregarded. On that justification, it could be stated that when the flow

Figure 7.
Experimental setup [30].
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0.042 m. On the other hand, the impact of lift force was theoretically estimated.
The assessment of lift force involved the assessment of planform area, theoretically,
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conditions are sub-critical, floating instability occurs only when the buoyancy force
exceed the vehicle weight. On the other hand, sliding instability was validated based
on the condition, i.e., FD more than FR. The vehicle was found stable when the
frictional force was greater than the drag force [30].

Figure 8.
Influence of buoyancy on the model vehicle [30].

Figure 9.
Influence of lift force on the model vehicle [30].

Figure 10.
Influence of friction force on model vehicle [30].
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5. Numerical investigation

Numerical investigation of the flooded vehicles could assist to evaluate the
instability failure modes for both scaled down and prototype models. At the same
time the results and measured forces are more detailed. In this section, numerical
simulation of a stationary flooded passenger car model have been discussed.

5.1 Computational fluid dynamic model

In this study, FLOW-3D software was used for numerical simulation purpose.
FLOW-3D uses an orthogonal mesh defined in terms of either Cartesian or cylin-
drical coordinates. Three different types of mesh can be used (uniform meshes,
non-uniform mesh, and multi-block mesh). In this case uniform single block mesh
was used. However, mass continuity and momentum equations were solved to
simulate 3D fluid flow. These equations can be written for incompressible flow as
follows:
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where VF is the fraction of open volume, ρ is the density, (v, u,w) and
(Ax,Ay,Az) are the velocity and the fractional areas components in the (x, y, z)
directions, RSOR is the source term of density, p is the pressure, (Gx,Gy,Gz) are the
body accelarations in the coordinate direction (x, y, z), and ( f x, f y, f z) are viscous
accelerations in the coordinate direction (x, y, z).

Figure 11.
Influence of drag force on the model vehicle [30].
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5.2 Methodology

FLOW-3D is a commercial code which uses finite volume method (FVM) and
turbulence models to solve continuity and Navier stokes equations [31, 32]. The
FLOW-3D software also allow the numerical simulation under six degree of free-
dom which can represent the real experiment condition [28]. To study vehicles
stability limits, small passenger car (Perodua Viva) was used to investigate the
floating and sliding instability modes under different flow conditions. Two differ-
ent setup modes were constructed for both floating and sliding as follows.

5.2.1 Floating condition

Car model was tested in two scale ratios (prototype and 1:10) to find out the
difference in terms of hydrodynamic forces as well as find out the floating depth
and buoyancy force. The stability limits were investigated under sub-critical flow
condition, this was because of that the main force causing floating failure mode is
the buoyancy force which exerted by the flow depth. The car models were placed
inside close boxes with dimensions of (900 cm � 500 cm � 220 cm, for prototype)
and (90 cm � 50 cm � 22 cm for sealed down model-1:10) then the waters flowed
into the box gradually. Figure 12 shows the setup and boundary conditions for both
cases. The car model was tested under six degree of freedom, where the model
movement in all directions can be noticed and measured. One history probe was
placed beside the car model to measure the hydraulic parameters (flow velocity,
Froude’s number, and water depth). Car models were defined as coupled motion
object, this definition allow the code to calculate the hydrodynamic forces exerted
by the flow on the models outer surfaces in all directions (X, Y, and Z).

5.2.2 Sliding condition

To investigate sliding instability limits under different flow conditions, the car
model with scaled ratio of 1:10 was placed inside a flume with dimensions of
(300 cm � 90 cm � 22 cm), and the longitudinal side faced the flow direction. This
orientation was selected because it was considered as the most critical case com-
pared to th other orientations [29]. The numerical runs were conducted under 6
degree of freedoms condition, and coupled motion definition between flow and car
model was selected. The friction coefficient was set to 0.52 based on the previous
experimental tests [11]. Figure 13 shows the numerical setups and the boundary
condition definitions. One history probe was placed in front of the car model with a
distance equal to the car length to measure flow velocity, water depth, and Froude’s

Figure 12.
Numerical simulation setup for floating testing (a) 1:10 and (b) prototype.
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number. Four combinations of flow velocities and water depths were simulated as
shown in Table 1.

5.3 Results and discussion

In terms of floating instability mode, both scale ratios showed the same pattern
and values (floating depths and buoyancy forces). Figures 14 and 15 show the
relationship between the model center of mass (COM) and the buoyancy forces for
scaled down and prototype models respectively. For scaled down model, the buoy-
ancy force at fully floating condition was 8.9797 N which can be scaled up to
8979 N. While it was 9155 N for prototype model. When compared, the buoyancy
forces numerically simulated and the value from Eq. (4) the differences were 1.94
and 0.21% for scaled and prototype models respectively. In addition, form
Figures 14 and 15 it is clear that the high and sudden changes in models COM
occurred once bouncy force exceeded the model weight.

Figure 13.
Numerical setup and boundary conditions for sliding test.

Water depth (cm) Flow velocity (cm=s) D�v (m2=s) Model condition

0.14 0.89 0.12 Stable

0.29 0.66 0.19 Stable

0.16 1.70 0.27 Stable

0.12 2.88 0.35 Unstable

Table 1.
Water depths and flow velocities combination to assess sliding instability.

Figure 14.
Relationship between the buoyancy force and car center of mass with time (1:10).
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Figures 16 and 17 show the relationship between water depth and buoyancy
force with respect to the time for scaled and prototype models, respectively. The
buoyancy force increased gradually with the depth increment and the values of
floating depths were 3.7 cm (which can be scaled up to 37 cm) and 37.5 cm for scaled
and prototype models, respectively. From both simulated parameters (buoyancy
force and floating depth) it can be concluded that the numerical modeling by using
FLOW-3D software gave accurate results and allowed to test vehicles in real scale.

Figure 15.
Relationship between the buoyancy force and car center of mass with time (prototype).

Figure 16.
Relationship between the buoyancy force and water depth with time (1:10).

Figure 17.
Relationship between the buoyancy force and water depth with time (prototype).
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In terms of sliding, the results showed that the car model at the D� v value less
than of 0.35 m2/s was safe. At subcritical flow condition, the car tended to be float,
while the sliding condition occurred at supercritical flow condition. Car model
remained at its original location in cases no. 1, 2, and 3 where the values of D� v
were less then 0.35 m2/s. In case no. 4 the car model dragged from its original
location and sliding failure mode was noticed. The numerical results were compared
with Australiana rainfall and runoff guidelines (2011) [32] and good agreement was
noticed as shown in Figure 18. From the results it can be concluded that, numerical
simulation using FLOW-3D can give good predictions and results related to vehicle
instability limits. Several car models can be tested numerically flowing same steps
under different road slops as well as under different orientations.

6. Conclusions

In the past, research on vehicle instabilities have been solely dedicated to sta-
tionary vehicles which are normally translated as vehicles parked on a road surface.
A vehicle exposed to floodwater gets influenced by different hydrodynamic forces
and prone to various instability modes. Outcomes on such modes are somehow
recognized in the work on stationary vehicles, but the existing approaches possess a
limited ability to communicate with road user with respect to complicated hydro-
dynamic and nature of flooding. In an attempt to prevent fatalities in commonly
flooded or flood-prone areas, permanent structures are installed to warn users
regarding the depth of the water at the flooded area. The existing flood monitoring
system only focuses on water conditions in rivers or lake in order to determine risks
associated with floods. The present invention, FLO-LOW relates to an online
decision-making tool for road users to decide the likelihood on crossing low-lying
areas that are prone to flooding. The flood risk assessment system provides a real-
time monitoring of flood condition at flood-prone area for determining the hydro-
dynamic instability of a vehicle.

7. Recognition

FLO-LOW different individual component as well as the whole complete system
have been submitted for Intellectual Property under three categories, namely Patent
(PI 2017702574), Patent (PI 2019001397), Industrial Design (17-E0208-0101) and

Figure 18.
Numerical results validated with previous experimental study [33].

189

Impact and Mitigation Strategies for Flash Floods Occurrence towards Vehicle Instabilities
DOI: http://dx.doi.org/10.5772/intechopen.92731



Figures 16 and 17 show the relationship between water depth and buoyancy
force with respect to the time for scaled and prototype models, respectively. The
buoyancy force increased gradually with the depth increment and the values of
floating depths were 3.7 cm (which can be scaled up to 37 cm) and 37.5 cm for scaled
and prototype models, respectively. From both simulated parameters (buoyancy
force and floating depth) it can be concluded that the numerical modeling by using
FLOW-3D software gave accurate results and allowed to test vehicles in real scale.

Figure 15.
Relationship between the buoyancy force and car center of mass with time (prototype).

Figure 16.
Relationship between the buoyancy force and water depth with time (1:10).

Figure 17.
Relationship between the buoyancy force and water depth with time (prototype).

188

Flood Impact Mitigation and Resilience Enhancement

In terms of sliding, the results showed that the car model at the D� v value less
than of 0.35 m2/s was safe. At subcritical flow condition, the car tended to be float,
while the sliding condition occurred at supercritical flow condition. Car model
remained at its original location in cases no. 1, 2, and 3 where the values of D� v
were less then 0.35 m2/s. In case no. 4 the car model dragged from its original
location and sliding failure mode was noticed. The numerical results were compared
with Australiana rainfall and runoff guidelines (2011) [32] and good agreement was
noticed as shown in Figure 18. From the results it can be concluded that, numerical
simulation using FLOW-3D can give good predictions and results related to vehicle
instability limits. Several car models can be tested numerically flowing same steps
under different road slops as well as under different orientations.

6. Conclusions

In the past, research on vehicle instabilities have been solely dedicated to sta-
tionary vehicles which are normally translated as vehicles parked on a road surface.
A vehicle exposed to floodwater gets influenced by different hydrodynamic forces
and prone to various instability modes. Outcomes on such modes are somehow
recognized in the work on stationary vehicles, but the existing approaches possess a
limited ability to communicate with road user with respect to complicated hydro-
dynamic and nature of flooding. In an attempt to prevent fatalities in commonly
flooded or flood-prone areas, permanent structures are installed to warn users
regarding the depth of the water at the flooded area. The existing flood monitoring
system only focuses on water conditions in rivers or lake in order to determine risks
associated with floods. The present invention, FLO-LOW relates to an online
decision-making tool for road users to decide the likelihood on crossing low-lying
areas that are prone to flooding. The flood risk assessment system provides a real-
time monitoring of flood condition at flood-prone area for determining the hydro-
dynamic instability of a vehicle.

7. Recognition

FLO-LOW different individual component as well as the whole complete system
have been submitted for Intellectual Property under three categories, namely Patent
(PI 2017702574), Patent (PI 2019001397), Industrial Design (17-E0208-0101) and

Figure 18.
Numerical results validated with previous experimental study [33].

189

Impact and Mitigation Strategies for Flash Floods Occurrence towards Vehicle Instabilities
DOI: http://dx.doi.org/10.5772/intechopen.92731



Trademark (2019012521). FLO-LOW has won different international and national
awards, namely ITEX’18, MRCIIE’18, INTEX’19, MIIEX’19, PECIPTA’19 and
IDE4TE’19.
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Abbreviations and nomenclature

v flow velocity
FG gravitational force
μ friction coefficient
ρ water density
CD drag coefficient
AD normal projected area to the flow direction
FR friction force
FB buoyancy force
g gravity
V volume
FL left force
CL left coefficient
AL area affected by lift force
Fg vehicle curb weight
FRO rolling resistance
R resultant reaction
θ angle between the tire vertical axes and the point where the tire no more

touching the ground
b horizontal distance between the tire vertical axes and the point where the

tire no more touching the ground
r tire reduce
w vehicle net weight
μRO rolling coefficient
FDV driving force
m vehicle mass
a acceleration
t time
d flow depth
CFD computational fluid dynamics
FAM finite element method
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